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 CHAPTER 1 BASIC RADIO Introduction 1.



In the early days of aviation, pilots used their eyes and a set of rules to find their way and to



avoid obstacles and other aircraft. However, the weather is not always kind enough to allow these simple pleasures, and soon it became essential to communicate with other aircraft, which might be hidden behind cloud, and to be able to navigate when out of sight of the ground. 2.



Fortunately, the First World War encouraged not only the development of aircraft, but also of



radio, the effects of which were demonstrated by Heinrich Hertz in his famous experiment in 1887 which proved the existence of electromagnetic waves. Hertz's experiments also showed the important fact that electromagnetic waves propagate in a vacuum and can be stopped by a metallic screen. He calculated their speed, and determined the relationship between frequency and wavelength. 3.



Nowadays, radio waves are used in aviation not only for communication, but also for basic



navigation, target acquisition and weapon delivery and as a means to ensure the safety of flight in a crowded sky by directing aircraft to follow an exact flight path in three dimensions, so that others can be kept at a safe distance. This FIS book 2 on avionics sets out to explain how the theory of electromagnetic waves is applied to achieve all the desired aims. Simplified Transmission and Reception of Radio Waves 4.



Radio waves are the product of the changing fields produced by an alternating current.



Alternating current is produced by rotating a loop of wire in a magnetic field (or by rotating the magnetic field itself). This makes electrons flow along the wire in accordance with the alternating voltage produced. Because the voltage and current are alternating, the electrons flow in one direction for half the rotation, and in the reverse direction for the second half. This electron flow, alternately forwards and backwards, means that the current is continually changing. This changing current in turn produces fields along the wire. 5.



If the wire is a closed circuit, then the fields in one part of the wire are generally cancelled out



by those in another part. However, an alternating current can be induced in an open circuit with a bare wire at the end. In this case, the fields will propagate outwards from the wire in a normal (at 90° to it) direction. If the wire is of the correct length, the fields will resonate and send continuous alternating waves of energy outwards. This outward propagation of the fields forms the transmitted radio waves.
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2



If a wire of the same length is placed in the same



direction in space as the transmitting aerial, the fields will affect the wire and induce an alternating current in it, so a receiver a considerable distance away can receive the transmitted signal exactly. This was basically what Marconi achieved in his experiments, and although modern technology uses sophisticated electronic devices, the effects are the same. In fact, the traditional aerial is



Fig 1-1: A Half-Wave Dipole Aerial



called a half wave dipole (Fig 1-1), and is actually two halves, each the length of one quarter wavelength, fed from the middle. 7.



The electromagnetic waves travel at constant speed through the vacuum of space. The speed



varies depending on the density of whatever medium they are travelling through, and we shall see later how this affects the actual propagation around the earth, but in general the gases in our atmosphere change the speed by only a small amount. The speed of propagation of electromagnetic waves (often called the speed of light and incidentally light waves are electromagnetic waves) in air averages approximately 3 x 108 m/s (3 lakh kilometre per second). The Radio Wave 8.



As the waves are alternating fields, the terminology associated with alternating currents can



be used in a similar fashion. An a.c. voltage in a wire reverses its direction a number of times every second. Consequently, if a graph of the current in the wire is plotted against time, it will be found to be in the form of a sine curve, as in Fig 1-2. 9.



Fig 1-2: Graph Representing a Radio Wave



The terminologies used to denote various parameters or aspects of a wave are described in



the succeeding paragraphs. These are same for any wavefront like the pressure wave, EM waves etc. 10.



Cycle.



A cycle is one complete series of values, or one complete process in a waveform.



11.



Hertz.



One hertz is one cycle per second. The number of cycles per second is expressed in



hertz. 12.



Amplitude. The amplitude of a curve is the maximum displacement, or the maximum value



it achieves during a cycle. The amplitude of a radio wave is the maximum strength of the signal during
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a cycle. In any alternating case, the positive amplitude is the same as the negative amplitude. (The part of the curve in Fig 1-2 above the mean or time axis is called positive and the part below is called negative). 13.



Frequency (f).



Frequency of an alternating current or a radio wave is the number of cycles



occurring in one second, expressed in hertz (Hz). For example, 500 Hz is 500 cycles per second. Since the number of cycles per second of normal radio waves is very high, it is usual to refer to their frequency in terms of kilohertz, megahertz and gigahertz as follows:



14.



1 cycle per second



=



1 Hz (hertz)



1000 Hz



=



1 kHz (kilohertz)



1000 kHz



=



1 MHz (megahertz)



1000 MHz



=



1 GHz (gigahertz)



Wavelength (λ).



This is the physical distance travelled by the wave during one complete



cycle of transmission. It is defined as the distance between successive crests or the distance between two consecutive points at which the moving particles of the medium have the same displacement from the mean value and are moving in the same direction (two consecutive points in phase). 15.



Wavelength / Frequency Relationship.



In one second, a radio wave will cover a



8



geographical distance of 3 X 10 metres. If the wave has a frequency of one hertz, the cycle will take one second to pass a point, and the geographical distance between the start of the cycle and its end will be 3 X 108 metres. (When the end of the cycle reaches the point, the start of the cycle will be 3 lakh km ahead.) That means that the length of the wave, or wavelength, is 3 lakh km. If the frequency of the wave is two hertz, there will be two cycles passing the point in one second, and the wavelength will be half of 3 lakh km, or 1.5 lakh km. Thus as frequency is increased, the wavelength is decreased in the same proportion and vice versa. Putting this in a formula: Wavelength



=



Speed of Radio Wave Frequency



or



λ



=



c f



(1.1)



By using the above formulae it is possible to convert frequency into wavelength and wavelength into frequency. To avoid any errors, at least at the beginning, basic units should be used in the formulae. The use of hertz for frequency gives metres for wavelength, and using metres for wavelength gives hertz for frequency which may then be expressed as kHz or MHz as appropriate for the answer. Examples (a)



If the wavelength is 1.5 km, what is the frequency? Frequency in Hz



=



_Speed in m / s_ Wave length in m



=



300000000 1500



=



200000 Hz



=



200 kHz
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(b)



If the transmission frequency is 75 MHz, what is the wavelength? Wavelength in metres



(c)



=



_Speed in m/s_ Frequency in Hz



=



300000000 75000000



=



4m



How many wavelengths, to the nearest whole number, of frequency 150 MHz, are



equivalent to 52 ft? Wavelength



=



300000000 150000000



=



2m



=



2 x 3.28 ft



=



6.56 ft



The number of times 6.56 will go into 52 ft



=



_52_ 6.56



=



Phase and Phase Difference 16.



Looking at Fig 1-2, we can talk about



the cycle starting when the curve crosses the time axis on the way up. The rotating part of the generator would then be in a certain position relative to the static part. The rotating part (rotor) would turn through a complete circle



between



that



point



and



the



corresponding point at the end of the cycle. The complete circle is 360°, so we can mark the time axis in degrees of rotor movement from its start position. After 360°, the relative positions would be the same as at the beginning, so the time axis could be marked in repeating 360° cycles. We could refer to any position along the wave cycle as being at a certain number of degrees from the start. Because every cycle of the wave is the same, the amplitude of the wave at a certain angular position would be the same for every cycle. 17.



We can compare two waves with the



same frequency (and therefore wavelength), by their amplitudes. We can also compare



Fig 1-3: Phase Differences



8 (approx)
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them by looking at their cycle starting positions. If one of them reaches the start position 90° after the first, we say that it is 90° out of phase with the first. The maximum amplitude of the second wave will reach a particular point a quarter of a wavelength later than that of the first wave. We say that we are comparing the phase of the two waves. The actual angle of phase difference can be used for comparison, as in Fig 1-3. This forms the principle of many radio navigation aids. It must be noted that this comparison can only be made between two waves of the same frequency. Polarisation 18.



As mentioned earlier, when a suitable a.c. is applied to an aerial, electromagnetic waves are



radiated from the aerial. These waves alternate with the same frequency as the a.c. current applied to the aerial. The two components, electric



and



magnetic,



thus



radiated travel together at the speed of light. Both travel at right angles



to



each



other,



as



illustrated in Fig 1-4, and also at right angles to the direction of propagation



(the



direction



of



propagation is away from the



Fig 1-4: Radio Wave Polarisation



antenna). 19.



When the transmission is being made from a vertical antenna, the electrical component, E,



travels in the vertical plane, and its associated magnetic component, H, in the horizontal plane. The emission is called vertically polarised (Fig 1-4). Similarly, for a horizontal aerial the electrical component travels in the horizontal plane, the magnetic component in the vertical plane and the emission is horizontally polarised. Where the electrical and magnetic components spin around the axis of advance, the signal is circularly polarised. (This technique is used in reducing rain clutter in radar.) 20.



The importance in knowing the polarisation lies in the orientation of the receiver aerial. A



vertical aerial will efficiently receive the electrical component of a vertically polarised signal. If the receiver aerial, on the other hand, was perfectly horizontal, it would receive no electrical component. Similarly, a horizontal aerial will efficiently receive a horizontally polarised signal. 21.



The lines joining the curve to the time axis (vector lengths) in Fig 1-4 represent the strength or



field intensity of the signal at a given instant. As the signal travels further the energy spreads out in an ever increasing volume of space. This is one form of attenuation (reduction in signal strength) of the signals called attenuation due to spread out. The reduction in signal strength is governed by the inverse square law in experimental conditions in a vacuum. Thus, if the field strength at a point at a



 FIS Book 2: Avionics



6



given distance from the transmitter measures, say 80 microvolts, then the reading at another point twice the distance from the transmitter will be a quarter of the value, that is 20 microvolts. Polar Diagrams 22.



The transmitted waves from a simple system with a single wire aerial travel in all directions



around the antenna. This broadcasting means that the energy of the field is being attenuated as described above. Much of radio engineering is concerned with increasing the strength of the signal by amplifying it and sending it in particular directions, so that the strength of the signal is reduced as little as possible. 23.



Radio engineers use what they call polar diagrams to show



what is happening to the signal after it leaves the transmitting antenna. These show the position of points around the antenna where the strength of the signal has reduced to a certain level, often half its original strength. They are generally drawn as maps of the horizontal area around the aerial (horizontal polar diagrams). For a broadcast transmitter, the horizontal polar diagram is a circle, as in Fig 1-5, but for most navigation aids the polar diagram is designed to have a specific shape, such as in Fig 1-6. 24.



Fig 1-5: Circular Polar Diagram



The strength of transmission



in a particular direction is shown by the length of a vector, a line which can be drawn from the transmitter aerial to the edge of the polar diagram. In Fig 1-5, the vector would be a radius of



Fig 1-6: Directional Polar Diagram



the circle. In Fig 1-6, vector OA represents the transmission strength in the direction of X. The polar diagram of a receiver (Rx) aerial similarly gives indication of reception from various directions. An aerial with a circular polar diagram would receive signals equally from all directions whereas a receiver aerial with a specially shaped polar diagram can be used to determine the direction of incoming signals. In Fig 1-6, if the receiving aerial was at O, it would receive maximum signals from a transmitter (Tx) in the direction of Y, and reduced signals from direction X. Aerials 25.



The simple half-wave dipole was cumbersome for aircraft use. It was quickly found that



placing a sheet of metal, such as the aircraft skin, below one half of the dipole, allowed engineers to dispense with the other half and still retain the characteristics of the dipole. This 'quarter-wave'
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antenna was for a long time the standard broadcast transmitting and receiving aerial on aircraft, and is still used. Scientists found by experimentation that they could alter the characteristics of antennas by placing objects near them. To produce more power for transmission or reception in a particular direction (a directional polar diagram), modifications were made to the aerial design, as described below. A breakthrough in radio technology came when engineers were able to change the characteristics of short lengths of conducting material by electronic means. Careful shaping and specialised circuits were developed to allow short lengths of metal to simulate the characteristics of much longer ones. 26.



Parasitic Antennas.



It was found that



placing a length of metal close to a half-wave antenna affected the polar diagram. A rod of length slightly shorter than the antenna, placed slightly less than a quarter wavelength away, would strengthen the signal in its direction, effectively ‘directing' the waves towards itself.



Further



'parasitic



radiators'



or



specifically Fig 1-7: Directional Yagi Aerial



'directors' positioned equally spaced in the same direction, increase the signal strength in that direction. Similarly, a slightly longer rod placed slightly more than a quarter wavelength away strengthened the signal in the opposite direction, effectively 'reflecting' the signal. A combination of parasitic antennas, one reflector and several directors, called a 'yagi' aerial, constitutes a typical terrestrial television aerial, similar to that shown



Fig 1-8: Yagi Aerial of the P-18 Radar



in Fig 1-7. For some time, these have had limited use in the field of aviation, although certain directional ground radars like the P-18 radar (Fig 1-8) employed them instead of using parabolic reflectors. They have, however, become more common in ground equipments recently. 27.



Parabolic Reflectors.



Single pole reflectors



produce an intensification of the signal strength in the opposite direction, but the polar diagram is only altered slightly. To produce a more directional signal, a full yagi aerial is required, but it is possible to use a group of reflectors arranged in the shape of a parabola to focus the beam in a particular direction. In fact, the parabolic reflector is more commonly used to focus the signal, which has been transmitted to it along a 'wave guide'. This wave guide is a metal tube of rectangular cross-section, approximately 0.7



Fig 1-9: Parabolic Reflector



X 0.4 wavelengths, which allows a signal to pass along it with the minimum attenuation (loss of signal strength). A typical parabolic antenna is shown in Fig 1-9.
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MODULATION 28.



A page left blank in a newspaper conveys no information. To provide information some writing



or picture must be printed on it. A plain radio wave may be compared to a blank newspaper, it cannot be heard nor can it convey information. Special components can make it audible, but the only signal heard is a constant audio tone, still nothing is 'read'. Some form of intelligence must be 'impressed' upon such a wave if it is to convey information. The process of impressing such information by changing the original signal is called 'modulation', and it is done in a variety of ways. In all cases the radio waves simply act as a vehicle for the information, so they are commonly called 'carrier waves'. The waveform of information, which is being impressed upon the carrier wave, is called the 'modulating wave'. Some of the ways in which the carrier may be changed to transmit information are given below. Keying 29.



This is often called wireless telegraphy (w/t). It consists of starting and stopping the



continuous carrier wave, breaking it up into dots and dashes, and so is sometimes also described as 'interrupted carrier wave' or i.c.w. The communication is by a code. Groups of these dots and dashes are assigned particular meanings, as in Morse code. The technique is primarily used for long-distance communication, however, some radio navigation facilities may break their carriers for identification by dots and dashes. The receiver requires a beat frequency oscillator (BFO) facility, to make the signals audible. Amplitude Modulation (AM) 30.



This can be used either to radiate speech, music etc., or to transmit coded messages at audio



frequencies. As the name suggests, the amplitude (strength) of the carrier is varied in accordance with the amplitude of the audio modulating signal, keeping the carrier's frequency constant. In Fig 1-10, a modulating audio signal is impressed on a radio frequency, showing the resultant variation in amplitude of the carrier wave. In the third diagram, lines have been drawn to represent the boundary of the modulated signal. The amplitude of the carrier wave fluctuates inside this modulation envelope. 31.



When a signal is amplitude modulated, its total amplitude varies between the sum of the



amplitudes of the two signals and the difference between them. If sum of the amplitudes of A and B is 2 and the difference is 0 and the amplitude of the audio being carried varies between values 2 and 0. This is a measure of the modulation depth. Modulation depth is the extent to which the carrier is modulated and is expressed as a percentage. Modulation Depth



=



Amplitude of B Amplitude of A



X



100



(1.2)
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A signal, just described,will have the modulation depth of 100%. If the carrier’s amplitude was 2 units and the audio’s 1 unit, the resultant audio would vary between 3 and 1 and the modulation depth of this signal would be 50%. In Fig 1-10 the amplitude of the modulating signal is slightly less than the amplitude of the carrier wave, which is the ideal relationship for maximum signal strength. When we compare the two original amplitudes, we can say that there is a depth of modulation of almost 100%. If the modulation depth is low, the signal may be hidden by 'noise'. If the depth exceeds 100%, the boundaries of the modulation envelope will cross over, attempting to produce negative signals, and a badly distorted signal would be received. Readers may have heard a similar resultant howl when speakers talk too close to a microphone! It is better to avoid any such



Fig 1- 10: Amplitude Modulated Signal



distortion by aiming for a modulation depth slightly below 100%. 32.



The degree of modulation is an important design consideration. Here we are concerned with



two factors, the strength of the outgoing audio and the power required to produce it. The variation in the amplitude of the outgoing modulated signal controls the strength of the audio being carried. Thus, a signal with 100% modulation depth will be stronger compared with a 50% modulated signal. High modulation depth would appeal to broadcasters whose speech and music would be heard loudest when 100% modulated. In practice they keep their modulation depth to slightly below 100%. Overmodulation causes distortion in the reception. 33.



As for the power considerations, extra power must be supplied to amplitude-modulate a



carrier. The power requirement increases by half for a 100% modulated signal but it reduces rapidly when the modulation depth is decreased. Thus, for a given power output and the other conditions being equal, an unmodulated signal will travel further than an amplitude-modulated signal. Sidebands 34.



We have stated that amplitude modulation does not change the frequency of the carrier wave.



However, adding or subtracting a signal to the carrier does in fact produce signals at slightly different frequencies, those at the sum and difference of the two waves. These signals at the new frequencies, when added together, are of the same strength as the modulating wave. If we measure frequencies, we can see that a simple amplitude modulated signal actually sends three waves, one at the original frequency, one at the sum of the two frequencies, and one at the difference between the two
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frequencies. Each of the two outside frequencies or sidebands is at half the original strength. Sidebands can be used to improve frequency band use as described in paragraph 37. 35.



In Fig 1-11, a carrier frequency of 500



kHz is shown being amplitude modulated by an audio tone of 2 kHz. The resultant side frequencies are, 498 kHz and 502 kHz. The former is called ‘lower sideband’ and the latter is called ‘upper sideband’. The complete range from 498 kHz to 502 kHz is called ‘bandwidth’



Fig 1-11: Production of Sidebands



which is 4 kHz in this illustration. Frequency Modulation (FM) 36.



Another method of modulating the carrier wave is to vary its frequency. The modulation



involves changing the carrier frequency at a rate corresponding to the modulating signal's frequency, and at a frequency difference corresponding to the modulating frequency's amplitude. Modulation of a 1 MHz carrier by a simple 1 kHz sine wave signal would therefore produce a carrier which changed its frequency every 1000 waves corresponding to the amplitude of the 1 kHz signal at that time. The amplitude of the carrier is unaffected by the modulation. Putting it simply, frequency modulation is achieved by varying the frequency of the carrier in accordance to the change in amplitude of the audio modulating



signal,



keeping



the



amplitude of the carrier constant. Fig 1-12 simulates a FM signal. 37.



Sidebands.



Fig 1-12: Frequency Modulated Signal



A frequency modulated signal, by its very structure, transmits signals at varying



frequencies. These appear in a band extending in relation to the strength of the modulating signal, around the central carrier frequency, and are distributed equally on both sides of it. Unlike AM, where the resultant radiation consists of only three frequencies i.e. the carrier frequency, carrier frequency + audio frequency and the carrier frequency - audio frequency, a frequency-modulated signal carries with it a multiple of sidebands and consequently its bandwidth is greater. In the process of modulation, it is the sidebands and not the carrier which carries the intelligence in both AM as well as the FM. Therefore, the receiver must be capable of admitting an adequate range of frequencies on either side of the carrier when the carrier frequency is being tuned in. The receiver’s bandwidth may be broader than necessary for a particular reception. Since all information in an FM signal is contained in these sidebands, the receiver must be able to pick up all of them. The range of frequencies containing the sidebands is called the bandwidth. Because all the information from the modulating signal is contained in mirrored sidebands around the carrier wave, it is possible to transmit and receive only



 11



Basic Radio



one group of the sidebands. The other sideband, and even the carrier wave, can be suppressed and electronically replaced in the receiver. If a transmitter uses only the upper sideband, and receivers are tuned to receive that, another transmitter can use the lower sidebands for its signal. This effectively reduces the bandwidth required, and allows more transmitters to use a busy frequency band. The following are examples of bandwidth requirements: Speech transmission



3 kHz



Music



between 10 and 15 kHz



Radar



3 to 10 MHz



Simple Transmitter 38.



Fig 1-13 shows a simplified block diagram of a basic AM radio transmitter. The components



shown are described below, together with additional components found in practical systems.



Fig 1-13: Simple AM Transmitter 39.



Oscillator.



The radio frequency carrier wave is generated in the oscillator, whose frequency



may be controlled by one or a combination of several quartz crystals, a magnetron valve (now seldom used), or a semiconductor circuit incorporating 'varactor (variable capacitor) diodes'. These oscillations are usually at quite a low frequency. For anything above these low frequencies, one or more 'frequency multiplier' circuits must be included to bring the frequency of the oscillator up to that desired for transmission. 40.



Radio Frequency (RF) Amplifier.



Once the signal is at the correct frequency, it must be



amplified until it is strong enough to pass through the remainder of the transmitter components clearly. Such amplifiers, like the other components, are now almost invariably semiconductor circuits. 41.



Microphone and Audio Frequency (AF) Amplifier.



The audio frequency signal may be



produced by the operator's microphone and / or an audio oscillator such as a recording device. That again must be amplified. Once amplified, any speech part of an audio signal will be processed in a 'speech processor' before modulation takes place. First the extreme frequencies (which make little difference to the receiver's understanding) are removed, and secondly, the amplitude variations in the
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speech are reduced to make the quieter parts easier to hear. This reduces the 'bandwidth' between the two sidebands. 42.



Modulator.



Here the amplified audio signals modulate the carrier wave as described above.



The modulated signal is still not strong enough for transmission, so a further 'power amplifier', or series of amplifiers, is used to produce the required signal strength for transmission by the aerial. Comparing Frequency Modulation and Amplitude Modulation 43.



Power.



Power is required to modulate any signal. For a given power input, an unmodulated



carrier wave will travel a certain distance before it becomes lost in background 'static' or 'noise' internally generated in a receiver. An FM signal requires some extra power, and will travel a shorter distance, but an AM signal with maximum modulation requires about 50% more power than the basic carrier wave. 44.



Transmitters And Receivers.



An AM transmitter is a complicated piece of equipment,



whereas its receiver can be quite simple. In contrast, an FM transmitter is relatively simpler (although still using the same basic components as in Fig 1-11) but the corresponding receiver is more complex. 45.



Static Interference.



Static interference is caused by electrical disturbances in the



atmosphere. The word 'noise' is usually reserved for interference from electrical components in transmitters and receivers. These disturbances occur over all frequencies, but are worse in the lower bands. They are much more of a problem to AM reception, because the interference is similar to an AM signal. Most static can be filtered out of an FM receiver. Pulse Modulation 46.



Both AM and FM transmissions use continuous carriers. Certain uses of radio waves, for



example basic radar, require the signal, or parts of it, to be sent in short bursts. This was initially done by keying short transmissions with long gaps, and such pulse modulation can be applied to basic AM or FM signals. The aim can also be achieved by giving short pulses of either AM or FM modulation to a continuous carrier. Phase Modulation 47.



It is possible to alter the carrier wave by changing



the phase of the transmitted signal. This can be used efficiently for transmitting digital information, as in global positioning system (GPS) signals, where the phase is reversed every time the binary digit changes (Fig 1-14).



Fig 1-14: Phase Modulation - Reversing the Phase
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Basic Radio



Emission Designation 48.



Radio waves are often designated by a 3-symbol code, which is used by ICAO as part of the



definitions of all aviation communication and navigation systems. For example, a VOR signal is designated as 'A9W'. The most important meanings of each part of the code are listed below. Several signals are described by more than one designator if the signal itself consists of more than one part. For example, a continuous wave signal with no modulation which for a short period is modulated in amplitude using a single modulating sub-carrier for identification purposes may be designated as NON A2A. First Symbol This tells the type of modulation on the main carrier wave. This includes: N



No modulation.



A



Amplitude modulated, double sideband.



H



Amplitude modulated, single sideband and carrier wave.



J



Amplitude modulated, single sideband, suppressed carrier wave.



F



Frequency modulated.



G



Phase modulated.



P



Pulse modulated, constant amplitude.



K



Pulse modulated, amplitude modulated.



Second Symbol This designates the nature of the signal or signals modulating the main carrier: 0



No modulating symbol.



1



Single channel containing quantised or digital information without the use of a modulating sub-carrier.



2



Single channel containing quantised or digital information, using a modulating sub-carrier.



3



Single channel containing analogue information. Two or more channels containing quantised or digital information.



7



Two or more channels containing analogue information.



8



Composite system comprising 1, 2 or 7 above, with 3 or 8 above.



X



Cases not otherwise covered.



Third Symbol Type of information transmitted. (This does not include information carried by the presence of the waves.) N



No information transmitted.
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A



Telegraphy - for aural reception.



B



Telegraphy - for automatic reception.



C



Facsimile.



D



Data transmission, telemetry, telecommand.



E



Telephony (including sound broadcasting).



F



Television (video).



W



Combination of the above.



X



Cases not otherwise covered.



 15



CHAPTER 2



PROPAGATION AND PROPERTIES Introduction 1.



As explained in the introduction to Chapter 1, undisturbed radio waves in space travel in



straight lines at a constant speed. However, the earth is an uneven mass of solids and liquids, surrounded by a mixture of gases with varying density and electrical charge. All of these factors affect the 'propagation' of the waves to a greater or lesser effect. In this chapter we shall look at the different ways in which waves of different frequencies are affected by our earth and its atmosphere. 2.



General Properties of Radio Waves.



The general properties of radio waves are:



(a)



In a given medium, radio waves travel at a constant speed.



(b)



When passing from one medium to another of different refractive index, the velocity of



the waves changes. The waves are also deflected towards the medium of higher refractive index, that is, they change their direction. (c)



Radio waves are reflected by objects commensurate with their wave lengths.



(d)



Uninfluenced, radio waves travel in a straight line.



Radio Spectrum 3.



Before investigating the effects on propagation, we should look at the way in which the



spectrum of electromagnetic waves used for radio is traditionally divided into bands. The whole electromagnetic spectrum includes radiation in the form of light, X-rays and gamma rays, but radio waves comprise only the bottom end of the complete spectrum. Voice frequencies fall immediately below this radio spectrum, but sound waves are actually pressure waves and are propagated differently from electromagnetic waves. The internationally recognised names for the frequency bands are given in Table 2-1. However, sometimes small groups of frequencies are regarded as part of a neighbouring band, and other designators are sometimes given to specific bands of frequencies. Some of the other common names for specific groups of frequencies within the UHF and SHF bands are listed in (Table 2-2), as they will be referred to later in this book.



The Surface of Earth 4.



The shape of the earth is approximately a sphere. This means that the horizon curves away



with distance from the transmission point, and if the radio waves travelled only in straight lines (as they would, by their basic property) the reception ranges would be limited to ‘optical’ distance only (Fig 2-1). This distance is given by the formula:
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D



=



Where D H



1.05 √H



(2.1)



is the range in nm is the height of transmitting aerial in feet AMSL.



Fortunately, we will soon see that radio waves do curve to a greater or lesser extent with the surface of the earth and in the atmosphere, which means that the above formula is seldom used. 5.



Fig 2-1: Ideal Line of Sight Propagation



The earth is mainly solid rock, covered with liquid water over the majority of its surface, loam



and sand over the low lying land areas, and ice close to the poles. Radio waves of VHF bands and above are generally reflected by solid material, although lower frequencies are absorbed. However, the surface of earth also affects waves travelling parallel or almost parallel to it. At low frequencies, some of the wave energy is lost in inducing currents in the surface, which also slows the wave down. The amount lost depends on the material and its condition affecting its conductivity. The conductivity of the earth’s surface itself varies, sea water provides a medium of high conductivity whereas the conductivity of the land surface depends on its composition. It is fairly high where the soil is rich & very poor in the sands of a desert or the polar ice caps. Similarly, dry sand produces greater attenuation and speed reduction than wet loam, and sea water produces less attenuation than either.



Frequency band name Very low frequency



Abbreviation



Frequencies



Wavelength



VLF



3-30 kHz



100-10 km



Low frequency



LF



30-300 kHz



10000-1000 m



Medium frequency



MF



300-3000 kHz



1000-100 m



High frequency



HF



3-30 MHz



100-10 m



Very high frequency



VHF



30-300 MHz



10-1 m



Ultra high frequency



UHF



300-3000 MHz



100-10 cm



Super high frequency



SHF



3-30 GHz



10-1 cm



Extremely high frequency



EHF



30-300 GHz



10-1 mm



Table 2-1: Frequency Band Designators



Frequency band name



Frequencies



Radar L band



1-2 GHz



Radar S band



2-4 GHz



Radar C band



4-8 GHz



Radar X band



8-12.5GHz



Table 2-2: Radar Frequency Band Designators
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SURFACE WAVES 6.



When electromagnetic waves are radiated from an omni-directional aerial, some of the energy



will travel along the surface of the earth. These waves gliding along the surface are called ‘surface waves’ or ‘ground waves’. As we learnt earlier, it is the nature of radio waves to travel in a straight line. However in appropriate conditions they tend to follow the earth’s surface giving us increased ranges. But, what causes them to curve with the surface? 7.



Diffraction and Attenuation.



Primarily there are two factors. One, the phenomenon of



diffraction and scattering and the other, attenuation which cause the radio waves to bend and give increased ranges.



Radio waves tend to be reflected by objects larger than about half their



wavelength. At higher frequencies, most obstacles will cause reflection, or absorption, and therefore shadows behind them, but at lower frequencies the waves will curve around a small obstacle, even a hill. This is called 'diffraction', and can be considered as the obstacle creating 'friction' in the part of the wave close to it, causing the wave to curve towards it as it passes. The amount of diffraction is inversely proportional to the frequency (Fig 2-2). Radio waves can also be redirected by scattering between molecules in the atmosphere, and reflected from neighbouring solid objects. At centimetric wavelengths (SHF) an upstanding obstacle stops wave front, causing a shadow behind it. It is because of this effect that low frequency broadcasts give good field strength behind a range of hills but there is no reception on your car radio when going under a railway bridge.



This bending



downward is further assisted (the other factor) by the fact



Fig 2-2: Frequency / Diffraction Relationship



that as a part of the waveform comes in contact with the surface it includes currents in it, thereby losing some of its energy and slowing down.



This is called surface



attenuation. This slowing down of the bottom gives the waveform a forward and downward tilt encouraging it to follow the earth’s curvature Thus, bending due to diffraction and tilting due to attenuation (imperfect conductivity of the surface) cause the waves to curve with the surface (Fig 2-3). Waves continue until they are finally



attenuated,



that



is,



become



undetectable.



Fig 2-3: Surface Attenuation



Attenuation, in its turn, depends on the following factors: (a)



Type of Surface.



As mentioned earlier, different surfaces have different



conductivities. For a given transmission power a radio wave will travel a longer distance over the sea than over dry soil. The example is Consol navigation aid whose range over the sea is nearly double of that over the land.
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(b)



The higher



Frequency in Use.



the frequency, the greater the attenuation (Fig 2-4) (c)



Polarisation of Radio Waves.



Vertically polarised waves are normally used with minimum attenuation. 8. control



In combating attenuation, we have no over



propagation



the is



to



surface be



over



made.



which The



the



primary



Fig 2-4: Frequency / Surface Attenuation Relationship



consideration therefore, is the choice of frequency. We are now ready to summarise the ground ranges expected from frequencies in various frequency bands. (a)



VLF.



Attenuation is least, maximum bending is due to diffraction. Given sufficient



power, ranges of several thousand nm may be obtained. (b)



LF.



Attenuation is less and the signals will bend with the earth’s surface and ranges



to a distance of 1500 nm may be expected. (c)



MF.



Attenuation is now increasing, signals still bend with the surface and the



ranges are approximately 300 to 500 nm, maximum is 1000 nm over the sea. (d)



HF.



Severe attenuation, bending is least. The maximum range obtainable due to



surface waves is around 70 to 100 nm. (e)



VHF and Above.



The signals do not bend and the radio waves travel in a



straight line giving line-of-sight ranges.



Disadvantages of Low Frequencies 9.



Although low frequencies produce very long ranges, there are considerable drawbacks which



prohibit their inconsiderate employment. These drawbacks are: (a)



Low Efficiency Aerials.



Ideally the length of the transmitter and receiver aerials



should each be equal to the wavelength.



An aerial approximately half the size of the



wavelength is also considered to be suitable for satisfactory operation. Any further reduction in the aerial size would result in a loss of efficiency. The largest aerials are found in the lowest frequency band i.e. VLF.
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(b)



Static.



Propagation and Properties



Static is severe at lower frequencies and additional power must be supplied



to combat its effect. The effect of static decreases as the frequency is increased. VHF is considered to be practically free from static. (c)



Installation and Power.



The cost of initial installation is high and subsequent



power requirement to maintain the desired range, giving satisfactory reception, is very large. It should be noted that the range of a surface wave varies as the square of its power.



Surface Wave Ranges 10.



Surface waves are those which are bent around the surface of the earth. At HF frequencies or



lower, the waves are refracted sufficiently to follow the curvature of the earth. However, there is considerable absorption by the earth's surface, and the higher the frequency the more absorption takes place. The range of a signal therefore is inversly proportional to its frequency, or directly proportional to its wavelength, as well as being directly proportional to the power at the transmitter. Surface waves are the primary means of propagation in the MF band, virtually the sole means of propagation in the LF band and lower frequencies, and the means of transmitting HF signals to receivers outside the range of direct waves but too close to receive sky waves.



SKY WAVES 11.



We saw in the previous section how surface waves may be transmitted to varying distances in



VLF to HF bands. In these bands, signals may also be received having first been reflected from a huge reflecting layer surrounding the earth known as the ionosphere. These reflected signals are referred to as ‘sky waves’ and they form the principal mechanism for long range communication.



The Ionosphere 12.



Above the tropopause lies the stratosphere, and above that a region called the ionosphere.



Here radiation from the sun has a considerable effect on the molecules of a thin atmosphere, and electrons are set free from their atoms. The free electrons provide several electrically charged layers in this ionosphere, but their existence depends on excitation from the sun's rays. The number of free electrons, and their distribution, depend on the angle at which the sun's rays meet the ionosphere, as well as the intensity of the rays themselves. 13.



The layers were discovered by their effect on radio waves, and indeed they have a



considerable effect. As the density of free electrons changes, it changes the 'refractive index' of the air. Electromagnetic waves passing through the layers in the ionosphere at an angle are refracted, or bent, away from areas of higher electron density, which happen to be in the higher part of the ionosphere. Therefore radio waves are bent towards the earth. The amount of refraction depends on
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three factors viz. the frequency of the waves, the change in electron density, and the angle at which the waves hit the layer. The waves are also attenuated, by an amount depending on the electron density and the frequency. 14.



Refractive



Layers.



The



ionosphere is traditionally divided into three refractive layers, the top one of which is usually subdivided into two. The accepted distribution is given in Fig 2-5, but the existence and heights of the various layers depend on the sun, so they change continually. In the darkness of the earth's shadow, there is no sunlight, so the lowest parts of the ionosphere lose their free electrons at night. At greater



Fig 2-5: Ionosphere Layers



distances from the earth, the sun's rays are diffracted around it, and continue to have an effect on the higher parts of the ionosphere, so even at night there are effects from the higher layers, in fact it seems that the top layers actually move upwards. 15.



The D layer is generally regarded as being between 50 and 100 km above the surface of the



earth, with an average altitude of 75 km. The E layer exists between 100 and 150 km, with an average altitude of 125 km. The F layer spreads between 150 and 350 km, with an average altitude of 225 km. During the day F layer appears to split into two layers, the lower one being called F1 layer and the upper layer as F2. 16.



The D layer, where air density is high, and electron density is comparatively low, tends to



absorb radio waves rather than refract them. The E layer, with greater electron density of up to 105 / cm3 and less air density, produces some refraction of waves in the HF band, and the F layers with even lower air density and higher electron density (up to 106 / cm3 ) do most of the refracting. Waves refracted at low levels will be refracted further at higher levels, provided they are not absorbed before then. The refraction of electromagnetic waves in the ionosphere can be sufficient to bend a signal sent skyward down towards the earth again. We use this facility in HF communication, but it can cause problems when using MF navigation aids.



Diurnal Effect 17.



During the day, the sun's rays excite all parts of the ionosphere, and all layers are very active.



The D layer absorbs a certain amount of power, especially at lower frequencies, and will also refract those low frequencies a certain amount. The E layer absorbs less but refracts more, and the F layers continue the effect.
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18.



At



night,



the



D
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layer



effectively disappears. The E layer thins, and appears to move upwards away from the earth. The F1 layer thins also, and the area of strongest electron density appears to move upwards to join the F2 layer, as shown in Fig 2-6. You can see that there



are



considerable



changes



between day and night, and these Fig 2-6: Ionosphere Diurnal Effects



changes take place during twilight.



Since the ionosphere tends to be used for long-range signals, twilight tends to vary between the transmission point and reception point, and reception at these times tends to be difficult. These are critical periods for operating Automatic Direction Finding equipment (ADF).



Other Effects 19.



Variation in density also occurs due to the following reasons: (a)



The tilt of the earths axis and its elliptical orbit affects the



Seasonal Activity.



amount of solar radiations received over different parts of the earth and therefore the electron density of the atmosphere. Sporadic ionisation occurs in the E layer in summer. (b)



Eleven Year Sun-spot Cycle.



Very marked changes in ionisation occur during this



sun-spot activity period. This is due to enhanced ultra-violet and X-radiation from the sun. At this time, ionisation in D and E layer causes an increase in absorption, disrupting communication, and signals at VHF frequencies may also return.



Attenuation 20.



As mentioned earlier, radio energy is absorbed in the ionosphere. The extent of attenuation



depends on various factors. These are: (a)



Density of the Layer.



The greater the density, the greater the attenuation.



Maximum attenuation occurs around mid-day. (b)



Penetration Depth.



The deeper the signal penetrates into the layer, the more loss



of energy due to attenuation will occur.
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(c)



Frequency in Use.



The lower the frequency, the greater the attenuation. This is



one of the reasons why a higher frequency is used for communication in the HF band during the day.



Ionospheric Reflection 21.



At very low frequencies and shallow angles of incidence to the D layer, it is possible for radio



waves to be actually reflected from it, causing occasional interference at a different phase from the main signal.



Conditions of Ionospheric Refraction 22.



Critical Angle.



The angle at which a radio signal strikes a layer is a major factor in deciding



whether a signal will return to the surface of the earth or not. If it strikes the layer at a small angle to the perpendicular, it will not be refracted sufficiently to return. As the angle to the perpendicular progressively increases, the signal will bend progressively more, until at a critical angle, the signal will refract enough to return to the earth. This critical angle is measured from the perpendicular at the transmitter (a line normal to the earth's surface). The critical angle depends on the ionospheric conditions at the time. It also depends on the frequency of the signal, a lower frequency will bend more, and therefore have a lower critical angle. A frequency of more than 30 MHz (VHF band is from 30 MHz to 300 MHz) will not usually return to earth. 23.



Skip Distance.



At the critical angle,



the signal returning to the earth will reach the surface at a point a certain distance away from the transmitter. A signal transmitted at more than the critical angle will return to earth at a greater range. A signal transmitted at less than the critical angle will not return, so the point at which the signal at the critical angle returns (the first sky wave) is the minimum range of the refracted wave.



The distance between the



transmitter and receiver in this case is called the 'skip distance', as seen in Fig 2-7. Fig 2-7: Critical Angle and Skip Distance Interference 24.



As we have seen, a wave transmitted from an aerial can get to a receiver along many paths.



Although the signal will be attenuated by varying amounts along each path, often more than one receivable signal will arrive at the receiver. These signals will usually be out of phase, and if so, will
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interfere with each other, causing 'fading'. If one signal is notably stronger than the other(s), the lower strength signals can be filtered out. However, if two paths allow signals of similar strengths to arrive at the receiver, this creates problems, described as multi-path errors. (Of course, if the signals arrive in phase, the signal strength will be increased.) 25.



Interference is also caused by signals other than those from the same transmitter. Most



frequencies are shared by transmitters in different geographical positions, because under normal circumstances their signals would not reach the receivers designed for the other transmitters. However, as we have seen, ionospheric or tropospheric conditions can send signals over much longer ranges than usual, and such interference can affect communication or, more dangerously, the accuracy of navigation aids. 26.



Frequency in Use.



A higher frequency requires a higher electron density to refract it. As



ionic density increases with height, higher frequencies penetrate more deeply into the layer than lower frequencies before returning. The D layer is not heavily ionised and it will reflect only low frequencies of up to around 500 kHz. For any planned usage of sky waves in this frequency band it should be remembered that the attenuation is predominant. The E layer is relatively more heavily ionised and will reflect frequencies up to around 2 MHz. Frequencies higher than 2 MHz will not be sufficiently refracted in the E layer to return. They will travel to the F layer before returning, thus giving very long ranges. Above 30 MHz, that is VHF and above, the refraction in the layers is insufficient and the signals escape into free space (the UHF band is used for communication with astronauts in the outer space). An exception arises in the cases of VHF and UHF during the high solar activity period when the ionisation is extremely dense.



Ranges Available 27.



The ranges available from the sky waves depend on the following factors: (a)



Critical angle and angle of incidence will determine the range at which the first sky



return occurs, and the prevailing conditions might produce a dead space (see below) where no reception is possible. Similarly, maximum range is given by that wave which leaves the transmitter tangential to the earth. (b)



Depth of penetration depends on the frequency in use and the ionospheric



distribution. The deeper a signal travels before being refracted, the larger the range it produces (higher frequencies require a higher density to refract them). (c)



Transmission power.
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Dead Space 28.



Where a signal produces both surface and sky waves, like the HF, there may be an area



where no reception is possible. This is because the surface waves limit has been reached and the sky waves have not started returning (Fig 2-8). We know that the maximum range of the surface waves depend on wavelength, and the minimum range also depends on wavelength. The gap between the limit of surface waves and the point of reception of the first sky wave is called the 'dead space'. Dead space is possible in HF where the surface waves ranges are very short and the sky waves reflection occurs at higher layers.



As the



frequency is lowered to MF and LF the surface wave range increases and the sky waves are also returning from lower levels at smaller



critical



angles.



In



these



circumstances there is generally no dead space. In short, the dead space reduces as the



wavelength



increases



(frequency



Fig 2-8: Dead Space



decreases).



Sky Wave Ranges 29.



The ionosphere absorbs and refracts signals by an amount directly proportional to their



wavelength. At frequencies above the HF band, signals pass through the layers without returning, although they have been affected to some extent, quite considerably in the case of VHF signals. It is normally accepted that frequencies of 30 MHz and below will return to the earth in daylight, and at slightly lower frequencies also at night. As frequency reduces, the amount of refraction but also of attenuation increases, so at low frequencies a lot of transmitter power is required to send a sky wave which is strong enough to be received stronger than the static and noise. 30.



If a sky wave is powerful



enough, it can be reflected by the earth's surface and sent back into the



ionosphere



for



a



further



refraction back to the earth. This is called 'multi-hop', and makes it possible for a sky wave signal to reach around the earth (Fig 2-9). However, the minimum range of a



Fig 2-9: Multi Hop Reflection
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sky wave is constrained by the skip distance at the critical angle. Since the critical angle (from the perpendicular) is directly proportional to the frequency, the minimum range is also proportional to the frequency for given ionospheric conditions. The higher the frequency, the further the minimum range, so the lower the frequency or longer the wavelength, the shorter the minimum range. Sky waves are the primary means of propagation of signals in the HF band, and can be used for signals in the MF band. However, at other frequencies, they are more a problem than a means of deliberate propagation.



SPACE WAVES



Direct Waves 31.



The waves reaching a receiver in



a straight line (line-of-sight) are called direct waves. All frequencies can be received along direct waves (Fig 2-10). Signals are attenuated by spreadout in accordance with the inverse square law, such that if the range from a transmitter



Fig 2-10: Wave Reception



is reduced to half, the signal strength received becomes four times. In addition, as wavelengths reduce into the SHF and EHF bands, water drops and then the gas molecules in air can scatter and absorb progressively more of the signal. Direct waves are regarded as the sole means of propagation of all signals in the VHF band and higher frequencies, and allow lower frequency signals to be received at short range. 32.



Reflected Waves.



Waves can be reflected by any object whose size is more than half their



wavelength. This is usually a hindrance to efficient propagation, but radar of course uses the principle of reflection to work. It will be appreciated that when signals are being received from two directions as above, the receiver output will be the vector addition of the two, giving maximum strength when the two signals are in phase, and fading of signals when the signals are out of phase. The phase difference between the two signals is governed by the lengths of the two paths and the phase shift at the reflecting point. This phase difference, in its turn, depends on the angle of incidence, polarisation of the incident signal and the conductivity of reflecting surface. 33.



Space Waves.



Direct waves and waves reflected from the ground are together called



'space waves'. 34.



Ranges.



VHF and frequency bands above VHF are straight-line propagation. However, the



actual range is slightly better than mere optical range. The distance to the horizon is given in the formula D = 1.05 √H. The improvement to this range is from the refraction or curving of the waves in
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atmosphere, due to ‘atmospheric refraction’. The refractive index of the atmosphere ‘n’ is a function of pressure, temperature and humidity. These elements vary significantly in the vertical plane giving rise to diminishing density with increasing height. This means that the refractive index decreases with height. The result is that the radio wave curves away from it towards the regions of higher density, that is, towards the surface. Thus, signals in VHF and above will be received beyond the optical horizon and the working formula for calculating maximum ranges is: D = 1.25 √ HT + 1.25 √HR Where



D



is the range in nautical miles,



HT



Is the height in feet of the transmitter (amsl) and



HR



is the height in feet of the receiver (amsl).



(2.2)



The Lower Atmosphere 35.



The molecules of gas in the atmosphere absorb some of the energy in the radio wave. This



attenuation depends on the wavelength of the signal. The shorter the wavelength (or the higher the frequency), the greater is the atmospheric absorption. The molecules of gas in the air can also reflect some radio energy, especially in the UHF band and above. This ‘troposcatter’ effect can be used by sending a signal from a directional aerial towards a receiver, but slightly upwards. A directional receiver over the horizon can collect any scattered signal which continues in its direction. However, this is not usually employed for aviation purposes. 36.



The density of air reduces with reduction in pressure, but increases with increase in



temperature. The radio signal travels faster in a less dense medium, and if a wave passes through gas of changing density at an angle, it will curve towards the higher density.



Density normally



reduces slowly with altitude in the troposphere, where the pressure reduction has more effect than the temperature reduction, and in the stratosphere an increasing temperature with altitude reduces the density further. This effect increases the bending of radio waves around the earth’s surface, and can also produce more spectacular results.



Duct Propagation 37.



The speed of radio waves also changes with the different gases. Water vapour is less dense



than dry air, and changes in humidity suggest a similar bending towards less humid air. However, a high water vapour content actually encourages refraction (bending) towards it. One of the more spectacular results is tropospheric ducting, also called ‘super-refraction’. This is sometimes caused when high surface air pressure produces a temperature inversion above the earth’s surface. Under the inversion, especially over the sea, the air can become warm and very moist. The sinking air above the inversion has become notably drier, and cooler than the air just below it. A radio signal can be refracted downwards quite steeply by this moist inversion, and can then be reflected on contact
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with the earth, refracted at the inversion again, and reflected again. This allows a VHF or UHF signal to propagate for long distances by ‘bouncing’ from top to bottom of the duct and results in freak reception at ranges of several hundreds of nm, as in Fig 2-11. It can also occur in inversions at height. Ducting is most common over the sea in the tropical and subtropical areas. This is because the land mass can get extremely hot during the day followed by a rapid cooling at



Fig 2-11: Super-Refraction



night. The met conditions suitable for duct propagation are:



38.



(a)



Warm dry air blowing over cool sea.



(b)



Subsidence.



(c)



Pronounced radiation cooling.



The opposite effect can take place if the relative densities are arranged in such a way that the



signal is refracted upwards and away from the surface of the earth. This effectively raises the radio horizon above the normal line-of-sight, and reduces the range at which a signal can be received by a receiver close to the surface of the earth. This effect being opposite to ‘super refraction’ is called ’subrefraction’. 39.



The troposphere is the region of the atmosphere where all the weather occurs. Moisture is



spread upwards by convection or frontal lifting, and thunderstorms occur over most of the earth. Every thunderstorm produces electrical effects, including emissions of electromagnetic waves. This ’static’ is mainly in the lower frequency bands, and is often strong enough to mask transmitted signals at long ranges.



Ground Waves 40.



The term ‘ground wave’ is used to describe all types of propagation except sky waves. Thus,



a surface wave is also a ground wave, so is a space wave. Direct wave and



=



Ground reflected wave



Space wave



=



Ground wave



and Surface wave



Miscellaneous Properties 41.



Some of the miscellaneous properties of radio waves are as follows:-
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(a)



Static.



Static consists of amplitude-oriented spurious electromagnetic waves



ranging, in frequencies from a few hundred hertz to several thousand kilohertz. Atmospheric static is present in cumulonimbus clouds, thunderstorms and all kinds of precipitations. Lightning discharge is the most common source of static. Static also reaches us from interstellar space varying in frequency between 15 MHz and 100 MHz. It is high in field strength and fairly constant in amplitude. (b)



There are two sources of radio noise, avoidable and unavoidable.



Radio Noise.



Avoidable noise arises from use of poor quality components, bad contacts and similar causes. Unavoidable noise occurs both internally and externally. Internally, it is due to small thermal motions in the components. These are always present to a varying degree when the equipment operates at temperatures over absolute zero temperature. They show up as ‘grass’ on a radar screen or a hissing noise on a loudspeaker. The sight of grass on a radar screen in a source of delight to the operator who is thereby assured that his equipment works up to that stage. Externally, the source of noise is the electrical disturbance in the atmosphere and the outer space in the form of static. Atmospheric static is important up to 30 MHz (end of HF Band), extraterrestrial noise may cause interference upto 100 MHz, geographically, it is stronger in the tropics than in temperate zones, and diurnally, it is stronger at night due to sky waves which travel a great distance picking up static enroute. 42.



Signals / Noise Relationship.



It will be apparent from the foregoing discussion that there is



always some interference / noise present in the reception or radio signals. A receiver must be able to admit the selected frequency together with its sideband. The bandwidth of a receiver may be too large. On other receivers it may be possible to select the bandwidth by means of a switch on the control box. If the interference is due to another more powerful transmitter on a nearby frequency, it may be cured by excluding interfering signals by narrowing down the reception bandwidth. Similarly, static interference may be minimised, but care must be taken not to exclude the wanted signal. Generally do not select a bandwidth any higher than necessary. The ultimate incoming signals (both wanted and unwanted) are expressed as signal / noise ratio. This ratio is given in decibels. A decibel (dB) is a unit which is extensively used in electronics to provide a measure of gain / loss in terms of power or voltage. In terms of voltage (in which the field strength is measured), the relationship is : gain / loss in dB where,



=



20 log (E1 / E2)



E1



is strength of the signal(mv) and



E2



is strength of the noise (mv)



(2.3)



Illustrating this: ICAO recommends that the protection to the NDB transmissions must be at a by ensuring a signal / noise ratio of at least 3 to 1. By means of the above formula we can workout what this means in terms of decibels.
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43.



=



20 x log 3



=



20 x 0.4771



=



9.542 dB or 10 dB



Propagation and Properties



Thus, the field strength of the wanted signal is 10 decibels higher than the unwanted signal.



Spurious noise may be reduced by such devices as wick dischargers and receiver filters.
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CHAPTER 3



COMMUNICATIONS Introduction 1.



Communication in aviation is currently mainly achieved by voice modulation of radio waves.



The future seems to lie in data transfer, which can be achieved without using the human voice. Nonetheless, voice communication is still important for the safe movement of air traffic, and will remain so in many parts of the world for some time.



Choice of Frequency Band for Long-Range Communication 2.



To achieve communication on the basis of global distances, the choice traditionally lay in the



bands between VLF and HF, the frequency bands above HF being limited to direct wave, or 'line-ofsight' propagation. Although these higher frequency bands can now be used in association with satellite technology, many parts of the world still require this traditional means of communication. Starting at the lowest end, we could obtain very long ranges in the VLF and LF bands and settle for them without further ado, but there are some inherent disadvantages in the employment of these bands. Just two requirements, of aerial size and power alone, are sufficiently forbidding to spur researchers to investigate alternative possibilities. These possibilities are MF and HF. Of these two, HF is considered to be far superior. The reasons are: (a)



Aerials are shorter and less expensive to install.



(b)



Static noise is less than in MF and tolerable.



(c)



By using sky waves by day and night, very long ranges are obtained for relatively less



power. (d)



Higher frequencies suffer less attenuation in the ionosphere.



(e)



Efficiency is further increased by beaming the radiation in the direction of the



receiver.



HF Communications 3.



The principle of efficient HF communication relies on choosing a frequency appropriate for a



given set of ionospheric conditions that will produce the first return at the required skip distance from the transmitter. If the height of the refracting layer is known, the signal's path from the transmitter to the receiver via the ionosphere can be plotted and from this, the angle of incidence the signal makes at the ionosphere can be calculated. An operator can use the angle of incidence to find the frequency whose critical angle that equates to. That frequency is the maximum usable frequency, which will give communication at the estimated range, given the prevailing ionospheric conditions.
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If we use a frequency higher than this maximum usable frequency, the signal will return



beyond the receiver. At the maximum usable frequency itself, any ionospheric disturbance may increase the skip distance and cause the signal to be lost, so a slightly lower frequency is used. As we lower the frequency, attenuation increases and we need more transmitter power to produce an acceptable signal, until we are unable to produce enough power. When this limit is reached, we have reached the minimum usable frequency (LUHF or lowest usable high frequency). 5.



In practice, graphs and nomograms are made available to the radio stations from which these



values are directly extracted. The graphs take into consideration such factors as the station's position in latitude and longitude, time of the day, density of the ionosphere and any abnormal condition prevailing, and the distance at which the first sky return is required. Nowadays, of course, computers make the calculations, and can automatically select the optimum frequency for communication between the aircraft and any required ground station. 6.



Because of the diurnal variation in the ionospheric density, if transmission is continued at



night on a daytime frequency, a longer skip distance will result, leaving the receiver in the 'dead space'. This is because at night, as we saw in the previous chapter, the electron density decreases and the signal travels higher in the ionosphere before refraction, and is refracted less. For these reasons, the working frequency is lowered at night. This lowering of the frequency adjusts the skip distance because the lower frequencies are refracted from lower levels and require smaller critical angles. Despite the lower frequency the attenuation is less because the electron density is less. In practice the night time frequencies are approximately half of the day time values. 7.



The HF frequency band allocated to commercial aviation ranges from 2 MHz to 22 MHz, but



in practice it is only used up to around 18 MHz. The Flight Information Publication (FLlP) lists each Air Traffic Control Centre (ATCC) or Area Control Centre (ACC) ground station with the frequencies available, which aircraft can use to communicate with them. The transmissions are amplitude modulated and a single sideband (SSB) emission, coded J3E, is used to economise on power and bandwidth or channel space. 8.



In the early days when MF and HF wireless telephoney was in the forefront, aircraft were



equipped with a trailing aerial. It consisted of a coil of wire, which was wound out and held downwards by a weight. Normally it disappeared at the first sight of a thunderstorm, either by the pilot for safety or in the turbulence. In another system, a permanently fixed wire was used, stretching along the length of the fuselage. These aerials have now been replaced by recessed aerials electronically adjusted and conveniently located to give all-round reception from the ground stations. To give an indication of power required, a mere 100 W transmitter can provide transatlantic voice communication. 9.



Factors Affecting HF Range.



The factors affecting HF range are:
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(a)



Transmission power.



(b)



Time of day, as it affects the electron density.



(c)



Season of the year also affects the electron density.



(d)



Any disturbances in the ionosphere (solar flares, etc.).



(e)



Geographical location.



(f)



Frequency in use which determines the critical angle and the depth of ionospheric



penetration.



HF Datalink 10.



HF Datalink (HFDL) is a facility used in Oceanic Control to send and receive information over



normal HF frequencies, using the upper sideband of the selected frequency. The signal is phase modulated to send digital information. Modern equipment converts voice signals into similar digital information (like a digital mobile telephone), and vice versa, to provide digital voice communications. 11.



The advantages claimed for digital HF, whether data or voice, include more rapid initial



establishment of the communications link because of the automatic frequency selection. Once established, the link can be maintained continuously without a crew member constantly having to make transmissions, which allows messages to be passed quickly. A major benefit is that voice signal clarity is greatly improved by converting the message into digital form. 12.



With the advent of satellite communications, HF is losing its importance in oceanic flight.



However, routes over and close to the North Pole, which are outside the cover of geostationary satellites, are becoming more common. HF communication, by voice and datalink, are likely to remain vital in such areas. Communications computers can control all the radios in an aircraft, and while receiving signals from all of them, can select automatically the most useful method of sending whatever signal the crew or the aircraft flight management computer wishes to send.



Choice of Frequency Band for Short-Range Communication 13.



There is a requirement to provide communication out to 80 nm range at 5000 ft, and 200 nm



at 20000 ft. As these are very short ranges, frequency bands from VLF to HF, with their disadvantages of complexity and static interference, are not necessary. The VHF band provides a practical facility. At frequencies above VHF, aerial requirements become more complicated. The signal strength received by a simple antenna at a given range is proportional to the wavelength. Thus a longer wavelength (lower frequency) will give better reception.



VHF Communication 14.



The VHF band is chosen for RTF communication at short ranges, the operating frequencies
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being kept at the lower end of the band, 117.975 MHz to 137.000 MHz. Within this band, communications channels are available at 8 kHz (actually 8.33 recurring) separation, although older equipments are still available at 25 kHz or even 50 kHz separation. The transmission is amplitude modulated, the type of emission being A3E. A transmitter producing 20 W power would be considered adequate for the intended ranges. VHF is practically free from static, but being vertically polarised the receiver aerials do pick up some background noise. If absolute clarity of reception were required, a frequency modulated UHF signal could provide that, but the equipment would become more complex and expensive.



Frequency Allocation 15.



The highest frequencies in the band, from 136.900 to 136.975 MHz, are reserved for datalink



purposes. Originally, VHF frequencies were allocated at 100 kHz spacing. The spacing progressively reduced through 50 kHz to 25 kHz, and finally, at the time of writing, to 8.3 recurring kHz. Older radios were kept in service as the frequency spacing reduced, and most ATS frequencies outside controlled airspace were still allocated at 50 kHz spacing at the time of writing. Frequencies in controlled airspace were allocated at 25 kHz spacing, but mainly at high levels. Fig 3-1 shows a typical VHF 25 kHz spacing communications control unit. 16.



Fig 3-1: VHF Communications Control Unit



The newer 8.33 kHz frequency spacing was introduced in 2000 in the most congested



airspace in Europe, above Flight Level (FL) 245. It was not possible to make old radio receivers compatible with the new frequency spacing, because they had been designed with broad bandwidths to accept signals 7.5 kHz removed from the basic frequencies. This was to allow single frequency operation from different transmitters along airways. This meant that totally new radios had to be developed. Unfortunately, the new radios are not totally compatible with the old ones used for ground stations at small aerodromes. The new airborne radios have to be used with both types of ground station, so the simplest method of doing that is to have two separate receivers inside the aircraft radio sets, and a means of switching between the two receivers.



Factors Affecting VHF Range 17.



As we saw in equation 2.2, the formula for calculating the maximum range of a VHF signal is:



D = 1.25 √ HT + 1.25 √ HR. Therefore, the factors affecting the range of a VHF transmission are as follows: (a)



Height of the transmitter.



(b)



Height of the receiver.
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(c)



Transmission power both at aircraft and ground station.



(d)



Obstacles at or near the transmission site which will block the signals or scatter with



inevitable attenuation. (e)



Any obstruction in the line-of-sight between the aircraft and the ground station will



have a similar effect to that above. (f)



In certain circumstances the aircraft may receive both direct and reflected waves



which may cause fading or even short-term loss of communication.



Selective Calling System (SELCAL) 18.



Pilots on long-haul flights used to have to listen to the radios all the time, waiting for their own



callsign to alert them to a message for them. This was tiring, especially on HF frequencies with a lot of static as well as receiver noise. The SELCAL system allows pilots to mute the receiver until ATC transmits a group of two pulses. These pulses are designated 'RED x', where x is a letter corresponding to the audio frequency of the pulses transmitted as a modulation on the carrier frequency. Each code is allocated to a specific aircraft listening on the frequency. When the relevant code is received, it activates an alarm in the cockpit, either a light or a bell or both, telling the crew to de-select the mute function and use normal communications. 19.



There are restrictions on the use of SELCAL. It can only be used if all the following conditions



are fulfilled: (a)



The ground station is notified as capable of transmitting SELCAL codes.



(b)



The pilot informs the ground station that he intends to use SELCAL, and informs them



of his codes. (c)



The ground station does not raise any objection to the use of SELCAL.



(d)



A preflight functional check must be carried out satisfactorily.



(e)



If the serviceability is suspect, listening watch must be resumed.



Internal Communications (INTERCOM) 20.



Most aircraft communications



systems include an intercom facility. This basically consists of an amplifier, which directly amplifies the input from each



crew



member's



microphone.



Fig 3-2: Audio Control Console



Intercom signals can therefore be received in every other crew member's headset, or a loudspeaker, at a similar strength to those amplified from external radio waves. Because there are many external signal inputs coming into most cockpits, it is usual to combine the intercom system with all the other inputs in an audio control console. In this console, all the received signals from the radios and navigation aids may be selected for listening independently as required. The volume controls on each
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individual control unit determine the actual volume of each signal in the pilot's headset. Fig 3-2 shows a modern audio control console for a light aircraft.



Satellite Communications (SATCOM) 21.



Although once a novelty, we now have satellite communications in many homes, giving us



television pictures and sound. Aviation also uses satellites for communications, mainly via the International Maritime Organisation constellation INMARSAT. These satellites are positioned in 'geostationary' orbits very high over the equator, and provide communications by accepting transmissions of digital signals in the 6 GHz band. The signals from the satellites cover the whole of the earth between 80° North and 80° South, as can be seen in Fig 3-3.



Fig 3-3: SATCOM Coverage and Ground Station 22.



These signals are virtually unaffected by meteorological conditions or static. However, special



aerials are required for transmission and reception on these frequencies. The satellites do not reflect the signals but instead they receive them and re-transmit them on different frequencies, thereby reducing the attenuation of the signal. Those re-transmitted to ground stations are sent in the 4 GHz band and those to aircraft in the 1.5 GHz band. 23.



Ground stations are positioned in a network so that they service each of the four satellite



regions or 'segments' and link into the conventional public and private telephone networks. This means that a pilot using the system is effectively using an ordinary telephone, as do his passengers from their seats! The aircraft satcom receivers operate on frequencies between 1544 and 1555 (ideally up to 1559) MHz. The aircraft satcom transmitters use frequencies between 1626.5 and 1660.5 MHz in ideal conditions, but generally between 1645.5 and 1656.5 MHz. Voice messages are digitised by the equipment using specific algorithms.
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Search and Rescue Satellites 24.



A further use of the satellite constellation is for search and rescue. All the INMARSAT



satellites listen constantly for signals on the international emergency frequencies, and can alert SAR centres to emergency beacons carried by survivors. The earlier but still functioning international COSPAS-SARSAT system is dedicated to the provision of search and rescue facilities, and uses a different system of four polar orbiting satellites to cover all the globe. COSPAS is the Russian name, SARSAT the US name for this joint venture. 25.



One of these satellites can receive signals transmitted at 121.5 MHz, for example from a



survivor's Personal Locator Beacon (PLB). The satellite retransmits the signal to a ground station called a Local User Terminal or LUT, where the exact frequency received is measured and compared with the datum 121.5 MHz. The difference is the Doppler shift (explained in the chapter on Doppler radar). That Doppler shift will only be the equivalent of the satellite's velocity, if the transmitter is directly below the satellite's path. Any difference means the transmitter is to one side of the path. The maximum difference comes as the satellite passes abeam the transmitter, and the variation of Doppler shift gives an indication of the lateral distance from the satellite's path, so a search area can be calculated. 26.



Signals on 121.5 MHz can only be re-transmitted to LUTs which are in line-of-sight from the



satellite. Signals from transmitters using 406.025 MHz, the international UHF search and rescue frequency, are sent as digital data streams, which include an individual identification signal. The data streams can be stored in the satellite for future transmission to a LUT, even though none is in line-ofsight when the original message is received. For this reason, 406 MHz emergency position indicating radio beacons (EPIRBs) are preferred for ocean voyages and flights.



The Aircraft Communications Addressing and Reporting System (ACARS) 27.



The Aircraft Communications Addressing and Reporting System (ACARS) is another system



designed to reduce pilot workload in airliners. Much of the communication on airliner radios used to be on company frequencies, passing information about aircraft system serviceability, crew and passenger requirements, fuel state and requirements, and many other routine messages. As aircraft became larger and more complicated, these messages increased, usually requiring transmission during periods of high cockpit workload such as the descent into the destination. 28.



With the advent of Flight Management Systems (FMS - see Ground Studies for Pilots:



Navigation), most information which might need transmission already exists in digital form on the aircraft's computers. The ACARS can send that information from the FMS computer to computers on the ground. The crew can prepare their messages using the keyboard and scratchpad on the control and display unit (CDU) if required, but many transmissions are automatic, requiring no extra workload
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on the flight crew. The ground computer can also send messages to the FMS for display on the scratchpad of the CDU. Information from other computers on the aircraft can also be sent, allowing ground engineers to monitor the aircraft systems while it is in flight, and arrange maintenance. 29.



The ACARS can be compared to a facsimile (fax) machine. A data message can be delayed



automatically until the frequency is vacant. It is compressed, so uses less time than a voice message. The ACARS equipment acknowledges messages automatically, and many aircraft have a printer to produce hard copy of the messages. 30.



The ACARS uses a normal aircraft VHF radio set to send its signals, pulse modulating the



carrier to send digital signals. Usually such a set is dedicated to ACARS, but sometimes its use may be shared between the ACARS and normal communications by use of a VOICE/DATA switch. Frequencies 136.900 to 136.975 are reserved for datalink communications, but any frequency between 118.000 and 136.975 may be used at a frequency separation of 25 kHz. The frequency of 136.975 itself is reserved as a worldwide common signalling channel to announce the availability of VHF datalink services by a particular transmitter.
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VHF DIRECTION FINDING (VDF) Introduction 1.



Early in the history of radio, it became obvious that, if a station could determine the direction



from which a signal was coming, that information could be very useful for navigation. Marconi had actually patented a method of radio direction finding in 1905. Of course, the military were the first to use it for their own purposes. Presently, VHF direction finding provides a useful aid to navigation in the air and to identification for Air Traffic Control.



Principles 2.



A standard half-wave dipole



antenna receives signals from all directions



equally,



and



has



a



horizontal polar diagram in the form of a circle, as in Fig 4-1(a). If two half-wave dipole antennas are held



(a)



in a position half a wavelength apart,



their



reception



and



(b)



(c)



Fig 4-1: DF Aerial Systems



re-



transmission characteristics are such that their horizontal polar diagrams form a figure of 8 as in Fig 4-1(b). This means that if the pair of antennas are rotated, they will receive varying signal strengths from maximum to zero. Because there are two very sharp null points, it is easy to find the direction of an incoming signal. However, there are two possible directions, 1800 apart, so a further pair of antennas can be employed as switchable reflectors (sense antennas) to affect the strength of signal received close to one of the nulls, as in Fig 4-1(c). An operator could note the direction of the null with the sense antennas switched off, turn back until he received the signal again, then switch in the sense antennas. The signal strength would either increase or decrease depending on the actual direction of the signal source. This set of four antennas was referred to as an ‘Adcock' aerial. 3.



This system is not efficient, requiring time



and a dedicated operator. More modern systems use a number of fixed receiver directional elements arranged in a circle, pointing outwards (Fig 4-2). Each element will receive a slightly different



Fig 4-2: VHF Direction Finder
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strength of signal from the aircraft. Electronic switching samples the signal strength of each of these elements in turn around the circle, very rapidly. This produces a sine curve of signal strength, one cycle per revolution. 4.



At the same time, a generator in the system produces a reference signal at the same



frequency as the sampling. The phases of the sampled signal and the reference signal are compared, and the phase difference equates to the direction from which the signal is coming, compared to the datum direction where the reference signal started. The display can be arranged to give either true or magnetic bearings, or both. 5.



Older displays use a cathode-ray tube for indicating bearings. With this type of equipment, the



direction of the received wave is displayed on the tube instantaneously as a trace and the bearing is read off against a scale. Some more modern units use liquid crystal digital displays, showing the required bearing in the form of numbers. This can be either in a separate display, or as a part of a larger display unit. Bearings can also be displayed as lines on the same display as a radar screen, and this is used by radar controllers on the ground to assist in identification of aircraft (displays are described in chapter No. 12).



Services 6.



A ground VHF direction finding station can give true or magnetic bearings when requested by



a pilot. For brevity, the requests can be expressed either in plain language or in what we call the 'Q code', as follows; (a)



QTE



=



The aircraft's true bearing from the station.



(b)



QUJ



=



The aircraft's true track to the station (the opposite to QTE).



(c)



QDR



=



The aircraft's magnetic bearing from the station.



(d)



QDM



=



The aircraft's magnetic track to the station (the opposite to QDR).



QTEs and QDRs are normally used in en-route navigation as position lines. QDMs are requested when a pilot wishes to home to the station. QUJ is generally only used as a stage in navigation calculations. 7.



Bearings from three or more stations are used to give triangulation fixes. VDF stations are



plotted on a central map. QTEs from each of them to a particular transmitting aircraft can be plotted on that map, and where the QTEs intersect, is the position of the aircraft. The QTEs can be transmitted either verbally, or automatically by electronic means. The more QTEs that can be plotted, the more accurate the resulting fix. The fix can be transmitted to the pilot by an operator looking at that central map. Two bearings can give a poor quality fix, but three is regarded as the minimum acceptable for safety.
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VHF Direction Finding



Direction finding stations do not guarantee their service and they can refuse to pass bearings



to pilots if the conditions are poor or the bearings do not fall within the classification limits of the station. They will of course give the reasons for any refusal. 9.



According to the judgement of the operator, bearings are



Classification of Bearings.



classified according to their accuracy as follows: (a)



Class A



-



Accurate to within + 2°.



(b)



Class B



-



Accurate to within + 5°.



(c)



Class C



-



Accurate to within + 10°.



(d)



Class D



-



Less accurate than class C.



The controller will pass the bearing with its classification in the form 'Your true bearing 247°, class alpha'. 10.



Scope of the Service.



There are many automatic VDF stations intended purely to assist in



radar identification for ATC purposes. These stations are not listed in the FLlP for the obvious reason that they do not provide a normal DF service to aircraft. The stations that are listed in the FLlP provide a normal 'homer' service. Generally the class of bearing is not better than class B. Automatic VDF stations should not be used as en-route navigation aid but their service is always available in an emergency situation or when other essential navigation aids have failed.



Factors Affecting Range 11.



Being a VHF emission, the range will primarily depend on the height of the transmitter and



receiver i.e. the line-of-sight range. As we have seen from equation (2.2), the maximum range may be found by the formula D = 1.25 √HT + 1.25 √HR Under normal circumstances, using a station close to sea level, an approximation may be calculated quickly by a simpler formula: D



=



where D F



12√F



(4.1)



is the maximum range in nautical miles is the aircraft's flight level.



This simpler formula is recommended for practical use. 12.



Other factors, for example the power of the transmitter, intervening high ground, etc. will also



affect the range. In addition, as explained earlier, the station may receive both the direct wave and a ground-reflected wave, in which case fading might be experienced or the signals may be lost completely for a time, until the aircraft changes its position. 13.



The aircraft's attitude when transmitting may also affect the results. In general aviation, VHF



communication transmission is vertically polarised. The best reception will occur when the signal
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arriving at the ground aerial is vertically polarised. If the aircraft attitude places the transmitter antenna in the horizontal plane, no signal will be received at the ground station. Normally, such an extreme will not occur, but range can be reduced as the polarisation alters from vertical.



Factors Affecting Accuracy 14.



If an aircraft's transmission has been reflected by either uneven terrain or obstacles during its



travel to the receiver, the aerial will receive the signals from a direction other than the original transmission. A similar effect occurs if the signals arrive at the aerial site directly, but suffer reflection from the ground or obstructions before entering the aerial itself. Therefore two factors affecting the accuracy of VDF are: (a)



Propagation error.



(b)



Site error - This is by far the most significant error in most systems.



In addition, when the aircraft is nearly overhead the station, the signal will not be received at the station's aerial. Where this occurs we call it the 'cone of no bearing'. A problem can also occur when two aircraft transmit at the same time. The VDF station receives signals from both at the same time, which changes the shape of the sine curve received, and the resultant calculated bearing, in proportion to the relative strengths of the two signals.



VHF Let-Down Service 15.



The VHF let-down service, available throughout the world, has the primary advantage that the



aircraft does not require any specialist equipment to carry out a let-down (descent and approach to land). It is therefore useful if airborne navigation aids fail. The stations, which provide this service, are listed in the FLlP with their frequencies and callsigns. Details of the actual procedures are also published in the FLlP, and extracts appear also in various commercial publications, such as Jeppesen charts. 16.



Two types of procedure are in current use, the VDF procedure and the QGH procedure.



Generally, the VDF procedure is available at all airfields with published VDF stations, but QGH is only available at airfields annotated as such in the FLlP. Where both procedures are available, they will follow the same let-down pattern. 17.



VDF Let-Down (Free Let-Down).



For a VDF let-down, the pilot calls the station and



requests 'VDF let-down'. The station gives the pilot a series of QDMs (also termed QDL) in reply to his frequent transmissions. The pilot uses these QDMs to orientate himself, making his own calculations, including allowance for wind, to achieve the published approach pattern for landing.
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QGH Let-Down (Controlled Descent).



VHF Direction Finding



With the QGH procedure, the pilot is given a series



of headings to steer by the controller, who assumes responsibility for directing the aircraft in the pattern using QDMs from frequent transmissions. The aircraft is first homed-in to the overhead at a safe altitude, and then directed along an outbound leg. When safely 'established' on the outbound leg, the controller instructs the pilot to descend. After a calculated time, the aircraft is turned back 'inbound' towards the airfield. 19.



On the inbound leg, the controller will give the pilot headings to steer to the airfield, and



clearance to descend to minimum descent altitude, at which altitude the aircraft can continue to home to the overhead until the airfield is in sight. If the pilot reaches the overhead again without seeing the airfield, he must go-around and climb away for another attempt or divert.
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CHAPTER 5



NON DIRECTIONAL BEACON AND AUTOMATIC DIRECTION FINDER Introduction 1.



It was appreciated quite early in the history of radio that direction finding would be a



considerable aid to navigation, both at sea and in air. Commercial ground stations sent quite strong radio signals, and experiments in large aircraft with dedicated operators soon produced acceptable results. It was possible to receive signals from broadcasting beacons, which themselves were nondirectional, and determine the direction from which the signals were coming. 2.



The early system of airborne direction finding from Non-Directional Beacons (NDBs) has



remained basically unchanged, although the airborne equipment has progressed considerably. In fact, many NDBs have been recently introduced to assist with runway approaches at medium-sized airports, and there are moves to use them to transmit correction signals for the latest satellite navigation systems.



Non-Directional Beacons 3.



The successors to the old commercial stations are the aeronautical NDBs, transmitting



vertically polarized AM signals in the upper LF and lower MF bands, between 190 kHz and 1750 kHz, radiating equally in all directions. An aircraft carrying associated ADF equipment can tune into a station and can measure the direction of the incoming waves.



The datum for the direction



measurement is taken from the nose of the aircraft and therefore the ADF indications are relative bearings.



On modern equipment these bearings



are displayed automatically, hence the name ADF and when fed to a RMI, QDMs are indicated. The wavelengths of the transmissions, between 1580 m and 170 m, make half-wave antennas rather large, so nearly all of the aerials used are much shorter, with components included to increase inductance and capacitance to electronically simulate longer antennas. In Fig 5-1 a NDB antenna is shown. Here the transmitting aerials are the wires hanging vertically down from the centre of horizontal wires stretched between two towers and neither the towers themselves nor the horizontal wires.



Fig 5-1: NDB Aerial
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The advantages of these frequencies lie in the diffraction they suffer close to the earth's



surface. Aircraft can receive surface waves if the direct waves are disrupted by obstructions or the curvature of the earth. In fact, coastal NDBs can be used by both ships and aircraft. There are of course disadvantages also, as readers can deduce. We shall look at the disadvantages later. 5.



Beacons are situated along airways to guide controlled air traffic, on ocean coastlines to



provide navigation assistance far out to sea, on airfields to provide homing, and under runway approach paths to lead aircraft safely and speedily on to the Instrument Landing System (ILS). Each of these positions requires different characteristics from their transmissions, mainly in the signal strength and consequent maximum reception range.



Emissions 6.



We have seen that modulating a signal requires power therefore for an AM signal it is up to



50% above the basic carrier transmission power. For that reason, some NDBs, mainly those used for long-range navigation at ocean coasts, are unmodulated, with a short period of keying used to provide an identification message. These emissions are coded NON A1A (the second part of the code refers to the keyed part). Unfortunately, to receive any part of the signal, the airborne equipment must employ a beat frequency oscillator (BFO) (described later in the chapter). In addition, during the breaks in the transmission required for the keying, there is no signal for direction finding and the pointer may wander away. This type of emission is not recommended unless there is no alternative. 7.



To reduce the NON A1A disadvantages, many NDBs use a different modulation to provide



the identification message. The carrier wave continues unmodulated for most of its duration, but when the identification is needed some of the power is used to amplitude modulate the carrier for identification. The resultant emission code is NON A2A. The BFO is needed only for initial tuning. NDBs which do not need the maximum signal strength can have their carrier wave amplitude modulated continuously. A BFO is not required to receive or identify this signal, whose emission code is A2A. This is the recommended type of emission unless the required rated coverage is not practicable because of interference from other radio stations or high atmospheric noise or other local conditions, in which case NON A1A emission may be used.



Rated Coverage 8.



NDBs are designed for particular purpose. The area within which their signals must be



receivable is calculated, and within that 'rated coverage' the signal strength must be sufficient to give good reception and direction finding (D/F). ICAO recommends a particular field strength and signal / noise ratio that should be receivable at the edges of that area.
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Types of NDB 9.



Locators.



These are low-powered NDBs, usually installed as a supplement to ILS and



located together with middle or outer markers. A locator has an average rated coverage of between 10 and 25 nm. The type of emission is NON A2A and they are identified by a two or three-letter morse group at seven words per minutes, once every ten seconds. During the ident period the carrier remains uninterrupted to ensure that the pointer does not wander away. The ident is effected by on / off keying of the amplitude-modulating tone. 10.



Homing and Holding NDBs.



These are intended primarily as approach and holding aids in



the vicinity of aerodromes, with rated coverage of about 50 nm. Their emission and ident characteristics are similar to locators. 11.



En-Route and Long-Range NDBs.



These provide en-route coverage along airways and a



long-range bearing facility for ocean tracking and similar operations. The NDB at Cocos Island may be received at a range of several hundred miles. The recommended type of emission is NON A2A unless the required rated coverage cannot be achieved, in which case NON A1A emissions may be used. Identification is broadcast once every minute. 12.



Marine NDBs.



These are situated along coasts to provide navigation assistance for ships.



They can be used by aircraft, but their reception and serviceability is not guaranteed by aeronautical publishers. Many of them have A2A emissions.



Simplified Principles of Airborne Direction Finding 13.



The original method of airborne D/F involved a 'loop' aerial to receive the signals. The shape



of the 'loop' could be anyone of several, including rectangular similar to Fig 5-2a. 14.



In Fig 5-2a the loop aerial consists of two vertical members, A and B, connected in the form of



a loop by horizontal members. If a vertically polarized radio wave is incident upon the loop, it will induce voltages in the vertical members of the loop of value Va and Vb. 15.



Consider a wave incident at an angle θ to the plane of the loop (Fig 5-2b). Distance AB is



insignificant compared with the range from the transmitter to the loop, so both A and B receive the same signal strength. However, as the signal travels a different distance to each, there is a phase difference at A and B given by AB cos θ. 16.



Since AB is constant, the value of the resultant voltage in the loop is proportional to θ, giving



the ‘figure of eight’ polar diagram for a loop aerial shown in Fig 5-2c. The plus and minus signs show the sign of cos θ, and hence the resultant voltage, Vr, in both lobes of the loop. The horizontal polar
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diagram has two sharply defined minima at θ = 90° and θ = 270°, and two poorly defined maxima at θ = 0° and θ = 180°. 17.



If a loop aerial which is receiving a wave



from a transmitter is rotated, the resultant voltage in the loop will vary as θ varies. When θ = 90° or 270° the resultant voltage is zero. When θ = 0° or 180° the resultant voltage is a maximum. As the minima are more sharply defined, these are used for direction finding. To take a manual loop bearing, the loop is rotated until a minimum signal, or null, is found, when the transmitter must, subject to certain errors mentioned later, be on the line normal to the plane of the loop. However, there is no indication on which side of the loop the transmitter is sited. The process of resolving this ambiguity is known as sensing. 18.



Sensing.



If a vertical omni-directional



Fig 5-2: Simple Vertical Loop



aerial is placed midway between the two vertical members of the loop, the voltage induced in it by an incident wave will be midway in phase between the voltages induced in the vertical members of the loop (Fig 5-3a). It can be shown that the phase of the voltage in the sense aerial, Vs, is always 90° removed from the phase of the resultant voltage, Vr, in the loop. 19.



If the incident wave comes from the left of



the normal to the plane of the loop (direction X in Fig 5-3b), Vs leads Vr by 90°, while if it comes from the right (direction Y), Vr leads Vs by 90°.



By



permanently incorporating suitable components in the sense aerial circuit, the phase of Vs can be retarded by 90°. If this is done Vs will be in phase with Vr if the wave comes from the left of the normal



Fig 5-3: Sensing



and in anti phase if the wave comes from the right. The aerials are designed so that the value of Vs is equal to the maximum value of Vr.
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If Vs and Vr are combined, the polar



diagram shown in Fig 5-4 will result. The figure of 8 is the polar diagram for the loop alone, the circular polar diagram is for the sense aerial alone, and the heart-shaped or cardioid polar diagram is for the loop and sense aerial combined (to the right of the normal to the loop (CD), Vs and Vr are in antiphase, and cancel each other while to the left they are additive). In many installations the sense aerial is located away from the mid-point of the loop, but the principle is unchanged. 21.



Manual Sensing.



Fig 5-4: Generation of Cardiod Polar Diagram With the sense aerial switched out, the loop is rotated until a direction of



minimum signal is found. The transmitter must lie on the line CD in Fig 5-4 but can be either in direction C or in direction D. To resolve the ambiguity the sense aerial is switched in to combine with the loop to provide the cardioid polar diagram.



A signal of medium strength will be received



proportional to the distance from the loop to point R or point N on the polar diagram. Rotating the loop anti-clockwise by 10° to 15° changes the signal strength due to the eccentricity of the polar diagram. If the beacon is in direction D, point S on the diagram will now be on the line CD so that a greater signal strength will be received. If the beacon had been in direction C, a weaker signal would have resulted as point M would now be on the line CD. Thus if an anti-clockwise rotation produces a stronger signal the assumed bearing of the transmitter is correct, and if a weaker signal is produced, the bearing is a reciprocal.



Automatic Direction Finding (ADF) 22.



Old airborne equipment required an operator to



turn the loop and determine the original null, then switch in the sense antenna and turn it again to discover the correct



direction.



Progressively,



equipments



have



improved to allow it to earn the correct expansion of the initials ADF - 'Automatic Direction Finder'. The loop aerial principle is used in practical radio compasses which automatically determine and display the transmitter direction. Instead of the single loop aerial, a ‘Bellini-Tosi’ aerial system is used. This consists of two loops at right angles to one another and each loop has a primary coil



Fig 5-5: Bellini-Tosi System



connected within the loop such that the coils cross at the centre (Fig 5-5).
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The alternating current flowing in each loop is proportional to the angle the incident wave



makes with loop. The field set up by the coil in each loop is proportional to the current flowing in its loop, thus the strength of each field depends on the angle of the incident wave on the respective loop. The resultant field produced by the combined effect of both coils will lie in the same direction as the incident wave. A rotor can be rotated within this resultant field and the current induced in it will be dependent on the angle it makes with this field. If it is parallel to the field, maximum current and therefore maximum signal will be produced.



If it is perpendicular, no signal is produced.



The



combination of two static perpendicular coils and a rotatable coil is known as a goniometer.



Beat Frequency Oscillator (BFO) 24.



In order for a pilot or operator to actually hear a signal, to either tune it or for identification, it



must be at an audio frequency, between 300 and 3000 Hz. The NDB carrier waves are, of course, at a much higher frequency than that. A receiver can be fitted with a BFO, which the pilot can switch in to the receiver circuit when required. 25.



The BFO is a device which produces a signal inside the receiver at a frequency of about 1000



Hz removed from the received wave. The received wave is compared with the produced signal, and the difference in frequency is converted to an actual audio signal at the same frequency which the pilot or operator can hear. The BFO must be switched on when manually tuning a NON A1A or NON A2A signal, and when identifying a NON A1A signal. For direction finding, it should be switched off. In many equipments, the BFO is controlled by a 'tone' switch.



Choice of Frequency Band 26.



The requirement in a NDB is to produce surface ranges of intermediate order. Frequency



bands from VHF and above, being line-of-sight propagation, may be ruled out from consideration. HF would produce a very short ground wave, and the sky waves would interfere with the ADF operation by day and by night. VLF installation and running costs are high and require large aerials. Static noise is also excessive. 27.



Keeping these factors in mind, the frequency bands chosen lie in the upper LF and lower MF.



In these frequency ranges, aerial requirements are acceptable, static is less severe than VLF, there is no interference due to sky waves during the day time and the bands are ideally placed to produce the required ranges.



RBI (Relative Bearing Indicator) 28.



Old equipments use a fixed circular instrument face, marked in 360° from the nose of the



aircraft. The pointer indicating the direction of the signal moves around the dial to indicate the
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direction relative to the aircraft's heading. The pilot or operator has to then make mathematical calculations to determine the magnetic or true bearing of the aircraft from the beacon in order to plot a position line. This instrument is called the 'Relative Bearing Indicator', or RBI, and looks similar to Fig 5-6. It is also sometimes called the 'Fixed Card Indicator', or 'Radio Compass'. 29.



When using the RBI, the pilot must add the RBI



bearing to his own heading to find the true or magnetic bearing to the station, as described in Fig 5-7. Assuming Fig 5-6: RBI



the aircraft ‘A’ is heading 150°, the reading on the RBI (the relative bearing) is 090°, so the bearing of the station from the aircraft is 090 + 150 = 240°. The bearing of the aircraft from the station is the reciprocal, i.e. 240-180 = 060°. The aircraft ‘B’ is heading 090°. The actual bearing of the station from the aircraft to the station is 090 + 310 = 400 (but there are only 360 degrees in a circle so) subtract 360 = 040°. Again the bearing of the aircraft from the station is the reciprocal, i.e. 040 + 180 = 220°. Of course, whether the resultant bearing of these two calculations is true or magnetic depends on the



Fig 5-7: Relative Bearings



aircraft's original heading. We can therefore use simple formulas to find bearings:



30.



(a)



Magnetic heading



+



RBI



=



QDM



(b)



True heading



+



RBI



=



QUJ



(c)



QUJ



+



1800



=



QTE



The RBI display was developed further. Most RBIs now allow the pilot to turn the indicator



scale until the aircraft heading appears at the top. The pointer still shows the relative bearing of the arriving signal, but provided the pilot has correctly set the aircraft heading, it also indicates the actual bearing of the signal from the aircraft. The other end of the pointer (the tail of the needle) shows the bearing of the aircraft from the beacon.
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RMI (Radio Magnetic Indicator) 31.



The common display is now the Remote



Magnetic Indicator or RMI, as seen in Fig 5-8. The scale is automatically orientated, like a remote indicating compass, to the earth's magnetic field. Again, the needle indicates the actual bearing of the beacon from the aircraft, tail indicates the bearing of the aircraft from the beacon, and the relative bearing of the beacon can be assessed from the position of the needle relative to the top of the instrument. Most RMIs have two needles, each of which can be selected to show information from an



Fig 5-8: RMI



ADF or VOR equipment. 32.



An interesting and important fact should be noted about ADF indications on an RMI. The



heading on the RMI may not be correct, for example the magnetic sensor may give false information. However, the relative bearing is fed directly from the ADF equipment, so will be correct no matter what the heading indication. We shall look at the use of the RMI in more detail later. 33.



The information on the instrument in Fig 5-8 shows that the aircraft heading is 0300(M). The



QDM is 120°, and the QDR is 300°. The relative bearing can be interpolated roughly, and confirmed by subtracting the heading from the QDM as 120 - 030 = 0900(R). The RMI often forms part of a horizontal situation indicator (HSI), and both are described later. The HSI can be mounted on its own in the panel, or can be electronically simulated on a modern display, either CRT or LCD. The information can also be used as an input for area navigation systems.



Use of ADF 34.



(a)



As an en-route navigation aid, position lines may be obtained. By taking two or three



bearings on the same or different NDBs, fixes are obtained. (b)



There are many flying airways in the world still marked by NDBs.



(c)



A fix is obtained when overhead a NDB.



This is useful on airways for position



reporting. (d)



A NDB can be used for holding at an en-route point or at the destination aerodrome,



for homing to the station and carrying out a letdown.



Homing 35.



To use the RBI to fly to a beacon, the pilot must tune and check the identification of the NDB.



Once the ADF has locked on to the NDB, the relative bearing can be measured. The relative bearing
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can be added to the current heading to find the magnetic track towards the beacon (QDM), then he should turn his aircraft on to a heading which will take him towards the beacon. That heading must allow for the expected drift, which should be calculated before the turn, as quadrantal error (described later) will increase during the turn. Once turned on to the calculated heading, the RBI will show the NDB slightly to one side of the nose. The relative bearing will equate to the drift, if port drift, bearing will be less than 360°, if starboard drift, bearing will be more than 000°. 36.



If the bearing remains constant, the drift



calculation was correct, and the aircraft will track to the beacon. If the bearing changes, as in Fig 5-9, alterations are needed. Drift was obviously wrong. Make a new estimate of drift. If the bearing moved further from the nose, too much was applied initially and you should turn towards the pointer. If the bearing moved towards the nose, initial drift was too little and you should turn away from the pointer. Fig 5-9: Homing 37.



Homing on a Specific Track.



Complications can arise if you are trying to follow a specific



track towards the NDB, as during a let-down. Initially, to arrive on the desired track, you should turn on to a heading more or less towards the beacon, but at an angle of 30° to the inbound track, as in Fig 5-10. The ADF needle indication should gradually 'drop' towards an angle of 30° (or 330° if the beacon is on your left). As it reaches that 30° 'cut', turn on to



the



calculated



heading



(Fig



inbound



5-10).



Once



established on the inbound heading, if it is incorrect you can use a similar technique to return to the track, this time using a smaller angle, say 10°. However,



before



heading,



calculate



changing a



new



inbound one allowing for the



Fig 5-10: Tracking to a NDB



changed drift. 38.



Leaving a Beacon.



When leaving a NDB, things are much simpler. You can and must



calculate a heading allowing for expected drift. However, if you forget, or cannot estimate the drift, just fly along your intended magnetic track. After a short while, the needle will indicate the relative bearing
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of the beacon as being to one side of your tail. The amount it lies to the side is the amount of drift you are experiencing. Change your heading until the bearing



is



the



same



amount on the opposite side, allowed



and for



you



have



drift



(Fig



5-11). 39.



Fig 5-11: Leaving the NDB



Angle of Lead.



A turn on to the track must be commenced before the track is reached,



otherwise the track will be overshot and a further alteration of heading in the opposite direction will be necessary. This angular allowance that you will make for the turn is known as the ‘angle of lead’. It is dependent upon various factors, e.g. aircrafts TAS which governs its radius of turn, its distance out from the station, wind velocity and the aircraft’s rate of turn. Two points must be noted: Fig 5-12: Angle of Lead-Fixed TAS (a)



For a given airspeed,



the angle of lead decreases as the distance from the station increases (Fig 5-12). (b)



For a given time out



from a station, the angle of lead is constant irrespective of aircraft speed (Fig 5-13).



Fig 5-13: Angle of Lead-Fixed Time Out



NDB and ADF Errors 40.



Quadrantal Error.



As mentioned earlier, the use of LF and MF frequencies does have



disadvantages. These produce errors in the system. However, this major error is not caused by the characteristics of the signal, but by the receiving aircraft itself. The electrical axis of an aircraft usually
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coincides with its fore-and-aft axis. Incoming radio waves cause reradiation from metallic parts of the aircraft and the wave is refracted towards this axis (Fig 5-14). 41.



The error is at a minimum



when the arriving signals are in line with the fuselage. It is also small if the signals come from the beam. However, a signal coming from 45°



Fig 5-14: Quadrantal Error



to the fuselage will produce the greatest quadrantal error, up to 20°. Since the error tends to be greatest on relative quadrantal points it is called quadrantal error. Quadrantal error can be virtually eliminated by incorporating a quadrantal error corrector in the radio compass. When an aircraft is banked, the wing area is exposed to the vertically polarised signal, and reflection is increased. Therefore, a turning aircraft can be expected to suffer more from quadrantal and other reflection errors, even though most of the error is compensated on installation. This is also referred to as Dip Error. 42.



Sky Wave Interference (Night Effect).



A loop aerial is designed to use vertically polarized



waves for direction finding. If the incoming wave has a horizontal component of polarization it will induce a current in the horizontal members of the loop which will tend to cancel. However, if the loop is not at right angles to the travelling wave, the currents in the top and bottom will not cancel completely. A resultant current will flow in the loop which will degrade the nulls of the polar diagram thus making it impossible to take accurate bearings. By day, MF transmissions propagate by surface waves and their plane of polarization does not change during propagation. The low frequencies are absorbed by the D layer of the ionosphere during the day. However, at night the D layer disappears, the other layers thin and rise, and the waves from the beacon can be refracted back to the receiver. 43.



The receiving loop now has a



second signal inducing current. Because this signal is received by the top and bottom of the loop, as in Fig 5-15, there is a current even though the loop is orientated at 90° to the incoming signal. The addition of the current induced by the sky wave can cause errors up to 30°. Fig 5-15: Sky Wave Interference 44.



Because the surface wave, by its propagation, is attenuated with range from the transmitter,



the sky wave is a greater problem at long ranges from the beacon, where it is proportionately stronger
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than the surface wave. Partly because of this, but more because of interference from other beacons, all NDBs have protected ranges published in the En-route section of the FLlP, within which the sky wave should have minimum effect during daylight. Protected ranges, however, are not valid at night. 45.



Coastal Refraction.



The velocity of propagation of a surface wave is affected by the nature



of the surface over which the wave is travelling. A radio wave travels slower over a surface of poor conductivity than over a surface of good conductivity, thus, for example, it travels faster over the sea than over the land.



Fig 5-16



shows the case where an aircraft flying over the sea is receiving transmissions from an inland beacon.



When the wave-front



reaches the coast it will speed up but, due to the angle of the coast, elements of the wavefront to the north will reach the coast before elements to the south and hence they will speed up earlier. This causes a tilting of the wave-front at the coast away from the normal.



The



Fig 5-16: Coastal Refraction



wave is thus refracted at the coast so that the angle of refraction is greater than the angle of incidence. The greater the angle of incidence, the more the wave is refracted to a maximum of 3° or 4°. This bending does not happen when the signal is at 90° to the coast, but can have a considerable effect when the signal crosses at 30° to the coastline, as in Fig 5-16. As can be imagined, the effect is greatest when the wave crosses the coast close to the surface. High flying aircraft will suffer the effect less than low flying ones. The error can be minimized by using coastal beacons or by taking bearings from an inland beacon when a line joining the DR position to the beacon crosses the coast at 90°. Therefore, to minimise coastal refraction (sometimes called shore-line effect), aircraft should fly high and use NDBs as close to the coast as possible. 46.



Static.



Another problem with the chosen frequency bands for NDBs is that of static.



Background static from electrical disturbances in the atmosphere can be received at very long ranges, and there are always thunderstorms taking place somewhere in the world, so as the NDB signal is attenuated, it becomes more difficult to distinguish from the static. The relation between the signal and the noise from static is called the signal / noise ratio. ICAO recommends that the signal / noise ratio of NDBs should be a minimum of 3:1 within their rated coverage. Lightning from thunderstorms close to the aircraft can produce signals even stronger than the wave from the NDB. This can confuse the ADF, causing totally incorrect indications.
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As a future development it is proposed that data signals be sent



along the power transmission lines as frequency variations of the alternating current which currently passes along those wires. Should that become a common means of signal transmission, the power lines between the pylons would become effective antennas, transmitting the signals, or harmonics of them, into the atmosphere. These transmissions are likely to be at similar frequencies to those of NDBs.



Range 48.



As we have seen earlier, the range of a surface wave depends on the frequency, the power



transmitted, and the amount of power taken to modulate the carrier. The range of a sky wave in the MF and LF bands depends more on the state of the ionosphere than anything else, although power is very important also, because during the day the D layer will absorb most of the signal. Other transmissions at the same frequency can interfere with reception and D/F, so each NDB has a protected range published, within which interfering transmissions should be so much lower in signal strength than the intended signal that the receiver will ignore them. This protected range is not valid at night because interfering sky waves will be much stronger. 49.



It is possible to receive a long-range NDB at up to 200 nm. However, during ocean crossings,



pilots have been known to use coastal NDBs at longer ranges to give some idea of their position. Fortunately, modern navigation aids such as GPS allow us to dispense with the use of NDBs outside their protected range. 50.



Factors Affecting ADF Range.



The following factors affect the useful ranges available



from an NDB: (a)



Transmission Power.



The range at which an NDB may be successfully used



depends on its power output. The power requirements are such that to double the range, the power must be increased fourfold (or the range is proportional to the square root of the power output). It must also be remembered that the power output of a station is limited to the value that will produce acceptable field strength at the rated coverage boundary. Associated with the power output, the radiation efficiency of the transmitter aerial (e.g., height and other characteristics of the radiating system) governs the field strength of the signals received from an NDB. (b)



Frequency.



The operating radio frequency is a factor which also governs the field



strength of a signal being received. As we learnt earlier, for a given transmission power, the lower the frequency, the lesser the attenuation and the greater the ground wave range. (c)



Type of Terrain.



This factor reduces the useful ranges in two ways: by affecting



track field strength of the signal and by giving inaccurate information.
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(i)



Type of Surface.



The conductivity of the path between the NDB and the



receiver determines the attenuation of the signals, and the field strength. Longer ranges are always obtained over water than over dry soil. (ii)



Mountains and other Obstructions.



Mountains and other obstructions



may block the signals, or more likely the signals will be received after having been reflected peaks and valleys or due to diffraction and scattering effect. These signals, not necessarily arriving from the direction of the station will give erroneous indications. The effect is more pronounced at low levels, thus a gain in altitude is required to minimize the effect. (iii)



Coastal Refraction.



This factor reduces the effective ranges through giving



erroneous readings. As described earlier, to minimize the error, use an NDB sited on the coastline or climb up to a higher flight level or use the signals which leave the coast around 90° (however none of these is a very practical solution). (d)



Night Effect (Sky Wave Error).



The effective range of a long range beacon which



has a day time range of 200 nm will be reduce to about, 70 nm by night due to the presence of sky waves in the LF/MF band. In this band during the day time, sky waves are not normally present, but at night they affect the ADF accuracy when they enter the horizontal members of the loop from above. The error due to night effect is minimised by using a station in the lower section of the frequency band, thus reducing the incidence of the sky wave. Dusk and dawn are critical periods for ADF operation and extreme care must be exercised. Also, use a more powerful beacon if you have a choice. Lastly, choose the station nearest to you. The presence of sky wave is indicated to the operator in two ways: excessive oscillation of the needle, and fading of the signals. (e)



Protection Range.



This becomes necessary when a large number of NDBs are to



be installed in a restricted area, given the congestion in MF band. In order to prevent interference between them it is necessary to promulgate Protection Ranges. (f)



Static.



All kinds of precipitation (including falling snow) and thunderstorms, together



with solid particles such as dust in the atmosphere can cause static interface of varying intensity to ADF systems. Precipitation static reduces the effective range and accuracy of bearing information. Thunderstorms can give rise to bearing errors of considerable magnitude, even to the extent of indicating false station passage. It is not at all unusual for the pointer to point in the direction of a thundering cumulonimbus cloud. The extent to which a receiver will admit the noise depends on : (i)



The bandwidth of the receiver.



(ii)



The level of the atmospheric noise.
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The level of noise produced by other interference (e.g. radio stations,



industrial noise etc.). (g)



For a given transmission power, the ranges produced by an



Type of Emission.



A2A emission are shorter than a A1A emission.



Accuracy 51.



Most airborne equipment is capable of accuracies in the region of ± 2°, but the combined



accuracy of the system, including the NDBs, is ± 5° within the beacon's protected range. 52.



Factors Affecting ADF Accuracy.



Some of the factors affecting ADF range also affect the



accuracy of the indications. There are other factors which affect accuracy without affecting range directly. Factors affecting accuracy are: (a)



Night Effect.



(b)



Type of Terrain.



As already discussed. Mountains, physical obstructions, refraction on leaving the coast



etc. change the direction of incoming signal. Flying at a higher level will reduce the problem. (c)



Static Interference.



The cause of static has already been discussed. Static can



affect the accuracy of ADF at all ranges. At a comparatively short range, e.g., less than 50 nm, static and other noise is considered to be potentially dangerous and in these conditions the indications should be monitored on a VHF aid if available. (d)



This is another potentially dangerous situation at short



Station Interference.



ranges. When two stations at different locations are transmitting on the same or similar frequency, the bearing needle will take up the position which is the resultant of the field strengths of the two transmissions. The indications may give large errors. To avoid this problem, use the facility when you are inside its promulgated service area. (e)



Quadrantal Error (QE).



With modern equipment and improved techniques this



error is of academic interest only. (f)



Loop Misalignment.



If the loop aerial is not exactly aligned with the fore-and-aft



axis of the aircraft all bearings subsequently measured by the equipment will be in error by the amount of misalignment. This error is eliminated by careful fitting and aligning of the loop.



Warning 53.



A major problem for pilots using the ADF is the lack of any warning device to tell him that the
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system is unreliable or even failed. Even though it is important that pilots using the ADF constantly monitor the identification signal, that is no guarantee either that the carrier wave is strong enough for D/F, or indeed that it is present. There is also no indication that the ADF is functioning properly, although the NDB itself should be monitored by the station in which it is situated.



Effect of Aircraft Height on Range 54.



NDBs transmit in the LF and MF bands. In these bands the radio waves curve with the



surface of the earth. Because of this, an aircraft will receive signals, if otherwise within the range, no matter how low the aircraft is flying. Since these waves also propagate in space, aircraft at higher altitudes will also receive the signals. Thus, the height of an aircraft has no significance as far as the range is concerned. Height, however, may become significant as pointed out earlier, when flying in mountainous areas or using coastal NDBs.



Some Interesting Facts about ADF 55.



If there are two NDBs, one on the coast and the other fairly inland, and if the coastal



refraction for both propagations is the same when the bearings are taken, then when you plot the position lines, you will find that the NDB which is further inland gives greater error. 56.



When flying over water if you take two / three bearings to make a fix, and if errors due to



coastal refraction are present, then the fix you make will put you coastward from your true position. Do a little plotting exercise and check it. First plot a fix from three position lines unaffected by coastal refraction and then plot another fix from the lines with error. 57.



In Fig 9-17 an aircraft is flying a track of 060° (T)



in no wind conditions. When in position A it obtains a relative bearing of 050° R from NDB. Now if it waits until the bearing has changed to twice the original value, i.e. 100°R, its position at that time is at B. In this situation, we have a triangle ABC in which side AB equals side BC. This enables the pilot to calculate his distance from NDB, when at B. This distance is equal to distance AB which



Fig 9-17: Distance from Station.



he can calculate from knowledge of his ground speed. When there is wind, allowance must be made for the drift applied in the ADF reading.
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CHAPTER 6



VOR (VHF OMNIRANGE) AND DVOR (DOPPLER VOR)



Introduction



1.



An early directional transmitting navigation aid, radio range, operated in the MF/LF band. It



served aviation for a period following the Second World War, and could be received on early ADF equipment. It had its limitations inherent with lower frequencies and at best it could produce only four fixed tracks to or from the beacon. A need for a more flexible and reliable aid soon became apparent, and VHF omnidirectional radio range (shortened to VHF omnirange or VOR) emerged as its successor. It was officially adopted by ICAO in 1960 as a standard short-range navigation aid.



2.



VOR theoretically produces an infinite number of tracks to or from a beacon. It is practically



free from static and does not suffer from night effect. Consequently, it can be used with confidence at any time throughout the 24 hours. Original indications were in terms of deviation to the left or right from a selected track. Nowadays, information may be fed to an RMI to give indications of QDMs and QDRs. When used with co-located distance measuring equipment (DME), range and bearing information provides instantaneous fixes. VOR is also used as an input to modern computerised area navigation systems.



Principle of Operation



3.



The principle of VOR is ‘bearing measurement by phase comparison'. We already know that



an NDB transmits an omnidirectional signal and the aircraft's loop aerial measures the direction from which the signal is coming. A VOR transmitter sends two separate signals which can be compared to provide the directional information. No special receiver antenna is required in the aircraft.



4.



Reference Signal.



The station transmits an omnidirectional horizontally polarised



continuous wave signal on its allocated frequency between 108.0 and 117.95 MHz. The emission code is A9W. That signal is amplitude modulated by a 9960 Hz 'sub-carrier' which itself is frequency modulated at 30 Hz. This omnidirectional radiation has a circle as its horizontal polar diagram. At a given range from the transmitter, an aircraft's receiver will detect the same phase on all bearings around it (Fig 6-1).



5.



As can be seen in Fig 6-1, the phase pattern



produced is independent of the receiver's bearing from



Fig 6-1: Reference Signal having Same Phase in All Directions
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the station. In the receiver, the 30 Hz component of the transmission is used as a reference (or datum) for the phase comparison which will provide the bearing.



6.



Variable or Directional Signal.



This is also transmitted on the station frequency, by an



aerial which rotates either physically or electronically 30 times per second (30 Hz AM). The signal is less strong than the omnidirectional signal, so that together the signals appear to be a single carrier wave, amplitude modulated at 30 Hz to a depth of 30%. The horizontal polar diagram of this resultant signal is called a



Fig 6-2: Derivation of Limacon



'limacon', and is represented in Fig 6-2.



7.



Phase Comparison.



An aircraft at a certain position will receive this rotating pattern as a



signal with a 30 Hz amplitude modulation. The phase of this received AM signal will vary as the position of the receiver around the circle of rotation. This phase can be compared with the phase of the FM omnidirectional signal, and displayed to the pilot. The transmitter is arranged so that the two signals are in phase when the receiver is in the direction of magnetic north from the transmitter. As the bearing from the transmitter changes, so does the phase of the variable signal. The phase difference from



the



reference



signal



equates to the magnetic bearing of the aircraft from the station. This is shown in Fig 6-3.



Fig 6-3: Bearing by Phase Comparison



Station Identification



8.



The carrier wave has a keyed AM audio frequency signal to provide station identification at



least once every 10 seconds, as recommended by ICAO. This identification consists of three morse letters transmitted at a rate of about seven words per minute.



9.



The carrier can also be modulated at audio frequencies by a voice signal. This can either give



the mere station identification, or it can include more detailed information. Weather reports are
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frequently carried, but other AFIS (Aerodrome flight information service) reports can also be transmitted.



Cone of Confusion



10.



ICAO recommends that the signals are transmitted at least up to 40° in elevation. In practice,



modern equipment is capable of radiating signals up to 60° or even 80° above the horizon. That still leaves a gap overhead the station, in the form of a cone where no planned radiation takes place. However, while passing through this zone the receiver comes under the influence of weak 'overspill' (signals transmitted in incorrect directions, but usually very weak), causing confusion to the indications in the airborne equipment, which may change irregularly.



GROUND EQUIPMENT



Aerial System



11.



The



conventional



VOR



ground antenna can take several forms, but one of the most common is effectively



a



cylindrical



cover



enclosing a horizontal rotating dipole. Slots in the cylinder combined with the



rotating



limacon



dipole



shaped



produce rotating



the polar



diagram. It is normally mounted above a room containing the power supply. A representation of such an antenna system is at Fig 6-4. Fig 6-4: VOR Ground Antenna



Monitoring



12.



Every VOR station has a monitor unit located in the radiation field, near the transmitter. This



monitor receives the signal and compares it with known parameters. It will switch off the transmitter, or at least remove the identification and navigation signal, if any of the following take place:



13.



(a)



Bearing information is wrong by more than 10.



(b)



Reduced signal strength (15% below normal).



(c)



Failure of the monitor itself.



Each station has a standby transmitter which will take-over responsibility for transmission if



the monitor switches off the main transmitter. This take-over requires a certain amount of time, and
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during that time the signal can be received by airborne equipment. However, until the signal from the standby transmitter has stabilised and the monitor checks that it is correct, no identification signal is transmitted and the signal must not be used for navigation as considerable errors may be present. Especially when using a VOR station for airfield approach, pilots must listen to the identification code at all times in order to ensure safety.



AIRBORNE EQUIPMENT



Omnibearing Selector (OBS)



14.



The magnetic bearing from the station is called the 'radial'. There are an infinite number of



radials but pilots normally refer to a radial as being of a particular whole number of degrees, so one can say there are 360 possible radials. Most VOR stations are positioned along airways, and an airway centre line is defined as a particular radial from one station until it meets the reciprocal radial from the next station along the airway. The changeover comes at the halfway point.



15.



Because of this, the original display was the so-called 'omnibearing indicator' or OBI. The pilot



has to select the desired radial manually, so the unit is often called the ‘omnibearing selector' or OBS. The two expressions are frequently interchanged. To be particular, the OBS is only part of the unit, which includes a TO / FROM indicator and a LEFT / RIGHT Course Deviation Indicator (CDI) also.



16.



The pilot selects the radial along which he wishes to fly, or its reciprocal on the OBS as an



intended track. The TO / FROM indicator, in the form of white triangles, tells him whether his selected track will take him closer to the station or further away (TO meaning closer). The vertical deviation (LEFT / RIGHT indicator) bar tells him whether the desired track is to his left or his right. Two examples of OBI are shown in Fig 6-5. The indicator on the right, the more common, has a track of 0900 selected, whereas the indicator on the left has a track of 0500 selected. The left-hand OBI has an extra horizontal bar, which is used for ILS signals as we shall see later.



Fig 6-5: OBIs
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To / From Indicator



17.



It is sometimes difficult to interpret the OBI information. It must be remembered that



everything depends on the selected track. As we have said, if that track will take the aircraft closer to the station, then TO will appear in the TO / FROM indicator. If the track will take the aircraft away from the station, FROM triangle will appear. If the track will take the aircraft at an angle of between 80° and 100°, then there will be no indication of either TO or FROM. Fig 6-6 shows the TO / FROM indications that will appear when the selected track falls in the area shown. If the selected track is within ± 800 of the actual radial, TO will appear and if within ± 800 of the reciprocal, FROM will appear.



Fig 6-6: TO / FROM Indications



Course Deviation Indicator



18.



The course deviation indicator (CDI) bar shows the pilot where his selected track lies, either



to his left or his right. When the actual radial or its reciprocal lies outside 100 of the selected track, the bar will be positioned against a stop on the relevant side. As the aircraft moves closer to the selected track, the bar moves towards the centre until the aircraft is on the selected track. Dots on the indicator show how many degrees away from the selected track you are. Some indicators have four dots on each side at 2.5° intervals (as in Fig 6-5(a)), others have five dots at 2° intervals as in Fig 6-5(b). Most indicators use the circle in the centre of the instrument to represent the first dot. In every case, the angular difference from the desired radial is always 100 when the needle is aligned with the furthest mark.



19.



The important fact about the deviation indicator is



that it will only tell the truth when the aircraft is trying to do what the TO / FROM indicator is indicating. In other words, if the pilot is trying to fly towards the station, he must set a desired track on the OBS which falls inside the TO area in Fig 6-7. If he is trying to follow a radial away from the station, he must select a track which falls inside the FROM area. If his selected track falls in the wrong area, the deviation indicator will indicate in the reverse sense.



Fig 6-7: TO/FROM
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Warning Flag



20.



Unlike ADF, the VOR equipment can detect many of the possible problems. A warning flag,



usually red, will appear on the face of the instrument if any of the following is detected: (a)



No power or low power to the aircraft equipment.



(b)



Failure of the aircraft's equipment.



(c)



Failure of the ground station equipment.



(d)



Failure of the indicator.



(e)



Weak signals from either the reference or variable signal.



The flag will also appear during tuning.



VOR CHARACTERISTICS



Frequencies



21.



VOR shares the frequency band from 108.00 to 111.97 MHz with ILS signals. VOR signals in



this band use all the frequencies with 'even' first decimals, for example 108.20, 108.25, 110.65. (ILS uses frequencies with 'odd' first decimals.) The frequency band 112.00 to 117.97 MHz is allocated only to VOR stations.



Range



22.



Most VOR transmissions, being VHF, can be received at 'line-of-sight' ranges, calculated as



in equation (2.2). However, because of the limited number of frequencies available, interference from other stations can be a problem. Sky waves from other stations have been known to interfere in certain circumstances. Listed in the FLlP, each VOR station has a published 'Designated Operational Coverage', or DOC, within which the signal strength is guaranteed to be enough to avoid interference. This DOC is a cylinder of stated



range



station,



up



to



from a



the



stated



altitude, as shown in Fig 68. Do not use a VOR outside its DOC.



Fig 6-8: DOC



Factors Affecting Range



23.



Transmission Power.



The higher the transmitter power, the greater the range the signal



can be received with adequate strength. En-route VORs with a power output of 200 W achieve ranges of around 200 nm. Terminal VORs (TVORs) normally transmit at 5O W, giving less range. The
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published DOC normally gives an indication of the transmission power available.



24.



Station Elevation and Aircraft Altitude.



Because VOR transmissions are in the VHF



frequency band, the theoretical maximum range depends on line-of-sight distance in practice however it is slightly better due to atmospheric refraction. To calculate theoretical ranges for various altitudes, the VHF range equation is given by: D



=



1.25 √HT +



1.25 √HR



From a station close to sea level, the formula can be simplified for practical purposes to: D



=



12 √F



(6.1)



Where F is the aircraft's flight level. Each flight level is a 100 foot 'step' of pressure altitude (related to the standard atmosphere).



Accuracy



25.



The transmitted signal is subject to errors, but for 95% of the time it must be at least better



than ± 3°. The errors due to the airborne equipment and interpretation are similar, but when all errors are combined, the accuracy of the indication will be within ± 5% for 95% of the time.



Factors Affecting Accuracy



26.



Beacon Alignment.



The agency operating the VOR station is responsible for ensuring that



the 000° radial is aligned with magnetic North. Of course, variation changes continually.



27.



Site Error.



Uneven terrain or physical obstacles in the vicinity of a VOR transmitter affect its



directional propagation. Stringent requirements are laid down by ICAO regarding site contours and the presence of structures, trees, wire fences etc. Even the overgrown grasses affect the signals. This is sometimes called 'VOR course displacement error'. As mentioned earlier, the station monitor checks that this is kept to within ±1°.



28.



Propagation Error.



After the signals leave the transmission site, they can still be reflected



by the terrain over which they pass, and any obstructions in the path to the aircraft. These reflected waves further reduce the accuracy of the received signal.



29.



Airborne Equipment Error.



Manufacturing inaccuracies produce small differences



between the received signal and the actual displayed radial.



30.



Pilotage Error.



This is not a factor affecting the display, but when considering total
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accuracies of VOR signals, the difficulty in holding the aircraft on the desired radial is included in the calculations.



Using the Equipment



31.



The important fact about the OBI indications is that they are totally independent of the



aircraft's heading. Only the OBS track is important. The VOR equipment can be used in a number of ways as described in the succeeding paragraphs.



32.



Deriving a Position Line.



To find a position line from the OBI, the pilot turns the OBS until



the TO / FROM indicator shows FROM, and the deviation bar is in the centre. The resulting track shown in the OBS is the radial, or the magnetic bearing of the aircraft from the station. The reciprocal is the QDM to the station. Most equipment do not give instant readings and time & care are needed.



33.



Homing.



To home to the station, turn the OBS until the TO / FROM indicator shows TO,



and the deviation bar is in the centre. The track shown in the OBS is the QDR. Turn on to that QDR, and allow for drift if you can. If your drift allowance is incorrect, the deviation bar will move to one side. Turn towards the bar by a sensible number of degrees, and hold that heading. Realign the CDI with your current track. If the bar moves again, turn towards it again through half your original change, and re-align it again. Continue to change heading by progressively smaller amounts and re-align the bar until the TO / FROM indicator either changes or fails to indicate.



34.



Track Following.



When flying on airways, or making a VOR procedural let-down to an



airfield, you will usually have to follow specific radials to or from a VOR station. To follow a selected track to or from the station, you must first arrive on that track. Select the intended track on the OBS, and look at the OBI. Confirm that the TO / FROM indicator shows what you expect! If the deviation bar is against the stops, select a heading which is towards the deviation bar but about 60° away from the desired track, as shown in Fig 6-9.



35.



Once established on a heading which



will take you towards the desired track (270° in Fig 6-9), calculate a heading which takes account of the wind to track along the desired radial. At the same time watch the deviation bar. 10° before you reach the track, the bar will start to move. If it moves quickly, you are close to the station and should turn on to your calculated heading immediately. If the bar moves slowly, you are far away and should wait until the bar is within about 2° of the centre.



Fig 6-9: Finding the Track
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VOR and DVOR



If you know your radius of turn and your range from the station, you can make a mathematical



calculation to give a time to turn exactly on to the radial. Using the 'one-in-60' rule will tell you how many miles each degree of deviation equals. However, a little practice at watching the speed of bar movement and turning accordingly is equally as good and much less effort.



37.



Once established on your calculated heading, maintain that, provided the bar is within half of



its full deflection, and watch the bar. If it moves away from the centre, turn 5 to 10° towards it. Maintain that and wait. If the bar does not start to move towards the centre, double your original heading change. When it does return to the centre, turn back half your original change and hold that. Continue to 'bracket' the radial until you are satisfied you have allowed for the correct wind effect. As you close into the station, the bar will become increasingly sensitive. Do not attempt to follow the bar once you can actually see it moving.



Other Displays



38.



The VOR signals can be displayed in many forms, including hand-held combined



communication / navigation radios. Modern airborne navigation computers can take the signals and use them to compare with other aids to find accurate positions without calculations from the pilot. Apart from this area navigation (R-Nav) facility, many light aircraft displays use the remote magnetic indicator (RMI). A more modern version of a combination of the OBI and RMI, the horizontal situation indicator (HSI), is in use in larger general aviation aircraft and some airliners.



DOPPLER VOR



39.



VOR stations were needed to provide radials for all airways and most airfields. However, in



many places the site errors could not be reduced to below the required ±1°. For this reason, a different type of station had to be developed. This used the Doppler principle, as described in the chapter on Doppler, but had to allow the use of standard airborne equipment without modification.



Aerial System



40.



The principle is similar to that described earlier in the chapter on VHF direction finding. A



central aerial transmits an omnidirectional carrier wave, amplitude modulated at 30 Hz. In its simplest form, a series of antennas arranged in a circle around the central aerial transmit a second signal. This second signal consists of a separate continuous wave, 9960 Hz displaced from the station frequency, transmitted in turn from each of 52 antennas on the circumference 30 times per second. This makes the signal appear to rotate at 30 Hz. The size of the aerial array produces the same effect as that of the FM signal from a basic VOR.
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41.



Because



the



central aerial transmits the AM signal, and the rotating signal is FM, the rotation is anticlockwise. This



means



airborne receives signals



that



equipment the and



difference



the



as



same phase from



a



normal VOR station.



A



DVOR antenna system is shown in Fig 6-10 which has a colocated DME



Fig 6-10: A DVOR Aerial Installation



aerial present.



Types of VOR Beacons



42.



Various prefix and suffix letters may be seen against VOR beacon information in en-Route



supplements. The most common are: (a)



BVOR - Weather Broadcast VOR.



Between beacon identification signals, area and



selected airfield weather information is broadcast.



(b)



DVOR - Doppler VOR.



As described earlier, Doppler VOR reverses the modulation



type of the reference and variable signals, i.e. FM instead of AM and vice versa.



The



advantage of the system is that it does not have any moving parts and is less susceptible to siting effects.



(c)



TVOR - Terminal VOR.



A beacon, usually low powered, located at a major terminal



airfield.



(d)



VOT - Test VOR Transmitter.



These are installed at certain aerodromes to enable



pilots to test the airborne equipment during preflight checks. Their frequencies are published in the FLlP. To test the airborne equipment from any position on the aerodrome, tune in to the frequency and centralise the deviation bar. OBS counters should indicate 0000 FROM or 180° TO. If they do not indicate correctly within ±4°, the equipment requires servicing. Normally, a pilot would test his VOR equipment by selecting the nearest station, checking the identification signal, and comparing the radial indicated with his known position. This facility is NOT for navigational use.
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(e)



AFIS and ATIS.



VOR and DVOR



AFIS (Aerodrome Flight Information Service) may be seen as a



suffix to a TVOR, as in this case the beacon will be broadcasting information about that particular airfield. ATIS (Automatic Terminal Information Service) can appear as a suffix to any VOR beacon and the entry in the en-route supplement will indicate for which terminal airfield(s) the information is valid.



(f)



VORTAC.



Collocated VOR and TACAN beacons.



(g)



Combinations of the Above (Except VOT).



Example DBVORTAC, a weather



broadcasting Doppler VOR beacon collocated with a TACAN.
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CHAPTER 7



RADIO MAGNETIC INDICATOR (RMI) AND OTHER VOR INDICATORS Introduction



1.



The Radio Magnetic Indicator or RMI has been mentioned earlier. As its name suggests, it is



only an indicator and not an independent navigation aid. It accepts relative bearings from the ADF receiver and phase differences from the VOR receiver, and displays both on the face of a direction indicator aligned with the aircraft's heading. From these, QDMs and QDRs can be read.



2.



It employs a rotating scale card



calibrated in degrees and aligned with the aircraft's remote indicating compass. Thus, on the indicator at the 12 0' clock position, the aircraft's magnetic heading can be read off against a heading index. QDMs are indicated by two concentric pointers of different shape, each of which may be energised simultaneously by two like or unlike aids.



3.



Fig 7-1 shows a typical RMI. The



thin pointer is coloured red and the wide



Fig 7-1: Radio Magnetic Indicator



pointer is coloured green. By convention, the red pointer is called the number one needle and the green pointer number two. Again by convention, number one needle is usually used for ADF, and number two for VOR indications, but as shown in Fig 7-2, that is by no means always the case. In the extremely unlikely event that the main compass or its drive to the RMI fails, only relative bearings can be deduced from the RMI. Fig 7-2 shows a modern representation of a RMI. On a 'glass screen' secondary navigation display, the same information is available, with the addition of other data such as DME ranges.



Fig 7-2: Electronic RMI
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4.



Warning Flags.



Flags on the face of the instrument indicate the lack of a safe usable signal



as per the VOR station selected on the RMI selector, as described in the chapter on VOR.



ADF Relative Bearings on the RMI



5.



In the illustration in Fig 7-3,



an aircraft on heading 0300(M) has tuned to NDB 'X'. The ADF gives a relative bearing of 0900(R). The measuring datum on the indicator is 000, that is the fore and aft (longitudinal) axis of the aircraft. From Fig 7-3 we can see that the QDM to the NDB is 120° and thus the relationship between a relative bearing and a QDM is the aircraft's heading. That is, as we have seen Fig 7-3 Relative Bearing 090°



earlier,



6.



Aircraft heading



(0300) (M)



+



relative bearing



(0900) (R)



=



QDM



(1200)



In a RMI, this addition of the heading to the relative bearing is automatically carried out by



adjusting the measuring datum. By measuring the pointer's indications from the aircraft's magnetic heading as its datum, the aircraft's QDM can be read off the scale. Notice that the RMI displays a relative bearing with reference to the aircraft's magnetic heading as displayed on the heading index. If the pilot wishes to convert his displayed QDM to a true bearing from the NDB (QTE) in order to plot a position line, he must apply the magnetic variation which applies at the aircraft, not at the beacon.



VOR Phase Display on the RMI



7.



As we have seen, VOR airborne equipment receives the phases of two different signals (the



reference signal and the variable signal) and derives the QDR by measuring the difference between the two. The reciprocal of the QDR is the QDM. The RMI itself actually displays relative bearings. Therefore, the VOR phase difference is converted to give a relative bearing before it is displayed. This is achieved by use of a differential synchro in the VOR navigation unit which subtracts the aircraft's magnetic heading, as measured by the compass sensor unit, from the QDM before the bearing is fed to the RMI. The display itself then adds the aircraft heading again, so that the pilot can read it.
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Magnetic Variation.



8.



In Fig 7-4, the aircraft is heading 0300(M) and the RMI indicates 120 QDM from VOR 'Y'. Even if the magnetic variation at the VOR station and the aircraft are different, the indicator will continue to display the actual magnetic radial from the station (QDM), which can be plotted directly. We



can



confirm



this



as



follows:



Fig 7-4: Variations at VOR Station and Aircraft QDM received from VOR



120



(using variation at the station)



-



aircraft heading (M)



030



(using variation at the aircraft)



=



relative bearing



090



+



aircraft heading (M)



030



(using variation at the aircraft)



=



indicated QDM



120



(using variation at the station)



Thus, first the magnetic heading is subtracted, and then the same value is added. These two operations mutually cancel each other out and the resultant indication is affected only by the variation at the VOR station. Therefore, when converting VOR QDMs into QTEs for plotting, variation at the VOR station should be applied.



9.



Discrepancies in Indications.



Some examples related to the indications are elaborated in



the following paragraphs: (a)



Example 1.



If the magnetic variation at the aircraft is different from the variation at



the VOR station, the indication of relative bearing is incorrect, but the indication of QDM is correct. Solution.



In Fig 7-5,



aircraft A and B are both on a magnetic heading of 030°. The variation at A's position is 20° W, the variation at B's position, and also at the station, is l0o W. Both aircraft are on a QDM of 100° from the



Fig 7-5: Variation Effect
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VOR at X. From this figure, it will be apparent that the relative bearing of the station from aircraft A is 0800(R), and from aircraft B is 0700(R). Both aircraft calculate their QDM as follows: Aircraft A:



QDM



100



- Hdg (M)



030



ReI Brg



070



this will be read off against a fixed RB scale, its true relative bearing is 080°



Aircraft B:



+ Hdg (M)



030



= QDM



100



QDM



100



- Hdg (M)



030



ReI Brg



070



indicates the correct relative bearing (same variation)



+ Hdg (M)



030



= QDM



100



This brings out that both ac have the correct and same QDMs but due to difference in variation at the station and at the ac, A has an incorrect display of relative bearing.



Example 2.



If an NDB is located on a VOR site, QDMs from the VOR and the NDB as



displayed on the RMI will be different if variation at the aircraft is different from the variation at the station. Solution.



In Fig 7-5, we have already seen that the relative bearing indicated from the



VOR in aircraft A would be 080°, whereas the actual relative bearing should be 070°. That relative bearing of 070° will be indicated correctly by the ADF needle, so in this case there will be a discrepancy between the two needles.



Example 3.



Convergency between the aircraft and the station will produce errors in relative



bearings equal to the value of that convergency, although QDMs will be correct. Solution.



Because VOR range is relatively short, and relative bearings are little used at



long range, this fact is of only academic interest, so it is not proposed to prove it here.



10.



Plotting position lines (QTEs) from QDMs can be summarised as follows: QDM derived from NDB - apply aircraft variation and convergency and plot the reciprocal QDM derived from VOR - apply station variation and plot the reciprocal
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Advantages of RMI



11.



The advantages of a RMI are: (a)



QDM / QDR are indicated continuously and read off directly. The tail end of the



pointers indicate QDRs. (b)



Using two stations, instantaneous fixes can be obtained.



(c)



RMI indications provide a useful guide when initially joining a radial for VOR homing.



(d)



The indicator itself can be used for homing.



(e)



Magnetic headings can be read off together with QDMs.



(f)



Approximate relative bearings may be assessed visually, or read off against an outer



RBI scale.



Use of the RMI



12.



Homing to a VOR Station.



Having tuned the station, identified it, and ensured its signal is



selected to one of the RMI pointers, the selected needle will point to the station, indicating the QDM. The pilot should calculate the drift he will expect on that track, for example 5° left, and turn his aircraft until the needle is indicating that number of degrees to the same side of the heading pointer, in this example 5° to the left, and maintain that heading. If the needle moves during the homing, the pilot must adjust the heading as in the case of ADF homing.



13.



Homing to an NDB.



The same technique should be used, but because ADF dip will affect



the needle during a turn, the pilot must decide his intended heading before he turns towards the NDB.



14.



Tracking to a VOR Station.



The OBI is designed for this purpose. However, many pilots



may have to join and follow radials using only a RMI. The easiest technique to join a radial and follow it to a station (for example joining and following an airway) is as follows. To join a track to a station, first tune and identify the station, and select it on one of the pointers. Look at the needle which is pointing towards the station. Use a pencil or similar object (finger?) to show the desired track. Imagine the pointer turning the shortest way to line up with the pencil. Turn the aircraft the opposite way until you are heading 90° to the pencil. Confirm that the needle is actually moving closer to the pencil. Before you reach the desired track, you will have to anticipate and turn on to the desired track while the needle has some degrees to go before you reach it. Knowing range from the station and your radius of turn you can calculate the point to start your turn (from the '1 in 60' rule), but with practice pilots assess how quickly the needle is moving, and turn with a 'lead angle' depending on that rate of movement.
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15.



Looking at Fig 7-1, assume the pilot wishes to follow the 080° radial inbound. With the station



selected on No 2 (green) needle, he should turn on to 350° to intercept that radial. Of course, there is often no need to join the desired radial at the closest point, in which case any heading which brings the aircraft on to the radial before the station may be acceptable. However, Air Traffic Service Units prefer aircraft to join airways at right angles.



16.



The heading required to maintain the desired track obviously must be adjusted to take



account for drift. This must be calculated before you turn on to it. In the above example, if you expect to have 10° of right drift, you should turn on to a heading of 250° before you reach the desired radial of 080°. When steady on the intended heading, the needle will point in the same direction as your expected drift. If that angle remains the same, the aircraft will track to the station. If, however, the RMI needle moves while you are approaching the station, you need to adjust your heading. Remember you are trying to fly on a nominated radial (tail of the needle) inbound. Alter heading by about 5° from the actual tail position to the desired tail position. When back on the radial turn back by about 2°, and continue to monitor your radial. Obviously, if 5° does not work, you must make a larger alteration, but remember to alter from the present radial (tail position) to the desired radial.



17.



Tracking from a VOR Station.



When overhead a VOR station it is usual to track outbound



on a specified radial such as an airway centreline. Before reaching the station, calculate the drift and heading required on the outbound track, and when overhead (when the needle 'falls' past a radial 90° to the inbound one) turn on to the calculated heading. When the instrument settles down, the heading at the top of the RMI should be offset into wind from the displayed radial by the amount of calculated drift.



18.



If the needle settles in a different position, you need to adjust your position to reach the



intended radial, and then follow it. Again look at the tail of the needle, which is now near the top of the instrument. Adjust heading about 5° from the actual radial towards the intended radial. When the radial is correct, turn back to the planned heading, unless you have already proved that it is wrong by a previous correction, in which case turn back about 2°. Again, if the small correction of 5° is insufficient, make a larger alteration.



19.



As in the case of following an ADF RBI needle from a beacon, if you have been unable to



assess drift beforehand, it is possible to find approximate drift using the RMI. Set off from overhead the station on a magnetic heading equating to your planned radial itself. After a short while, the aircraft will have drifted off track, and the radial will have moved, by a certain amount corresponding to the drift experienced. Add that drift to the radial, turn on to that, then adjust heading to regain the correct radial as above keeping in mind that airways are only 10 nm wide. It is possible that you may have to join a nominated radial and track outbound. Use the same original technique as described above to join a radial inbound, but obviously turn away from the station when you approach the nominated radial.
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The Horizontal Situation Indicator (HSI)



20.



Many aircraft have both types of VOR



display instrument fitted to navigate along VOR routes. The RMI gives a general picture of the aircraft's position, and the OBS allows easy tracking to or from a station. The HSI is a single very useful instrument which combines the two original instruments in one display for VOR or ILS use. Fig 7-6 represents the face of a typical HSI. The heading pointer is at the top of the instrument, as in the RMI. It is directly fed from the aircraft's heading sensor system. There is one RMI needle for one of the VOR inputs, of which only the ends are shown, so it is important to identify the two ends. The end with the arrowhead shows the QDM to the station



Fig 7-6: HSI



(285° on Fig 7-6), and the one without marks the radial.



21.



The part inside the compass card is the course deviation indicator (CDI) of an OBS for the



other input, but with a major change. It is not oriented with the top of the instrument i.e. the indication is presented in direct relation to the intended radial which the pilot has selected on his 'course' marker or 'bug' (CRS). As the aircraft turns, so does the CD!. The course bug is used to mark the track which the aircraft should fly. If flying away from the station, the bug should be placed on the desired radial (QDR), but if flying towards the station, the bug should be on the reciprocal of the actual radial (QDM). The CDI will therefore be lined up with the bug, and a pilot can visualise his position in relation to that track. The TO and FROM markers are also related to the course bug, showing 'TO' in Fig 7-6. As in the case of the OBS, the CDI on an HSI is marked with dots to indicate the angular distance from the desired track. When the pointer is aligned with the furthest dot, the aircraft is 100 away from the radial.



22.



The pilot will normally use the 'heading' bug (HDG) to indicate the heading he has calculated



to allow for drift, or the next heading he intends to fly, as 3450 in Fig 7-6. The left side of the instrument shows the ILS glideslope indication. A warning flag, often marked 'NAV', indicates the lack of a safe usable VOR signal. Other flags may refer to other inputs.



23.



Electronic Flight Information System (EFIS) Display.



Modern public transport aircraft



use electronics to display the information to the pilot. One of the display modes represents a normal HSI, and other modes expand the part of the HSI display around the aircraft's track.
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Digital Displays.



80



It is possible for a VOR radial to be displayed digitally, although this is



difficult to interpret. Some hand-held communications radios have a VOR facility, which may include a digital display. A more common hand-held display would be a digital OBS numeric display with a CDI bar and dots.
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CHAPTER 8



INSTRUMENT LANDING SYSTEM AND MICROWAVE LANDING SYSTEM INSTRUMENT LANDING SYSTEM



Introduction



1.



The Instrument Landing System (ILS) was developed at the end of the Second World War,



and allows pilots to position their aircraft in three dimensions during their approach to land. It is possible, given sufficient accuracy of installation and airborne equipment, to guide the aircraft to the runway surface itself, and that was indeed the original concept.



2.



The three components of the system are the localiser equipment, the glidepath equipment



and the marker beacons, each with their associated monitoring systems, remote control and indicator equipment. The localiser and glidepath signal emissions are designated A8W.



Basic Principle



3.



The ground transmitters emit localizer and glidepath signals which define the approach path



to the runway using the principle of lobe comparison. The airborne receivers provide signals of aircraft displacement from the ILS centre-line and glidepath which can be used to feed an ILS indicator on an HSI, a flight director, a separate ILS indicator or directly to an autopilot system. In each plane, vertical and horizontal, a pair of antennas transmit two directional beams, directed close to either side of the ideal approach path. Each beam can be thought of as activating an electromagnet to either side of a centrally biased instrument needle. When the field strengths of the beams are equal, the bias will hold the needle in the centre of the instrument. When the aircraft is to one side of the ideal path, one field strength will be stronger than the other. The needle will be deflected to the appropriate side by an amount proportional to the difference in strengths, showing the angular displacement from the ideal path. By keeping the indication central, the pilot or autopilot can maintain the ideal approach path in three dimensions down to the runway, or at least to a 'decision height' from which he can either land visually or divert if the pilot cannot see the runway.



4.



The actual transmissions use a different frequency for each plane. All signals are horizontally



polarised. Each antenna in the pair, modulates the carrier wave at a different frequency (90 Hz and 150 Hz), and it is the 'difference in depth of modulation' (DDM) which moves the needle. The signal strengths are so arranged that, when close to the intended path, the DDM varies linearly as the aircraft moves away from the path, allowing a linear presentation on the instrument.
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Localiser Signals



5.



The transmission frequency for guidance in the horizontal plane, the 'localiser' frequency, is in



the VHF band, between 108 and 111.975 MHz, using the odd first decimals, such as 110.50 or 109.35 (VOR beacons may use the even first decimals.). There are 40 channels for current use, at 50 kHz spacing. A further carrier wave is also transmitted, and this can carry other information, such as an A2A identification code, airfield information, or even ATC instructions (except in category III installations).



Glidepath Signals



6.



The frequency used in the vertical plane, or 'glidepath' frequency, is in the UHF band



(officially between 328.6 and 335.4 MHz, but actually between 329.30 and 335.00), at 150 kHz spacing. Every glidepath frequency is paired with a discrete localiser frequency, so that the equipment has only to be tuned to the localiser frequency for the glidepath frequency to be automatically selected. ICAO Annex 10 permits systems using two frequencies for either localiser or glidepath, but these are unusual.



7.



The ideal polar diagram of a localiser



signal is shown in Fig 8-1. The 90 Hz modulation is applied to the signal on the left side of the centre line, and the 150 Hz modulation to the right. The additional carrier wave is omitted for



Fig 8-1: Localiser Signals



simplicity. An ideal glidepath radiation pattern is shown in Fig 8-2. The 90 Hz modulation is applied to the signal above the glideslope, and the 150 Hz below. The beams are arranged to give the desired glidepath angle. In most cases this would be the 'nominal' glidepath angle of 30 (a 4.9% slope) above the horizontal, but local



Fig 8-2: Glidepath Signals



conditions may require a different glidepath angle.



Range Indications



8.



To confirm the aircraft's range from the runway, marker beacons are provided under the ideal



approach path which transmits an independent signal in the vertical plane on a frequency of 75 MHz. When a marker signal is received, a light appears on the instrument panel, and an audio tone is heard.
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Ground Equipment



9.



Localiser Aerial.



The shape and direction of the localiser beams is controlled by the



localiser aerial. In accordance with ICAO Annex 10, this must be placed beyond the end of the runway, at a safe distance to prevent it becoming an obstruction, in line with the runway. In some situations, the aerial may have to be placed to one side, which means it can only be used as a category-I ILS. The localiser centreline will then be at an angle from the runway centreline, and the installation is called an 'offset' ILS. The localiser centreline of an offset ILS will cross the runway extended centreline at the same range from the threshold as an approaching aircraft would reach its decision height. If the offset is more than 2°, the ILS cannot be used as a 'precision approach aid'. It is regarded as an 'airfield approach aid' only.



10.



Glideslope Aerial and



ILS Reference Point.



The



antenna for the glideslope is positioned



alongside



the



runway, in such a position that the glideslope passes over the threshold at a height of 50 ft. This point in space is called the 'ILS reference point'. Fig 8-3 shows a plan view of a runway with the position of the ILS antennas marked.



11. be



Markers. three



marker



There may antennas,



Fig 8-3: ILS Ground Antenna Positioning



although two is the minimum, sometimes in conjunction with an NDB. The 'outer marker' is positioned at a range from touchdown sufficient to give height, distance and equipment functioning checks, usually just after the pilot descends on the final approach (Annex 10 recommends 3.9 nm from touchdown, but certainly between 3.5 and 6 Nm). A 'middle marker' is placed (ideally 1050 m from touchdown), to indicate that visual references for landing should be available, in other words around category I decision height. The optional 'inner marker', if fitted, is placed just short of the threshold itself, in the area where an aircraft would be at a category II decision height.



12.



Aircraft have to be able to receive the marker signals on the glideslope for enough time to



identify them and make calculations, so the beam is shaped to produce a signal over specific distances on the glide slope. Ideally, the outer marker should be 600 m wide, the middle marker 300 m, and the inner marker 150 m. The beam is broad enough to allow an aircraft within 2.5° of the centreline to receive it. Representative horizontal polar diagrams of marker beacons (including en-
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route markers described later) are shown at Fig 8-4, with the aircraft's intended direction of travel being from right to left.



13. ILS



Monitoring. ground



Each component of the



equipment



contains



its



own



monitoring system, which will switch off either the carrier waves or the modulation signals if



Fig 8-4: Marker Horizontal Emission Patterns



they are outside the required parameters, or indeed if the monitoring system fails. As an exception, if the installation is category III, signals may be continued in certain cases but the guidance will not be adequate for category lll, so the installation would be downgraded to category I and in those cases, the modulation of the carrier wave would contain that information.



14.



DME.



Many ILS systems have a DME (Distance Measuring Equipment) frequency paired



with them. In that case, the DME is intended to replace the markers, to give range indications from touchdown during the final approach. The output from such a DME is electronically adjusted so that the received ranges are only correct when the aircraft is on the lLS centreline in the direction of approach.



Aircraft Equipment



15.



OBS Display.



The lLS signals are often



displayed on an OBS with an extra horizontal bar and dots arranged vertically, similar to those of the CDI, as in Fig 8-5. This 'glidepath pointer' indicates a maximum deviation of 0.7° from the ideal, therefore each dot indicates a deviation of 0.14°. When receiving an ILS localiser signal, the CDI itself indicates a maximum deviation of 2.5° from the centreline, much less than when using a VOR signal (10°).



16.



Warning flags are fitted to indicate lack of



usable signal from either of the two paired



Fig 8-5: ILS Indicator



frequencies or the modulating frequencies. In the event of a glideslope signal not being available, it is possible to use the localiser only for a non-precision approach.



17.



Flight Director (Zero Reader).



A specialised instrument was devised for ILS signals, and



can also be used for VOR navigation. A computer takes track and altitude information from the aircraft's air data computer and Doppler radar or other source as well as the ILS signals and course
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pointer. The computer calculates the most efficient path for the aircraft to follow to put the aircraft on the centreline and glidepath, and presents the information to the pilot as a point to which he should point the aircraft. This may be



two



crossed



pointers



in



a



separate



instrument (sometimes called a zero reader), which require the pilot to fly the aircraft to keep the crossbars central by varying pitch and bank



Fig 8-6: Zero Reader Flight Director



attitude. A zero reader is shown in Fig 8-6. A more common display has markers ('tramlines') on the aircraft's attitude indicator on which the pilot should place the horizon bar.



18.



HSI Presentation.



The centre of the HSI contains the CDI, which turns with the compass



card to indicate orientation. It is used in the same manner as the CDI of the OBS. However, the glideslope is frequently indicated by marks at the side of the instrument (Fig 7-6), with usually a diamond-shaped lozenge to indicate the aircraft's position in relation to it. Again, warning flags indicate lack of usable signals.



19.



Marker Indicators.



Lights on the instrument panel illuminate when the aircraft passes



within the marker signals, and audio notes can be heard. Passing the outer marker, the pilot sees a blue light and hears a series of low pitched dashes (2 per second at 400 Hz). Passing the middle marker, amber light illuminates, and the audio signal sounds dots and dashes (at 1300 Hz). Passing the inner marker, if installed, a white light illuminates and a series of high pitched dots can be heard (6 per second at 3000 Hz).



20.



Aerials.



Being in the VHF band, the localiser signals are often received by whip antennas



on either side of the tail, which may also be used for VOR signal reception. The UHF glide slope signals can be received by slot antennas in the wing leading edge. The lower frequency marker signals require a larger antenna, which is usually mounted below the fuselage.



21.



Control Unit.



A standard communications / navigation box is often fitted in light aircraft.



When selected to an ILS frequency, it allows ILS information to be automatically displayed on the flight instruments.



Use of the ILS



22.



The pilot should first tune the required ILS localiser frequency and identify the station from the



audio signal. The course pointer or OBS should be set to the localiser centreline magnetic track as published, although some displays may not require this. The localiser signal will then give an indication of the aircraft's position in relation to the runway centreline extended at either end, but no
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other information. Some other aid is normally required to position the aircraft in a suitable position to make its approach. However, if the track to the aerodrome is known to be within 1800, it is possible to use the lLS indications themselves for an approach, although in a rather inefficient manner.



23.



Initial Approach.



If the rough track to the aerodrome is known, the pilot can intercept the



localiser some distance along it, in a similar fashion to a VOR radial intercept. The sequence of markers will confirm the position of the airfield, and, after a procedure turn back along the localiser, the aircraft can descend safely outbound along the localiser in the reverse direction. On a simple display, the localiser signals will provide reverse directions at this stage. A further procedure turn after the outer marker can bring the aircraft back on to the localiser beam, where glideslope information may be followed as described below.



24.



Such an approach procedure would be time and airspace consuming. Much more commonly,



a pilot will use another aid, often an NDB on the airfield or under the approach path, to bring the aircraft directly to a safe area. There it can be descended to a safe altitude during a published procedure leading the aircraft towards the localiser centreline.



25.



Final Approach.



Once on the localiser beam, and tracking towards the runway using a



suitable heading compensated for drift, the aircraft must fly towards the glideslope from below. The outer marker will confirm the aircraft's position close to the descent point. When the glideslope pointer indicates that the aircraft is on the slope, the pilot adjusts power or configuration to maintain a suitable rate of descent to keep him on the slope. The rate of descent depends on the aircraft's airspeed, the glideslope angle, and the wind component.



26.



The rate of descent required can be calculated by a formula using the 1 in 60 rule. At 1 nm,



each degree subtends 6080 / 60 feet i.e. approximately 100’. For a xo glideslope, the height per nm will be x X 100 feet. Thus for a 3° slope, the aircraft must descend 300 ft every mile. For a 2.5° slope, the descent rate must be 250 ft per mile, and similarly for a 4° slope, 400 ft every mile.



27.



By multiplying the descent per nm by the groundspeed in miles per minute, a datum rate of



descent can be calculated. ROD in feet per min = Glideslope angle X 100 X Ground speed in nm per min.



(8.1)



For example, for an aircraft travelling at 140 kts TAS with a 20 kt headwind (120 kt groundspeed, or 2 miles per minute), to follow a 3° slope the pilot should adopt a rate of descent of 3 X 100 X 2 = 600 ft/min. (For 3° slopes only, you may notice that a simple way of achieving the answer is to multiply the groundspeed by 5.)



28.



As the aircraft descends, the pilot must adjust heading and rate of descent to maintain the



centreline and glideslope pointers in the centre. During the descent, the wind will vary, and gusts will
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affect the flight path. Adjustments must be made to take account of this. Because the instrument indicates angular displacement, as the aircraft approaches the threshold the pointers appear much more sensitive, and smaller corrections are needed for the same needle deflection.



29.



With ILS, the aircraft height, the ground distance to go and the glideslope angle make a right-



angled triangle. Consequently, if two of the above factors are known, the third one can be calculated. In the absence of tables, and in any case for the practical usage, the 1 in 60 rule may be used to solve the problems.



30.



Pilot Monitoring.



A pilot should not rely implicitly on any navigation aid. During the final



approach, he should check that his height above touchdown at known ranges is that which he expects. For a 3° approach, the aircraft at four miles from touchdown should be at a height of 1200 ft above touchdown, and most approach 'plates' will publish the expected heights or altitudes when passing the markers or whole miles of DME ranges. To calculate the expected height at a certain range from the runway threshold. it must be remembered that the ILS reference point is 50 ft above that threshold, so that 50 ft should be added.



31.



Back Beam Approaches.



The shape of the localiser emission pattern provides information



along the runway centreIine in both directions. It is possible to follow the localiser beam towards the runway reciprocal to the runway along which the ILS is positioned, and some procedures employ this. On a simple display, the directions have to be followed in reverse, although flight directors may have a switch which allows normal indications on back beam approaches (or outbound along the localiser). Back beam approaches are non-precision.



Operational Categories



32.



ICAO categorises ILS equipment and procedures. The definitions in ICAO Annex 10 of operational categories of ILS systems are as follows: (a)



Cat I.



An ILS which provides guidance from the coverage limit to the point at which



the localiser course line intersects the glide path at a height of 60 m or less above the horizontal plane containing the threshold.



(b)



Cat II.



An ILS which provides guidance from the coverage limit to the point at which



the localiser course line intersects the glide path at a height of 15 m or less above the horizontal plane containing the threshold.



(c)



Cat III.



An ILS which, with the aid of ancillary equipment where necessary, provides



guidance from the coverage limit to, and along, the surface of the runway.



33.



It may be convenient to think of the categories as:
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(a)



I



Allowing a manual approach to a decision height for visual landing.



(b)



II



Allowing an autopilot approach with manual visual landing.



(c)



III



Allowing automatic landings only.



(d)



IlI a



Giving no directions on the runway itself.



(e)



III b



Requiring visual monitoring of the direction on the runway.



(f)



III c



Allowing the aircraft to stop using the ILS signals.



Possible Problems



34.



False Glideslope.



Because of the emission pattern of the glideslope antenna, the 150 Hz



signal will be received above the intended glideslope. This will give false, indeed reverse, indications, and will occur at an angle of twice the nominal angle, for example at 6° for a 3° standard glideslope. To prevent the possibility of following the false glideslope, aircraft must always approach the glideslope



from



procedures



are



below, designed



and to



achieve this. Pilots should also be aware



of



movement



the of



direction the



of



glideslope



needle before they use it.



35.



Fig 8-7: False Glidepath



Signal Reflection (Beam Bending).



The localiser signal will diffract (bend) around many



obstructions, although reflections can affect the relative strength of the modulated signals. At close range (below Cat I decision heights), such effects from aircraft or vehicles close to the localiser beam, for example at the holding point next to the threshold, can cause an apparent 'bending' of the localiser beam. Aerodrome operators attempt to minimise this by providing a separate holding point while Cat II or III operations are in force.



Limitations



36.



System limitations.



ICAO lays down a volume of airspace within which the system must



provide accurate indications. Although correct indications will be received in other places, aircraft should not use the system outside that volume, as described in the subsequent paragraphs.



37.



The localiser beam must be accurate from airfield level up to a vertical angle of 70, within +100



of the centreline out to 25 nm from the intended point of touchdown. It must be accurate within +350 of the centreline out to 17 nm, as shown in plan view in Fig 8-8. This may not always be practical, in which case the systems are designated 'steep'. For these systems, the horizontal angle must be +100 out to 18 nm, and +350 out to 10 nm.
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The glidepath signal must be accurate over



a vertical angle of between 45% and 175% of the ideal approach slope (for a 30 glideslope that means from 1.350 up to 5.250) out to 10 nm and within a horizontal angle of +80 of the centreline, as shown in Fig 8-9.



39.



Markers must retain their emission pattern



shape up to a height of 3000’ above the airfield level. In fact, all measurements are made from the 'reference point' which is the point in space above the runway threshold where an aircraft's wheels are intended



to



pass.



DMEs



paired



with



ILS



Fig 8-8: Standard Localizer Beam ‘Footprint’



installations are protected from interference from other DMEs only within the 'footprint' or area of accurate localiser signals, up to a height of 25000’.



40.



Operating Limitations.



Pilots must not



rely on an ILS system outside the ICAO 'cleared volumes'. Nor should they use the system outside aerodrome operating hours. In addition, they must not commence descent on the glideslope unless they are within 2.50 of the localiser and established on it. If, having commenced descent on the glideslope, the indication reaches half of its full 'fly



Fig 8-9: Glidepath Beam ‘Footprint’



up' indication, regulations require that the crew carry out a go-around immediately.



41.



If the ILS is unserviceable or undergoing maintenance, the identification modulation will be



removed or replaced by a continuous tone. In these circumstances, the ILS must not be used. For that reason, it is advisable to continuously monitor the identification signal during the approach.



En-Route Markers



42.



Marker beacons are sometimes used along airways. These transmit an uninterrupted



horizontally polarised 3000 Hz signal on 75 MHz, and are received on ILS equipment as a constant audio note and steady white light. This is often the same light that provides indication of the inner marker on an ILS approach. En-route markers may be modulated with dots and dashes for identification.
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43



Fan Marker.



Fan markers transmit a narrow vertical fan-shaped beam, ideally in the form of



a 'rectangular parallelpiped', or tube with a constant rectangular cross-section, of horizontally polarized radiation. All markers operate on a single frequency, 75 MHz. Because of the shape of the transmission, they cannot be heard unless the aircraft is in the fan, and therefore, they cannot be used as directional aids. Fan markers have two main uses viz. they are used to mark reporting points and they are also used in conjunction with ILS to provide a precision approach facility.



44.



At a reporting point, a fan marker is identified by a high-pitched (3000 Hz) audio signal giving



out identification in morse, 6 to 10 words per minute A2A emission. Further the white light in the airborne installation flashes to identify visually. The vertical coverage of the fan is limited to the operational requirements. There are low power fan marker beacons and high power beacons. Because in the horizontal plane the area of coverage increases with height, if accurate navigation is required, the time of entering and leaving the fan should be noted and the mean time taken for the fix. On some equipment a high / low switch is fitted which may be used to reduce the coverage area inside the fan.



45.



Z marker.



Some en-route markers transmit signals vertically upwards in the form of cylinder



with a circular cross-section. These are called 'Z markers'.



MICROWAVE LANDING SYSTEM



Introduction



46.



As seen in the paragraph 36, an ILS suffers from major problems in avoiding multipath errors



from its site position. An ILS installation on many aerodromes cannot be sited free enough of surrounding terrain or buildings to allow even Cat I approaches, let alone the Cat III approaches they desire. There are also other problems like the limited number of channels available and the restriction on approach paths which force aircraft with different performances to queue up to use it. There were also problems with ILS signals in precipitation, especially snow.



47.



In 1972 ICAO published an operational requirement for a new type of non-visual approach



and landing guidance system. This was to use a method called 'Time Referenced Scanning Beam’ (TRSB) in the SHF band. Signals at these frequencies are commonly called 'microwaves', so the system became known as the microwave landing system or MLS.



Time Referenced Scanning Beams



48.



Basic Principle.



The idea is for a ground station to sweep a narrow fan-shaped beam at a



very accurate constant speed from one side of a sector to the other, then back again after a specific time interval (the 'guard time'). The signal will be received twice at the airborne equipment, and the
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time between each signal (less



the



guard



time)



relates to the angle from the reference line, which is the position of the beam when it starts its sweep. This can be seen in Fig 8-10. One fanshaped



beam



sweeps



horizontally to provide a position line in azimuth. At a different time, a horizontally orientated fan sweeps up and down in a similar fashion to give a



Fig 8-10: TRSB Principle



position line in elevation. The angle of approach is now known in both azimuth and elevation, and can be displayed in a similar fashion to that of ILS. The third part of the system consists of an accurate DME (precision DME or DME/P) signal to show the aircraft's position in range from the station. The aircraft's position can thus be determined in three dimensions. An aerial which transmits the beam scanning in the vertical plane is given in Fig 8-11.



Multiplexing



49.



Technology allows every piece of information



from each of the azimuth and elevation beams to be



Fig 8-11: MLS Aerial Transmitting Vertical Scanning Beam



obtained from signals on the same frequency. Each piece of information requires a very short time to obtain it. After one piece has been received it is used and stored until it is replaced. Meanwhile, another piece of information can be received, and again used and stored, then another. The total time taken to receive every piece of information required for the MLS system to function in this fashion is about 84 milliseconds. This is divided into specific periods or bands in which the individual pieces of information are transmitted (and received). This is called multiplexing.



50.



In addition to guidance information, auxiliary information is also sent during the multiplex



transmission. This includes the station identification, safety information such as the minimum safe glideslope angle, and more sophisticated information such as system condition, weather and runway conditions which can be displayed on modern cockpit displays if fitted. Every piece of information
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includes a 'preamble' to synchronise and prepare the relevant part of the airborne equipment for the following 'function transmission' which contains the actual information signal, for example the beam sweep.



51.



Beams can also scan in the opposite direction, away from the approach path, to provide



guidance to aircraft in the missed approach segment. These are also useful on climb out after takeoff. There are also test pulses, to check the serviceability of the system, and indicator pulses to give general guidance in the area between the approach and missed approach segments to guide the aircraft into the approach segment. Other signals may be transmitted to give guidance at the flare on touchdown for Category III approaches. The time is not equally divided. Three elevation signals are received for every azimuth signal. This indicates the greater danger of a rapid change in elevation angle compared with a change in azimuth angle. There are 40.5 elevation scans every second, and 13.5 azimuth scans.



Frequencies.



52.



There are 200 allocated channels, spaced 300 kHz apart in the band



between 5031.00 and 5090.70 MHz. Each station uses one channel for all its transmissions except the DME/P, which uses similar frequencies to a normal DME. The DME/P frequencies are automatically selected.



Azimuth Coverage.



53.



In the approach segment, the horizontal area scanned by the guidance



beams is +40° of the centreline, out to 22.5 nm from the station, although proportional guidance may be restricted to within 10° of the centreline. Vertically, the beams



give



guidance



between 0.9° and 20° above the horizontal, up to 20000 ft,



although



again



proportional guidance may be restricted to a maximum elevation of 7.5°. There is a region over the runway in which coverage is provided from 8 ft up to 2000 ft and



Fig 8-12: MLS Azimuth Guidance Horizontal Coverage



out to 150 m either side of the centreline. The missed approach segment is 20° either side of the centre line, and



from



0.9°



to



15°



vertically, out to 10 nm from the station and up to 10000’.



Fig 8-13: MLS Azimuth Guidance Vertical Coverage
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A horizontal representation of the azimuth guidance coverage is at Fig 8-12, and a vertical representation at Fig 8-13.



54.



Elevation Guidance Coverage.



The



specification for elevation coverage is slightly different. It only covers the approach sector, out to at least 20 nm, and within a horizontal angle which at least corresponds to that within which the azimuth proportional guidance is available. In elevation, the minimum coverage is from 0.9° to 7.5° above the horizontal, although it is recommended that it cover the whole of the azimuth approach sector. Representations of the coverage are at Fig 8-14 and Fig 8-15.



55.



DME/P.



Fig 8-14: MLS Elevation Beam Horizontal Coverage



Like the DME stations used



for ILS ranges, the DME/P is electronically adjusted to give ranges from touchdown. Correct indications are available within the coverage of the guidance beams in the approach sector.



Fig 8-15: MLS Elevation Beam Vertical Coverage



Use of MLS



56.



Approaches.



The aim of the system is to allow aircraft to make approaches from whichever



direction they may be coming towards the runway, with guidance down an accurate path to a decision height or to a position from where an automatic landing can be made. The circling approach requires a computer, or central processing unit (CPU) which can compute a safe three-dimensional approach path and compare the aircraft's actual path with the pre-computed one.



57.



Aircraft without such a sophisticated CPU can still use the equipment, but only on the



'segmented' approaches. If the DME/P is not available, approaches can still be made, but only on a straight, ILS type, approach.



58.



Accuracy.



ICAO Annex 10 lays down the accuracy which must be achieved by a MLS



system. Every requirement must be met at least 95% of the time. The most important requirement must be met at the MLS approach reference point, which like the ILS reference point is 50 ft above the point where the runway centreline intersects the threshold. Azimuth accuracy must be within 20 ft, elevation accuracy within 2 ft.



59.



Monitoring.



Each ground station monitors its output, and switches off the signal if any of
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the following takes place: (a)



Transmitter power reduces below minimums.



(b)



An error in the preamble transmissions.



(c)



If the permissible accuracy at the reference point is exceeded for more than



one second. (d)



60.



Errors.



The time synchronisation of the signals fails.



MLS is not immune from interference from vehicles or aircraft near the transmitter.



Multipath errors are still present. However, the interference from nearby fixed objects can be reduced by interrupting the scanning beam as it passes through such obstacles. At long ranges, the signal will have bent slightly so that the interruption is not noticed, and at short ranges the aircraft will not be in that part of the beam.



Airborne Equipment



61.



Despite being mandated by ICAO, MLS has not been universally accepted as an ILS



replacement. DGPS has been put forward as an alternative, and MLS development was discouraged. Such uncertainty has led to manufacturers producing receivers which can accept signals from both new systems and display them. In fact, in order to minimise weight and space requirements during the transition from ILS to the new system, the receivers include the facility to receive and display ILS signals also. These are 'multi-mode' receivers.



62.



Computer and microengineering technology allows inputs from each of the systems' aerials to



be individually processed in modules within the same 'box' fitted to the aircraft. The various modules can then be selected for further processing within a main processor, and displayed on either a CDI, HSI or EFIS. Monitoring of the various signals can be carried out within the different modules, and failure indications displayed as necessary.



Advantages of MLS over ILS



63.



The advantages of MLS over ILS are: (a)



The primary advantage is the freedom from siting errors. Large objects do not create



multipath errors.



(b)



MLS allows a variety of approaches, from many directions, including curved



approaches, and a variety of possible glideslopes to cater for each aircraft's ideal performance.



(c)



Aircraft can approach from different directions, rather than having to fly to a position
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on the extended centreline of the runway in use. This expedites traffic flow in terminal areas.



(d)



The different possible approach directions allow aircraft to effectively overtake as they



descend, increasing the number of aircraft which can approach at one time and increasing the capacity.



(e)



Guidance is more accurate with MLS than ILS.
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CHAPTER 9



BASICS OF RADAR Introduction 1.



The acronym RADAR comes from 'RAdio Detection And Ranging', which suggests its military



origins, but also gives an insight into the original theory. As you know a radio wave can be reflected by objects, just as visible light waves can be reflected. Some of the waves will be reflected directly back towards the transmitter. A sensitive receiver tuned to the transmitted frequency can detect the reflected waves, and therefore the object reflecting them. Because the electromagnetic waves travel at a virtually constant speed through a particular medium, such as air, the time from transmission to reception is proportional to the distance the signal has travelled and therefore the range of the object from the transmitter. This was the earliest form of radar use. Today the meaning of radar has been extended to include a much wider variety of techniques in which electromagnetic waves are employed for the purpose of obtaining information relating to distant objects. It includes not only active systems, in which the energy originates from the radar system itself, but also semi-active systems, in which the energy originates from some other source, and passive systems in which the receiver receives energy originating from the target itself.



Working of Radar 2.



Radar determines the distance to a target by measuring the time taken for the signal to travel



to the target and back. The direction, or angular position, of the target may be determined from the direction of arrival of the reflected wave. If relative motion exists between target and radar, the shift in the carrier frequency of the reflected wave (Doppler Effect) is a measure of the target's relative (radial) velocity and may be used to distinguish moving targets from stationary objects. In radars which continuously track the movement of a target, a continuous indication of the rate of change of the target position is also available. 3.



4.



To summarize, the information that can be derived by a radar system consists mainly of: (a)



Range



by echo principle.



(b)



Radial velocity



by measuring Doppler shift.



(c)



Angular position



by search light principle.



(d)



Target identity



by using secondary radar



In order to derive the above mentioned information, the radar systems work by a variety of



techniques. Two such techniques that interest us are the pulse technique and the continuous wave technique. Of these two the pulse technique is far more widely used and we will discuss this first.
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PULSE TECHNIQUE 5.



Primary radar, Secondary radar



and Doppler radar all employ the pulse technique although performing vastly different tasks. The technique involves transmission of energy, not in the form of a continuous wave but, in very short bursts. Each tiny burst of this CW is given



a



predetermined



shape



and



radiates in the form of a pulse. The mechanism of pulse transmission is shown in Fig 9-1. The duration or size of the pulse is called the ‘pulse width’ or ‘pulse length’. Although the pulse width is



Fig 9-1: Pulse Transmission



very small it can contain many radio frequency cycles. For example, if a radar pulse is transmitted on a carrier frequency of 1,000 MHz (DME) and its pulse length is 3.5 µs, then the number of cycles of the carrier frequency that occur in each transmitted pulse may be calculated as follows: Number of cycles occurring in 1 second



=



1000000000



Number of cycles occurring in 1 µs



=



1000



And, number of cycles occurring in 3.5 µs



=



1000 X 3.5



=



3500.



Thus, each burst contains 3,500 complete cycles and if the transmission was at 10,000 MHz, each pulse would contain 35,000 cycles. These figures give us some idea of the dimensions and magnitudes we are talking about. 6.



Pulse Shape.



A pulse is



given its shape by the process of pulse modulation and it is a design



consideration.



rectangular produced



pulses by



Although can



be



applying



an



instantaneous rise in the voltage, followed



by



an



instantaneous



collapse to zero, a practical pulse has a finite build-up time and decay time. The amplitude, pulse width, rise and decay times (all



Fig 9-2: Pulse Shape



these factors defining pulse) are subject to ICAO approval in respect of individual systems. A typical ICAO approved pulse as used in DME is shown in Fig 9-2.
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Terminology 7.



A representation of pulse transmission is shown in Fig 9-2 and the terminology used is as



follows: (a)



Pulse Width.



The length of time that a radar pulse is transmitted is called the pulse



width. It is usually measured in microseconds. (b)



Pulse Length.



The length in metres occupied in space by a transmitted pulse. The



expression is also sometimes used as an alternative to 'pulse width' and measured in microseconds. (c)



Pulse Repetition Interval (PRI).



The time between the start of consecutive radar



pulses is called the pulse repetition interval, or pulse repetition period (PRP). Again this is usually measured in microseconds. (d)



Pulse Repetition Frequency (PRF).



The number of pulses per second (PPS) is



called the pulse repetition frequency, or sometimes the 'pulse rate'. Mathematically one second divided by the PRI equals the PRF, so they can be regarded as the reciprocal of each other. PRP



(e)



=



Scan Rate.



1 PRF



seconds



(9.1)



The beam from a rotating antenna will illuminate a target each time it



rotates, so its scan frequency is the same as the number of antenna rotations in a given time, usually every minute. This is often referred to as the 'antenna rpm'. (f)



The shaped



Beam Width.



antenna (like a parabolic antenna) produces a polar diagram in a particular direction, whose ideal pattern is shown in Fig 9-4. The maximum strength is in the direction the antenna is pointing, and the 'beam width' is measured as the angle between the two points where the



signal



maximum.



strength A



wide



is



half



that



antenna shape



produces a narrow beamwidth in that direction, so the aerial at Fig 9-3 would have a narrow beamwidth in the



Fig 9-3: Parabolic Antenna and its Ideal Polar Diagram
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horizontal plane and a broader beam width in the vertical plane. This idealised pattern practically does not exist, however. The pattern has 'side lobes' of energy which alter the polar diagram.



Elementary Pulse Radar System 8.



An elementary form of pulse radar consists of a transmitting aerial emitting electromagnetic



radiation generated by a high frequency oscillator, a receiving aerial, and an energy detecting device or receiver. The transmitting aerial transmits a train of beamed pulses either in a fixed direction or omnidirectionally by a rotating scan in azimuth (surveillance radar). The beam may also scan in elevation according to the purpose of the equipment. All objects in the path of the pulses, which are of a size commensurate with the wavelength, will reflect and scatter the energy. Some of this reflected energy will reach the receiver, but it will be greatly weakened. The maximum ranges of the primary radar are dependent upon the strength of these echoes (discussed in Para 17). This reflected energy will be processed through the receiver and fed to the indicator in an appropriate form to give the information. In this process the object’s co-operation is not required. 9.



Distance Measurement,



Radar finds the distance of an object by employing the Echo



principle. Under this principle the interval between the pulse’s despatch and its return as an echo is timed. This timing is done electronically and knowing the speed of the electromagnetic waves, the formula, distance = speed X time, can be solved. It will be noticed that the distance found in this formula is the one way distance to an object. As the pulse has travelled out and back, the distance of the object is half the distance so found, or, distance = (speed X time) / 2. It must be appreciated that where timing is required to be carried out for radar operation, these times must be essentially very small, considering that a radio wave travels 300,000 kilometres in one second. The radar equipment is capable of measuring these small time intervals very accurately. The times are measured in microseconds, occasionally in milliseconds. 1 second = 1000 milliseconds or 1,000,000 microseconds (µs) 10.



In implementing the above principle, two assumptions are made i.e. the speed of



electromagnetic waves is constant and that the waves travel in straight lines. Neither assumption is valid in the earth’s environment but the variations are so small that they can be ignored without incurring sizeable penalty. 11.



Determination of Direction.



By sending a narrow and directional beam of waves it



becomes easy to determine whether the reflecting object (target) is contained in the beam. The beam width should be kept as narrow as possible for accurate bearing discrimination. Narrow beams can be produced either by shortening the wavelength or by increasing the aerial size. With advanced techniques an aerial can be adjusted electronically to give a beam of the required width. The beam is made to scan through azimuth or elevation, starting from a fixed datum point. The direction of the
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object then is the direction in which the beam is pointing at the time when the echo is received. It is read from a scale, calibrated from the starting point. Because the transmitter only sends short pulses, and then the equipment has to wait for the reply, the same antenna could be used as a receiver, saving materials, weight and cost.



Radar Parameters 12.



The factor which affects the maximum unambiguous



Maximum Unambiguous Range.



range of a radar set is the PRI. Each pulse must be given time to travel out to the most distant reflecting object as planned, and return, before the next pulse goes out, otherwise it will not be possible to relate a particular echo to a particular pulse. This maximum unambiguous range can be calculated theoretically by using the formula



R = (C X PRI) / 2, where R is the maximum range, and



C is the speed of radio waves in air, usually accepted as 3 x 108 m/ s. (The result includes division by 2 because the signal must travel out and back before it is received.) The formula can also be written in its more common form of: R



13.



=



___C___ 2 X PRF



Minimum Range.



(9.2)



While the transmitter is operating, the antenna cannot receive a reflected



signal. The time for the transmission is the pulse width, hence the minimum theoretical range can be calculated using the formula: r



=



_C_ PW



where r PW



is the minimum range is the pulse width in seconds.



This is more easily calculated as r = 150/ PW where PW is the pulse width in microseconds, the common unit. The minimum theoretical range is simply half that pulse length in distance units. Thus, if short range operation is required, for resolution and accuracy short pulses are employed, e.g. 0.1 microseconds. Larger pulses are generally employed on long range work as they carry relatively more energy in them. In practice, 1 or 2 microsecond pulses are used in medium range radar and about 5 microsecond ones for long range work. 14.



Range Discrimination.



Where more than one target is illuminated by a particular



transmitted wave, the targets will merge if the reflection from the closer target is still being received at the antenna when the reflection from the further target arrives. In other words, if the targets are closer together than the minimum theoretical range calculated as above, there will be no discrimination between the targets and confusion may result. 15.



Angular Discrimination.



The same theory applies to angular separation between two



targets. As the antenna rotates, if two targets are being reflected by the same beam the receiver
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cannot discriminate between them.



Discrimination



is



possible if the targets are further apart than the beam width,



so



(azimuth)



the



angular



Fig 9-4: Azimuth Discrimination



discrimination



equals the beam width. The actual distance can be calculated mathematically, or in practice by the 1 in 60 rule. Fig 9-4 shows an example of azimuth discrimination between two targets approaching the radar antenna. 16.



Power Available.



The power of the signal generated at the transmitter is directed by the



antenna, so the beam width is a factor in the strength of the signal reaching the target and therefore reflected. A narrow beam width gives more power, so the power is inversely proportional to the beam width (in both directions, vertical and horizontal). The pulse width is another factor, because the longer the energy generated at the transmitter that can be transmitted, the more is available for reflection. The reflected power is therefore directly proportional to the pulse width. 17.



Range of Primary Radar. (a)



The range of primary radar depends on the following factors: It is obvious that an increase in power will increase the



Transmission Power.



range. However, with radar, the signal not only has to travel to its destination (reflecting object) but must travel an equal distance back to the receiver with sufficient strength to predominate the internal receiver noise. Thus, the power / range relationship for primary radar is given in the expression: Maximum range R



α



4



√power



(9.4)



This means that the power must be increased 16 times to double the range. (b)



Characteristics of the Reflecting Object.



The factors which determine the



strength of the echoes coming back are size and shape of the object, the reflecting material (metal will reflect more efficiently than wood) and aspect of the target. An aircraft reflecting from the length of the fuselage will give a better echo than when its nose and tail are in line with the incoming wave. Further, an aircraft in an unusual attitude may shift polarisation of the waves, causing polarisation fading at the receiver. (c)



Aircraft Height.



Radar waves in the frequency bands we are discussing travel in



straight lines. Because of the curvature of the earth, a considerable proportion of the surface will remain in the shadow no matter what maximum range is possible at height. The VHF range equation (2.2) gives an approximation of the expected ranges for given heights.
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Elevation of Radar Head.
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As you will recall, this is another factor in the VHF



formula. (e)



Precipitation and Cloud Returns.



At wavelengths of 3 cm and below one cannot



neglect the absorption and scattering of radiation by droplets of water in clouds and falling precipitation. Cloud returns can have a most damaging effect on the performance of 10 cm and 3 cm radars and the scatter from rain drops and other weather can clutter up the display areas. Various suppression devices (e.g., circular polarisation having a rotating electric and magnetic fields) are employed to reduce rain clutter, but most work at the expense of power or range. (f)



Intervening High Ground.



If there is no clear line of sight between the transmitter



and the target, radar signals will be stopped by the intervening object and that will limit the effective range in that particular direction. (g)



PRF and Pulse Width.



Pulse Recurrence Frequency determines the maximum



unambiguous range while the pulse width governs the minimum range of the equipment. (h)



Other factors, such as receiver sensitivity, bandwidth used, aerial gain in the direction



of propagation etc. also affect the range but these are mainly equipment design considerations.



Operating Frequency Band and Radar Performance 18.



The following factors of radar performance are directly affected by the operating frequency



band of the radar: (a)



Resolution.



The ability of radar to resolve detail in angle, range or velocity is



directly related to transmission frequency. With increasing frequency the beamwidth for a given physical aerial size can be made narrower, pulse lengths may be shorter and the Doppler frequency shift for a given target velocity becomes greater. For these reasons the inherent resolving power of radar improves in all dimensions with increasing frequency. (b)



Size and Weight.



The physical dimensions of radar components, e.g. power



oscillators, waveguides, aerials, etc. are fundamentally related to the transmission wavelength. Size and weight of equipment therefore reduces with increasing frequency and it is mainly for this reason that airborne systems usually operate at L band frequencies and above.
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(c)



Power Handling Capacity.



The power handling capacity, and hence performance,



of a radar system is mainly limited by the physical dimensions of its power oscillator and waveguides, the capacity being reduced with increased frequency. (d)



Propagational Aspects.



transmission frequency.



A number of propagational aspects are affected by the



Above 10,000 MHz (3 cm wavelength) attenuation due to both



atmospheric gases and rain begins to be significant and above 35,000 MHz it is prohibitively high for most purposes. Susceptibility to unwanted clutter is another aspect which tends to get worse as frequency rises. Finally, the uniformity with which power is distributed in the vertical plane by ground radar is strongly dependent on frequency because the number of wavelengths in the height of the aerial determines the number of interference lobes generated by ground reflection. At metric wavelengths large gaps in vertical cover may be unavoidable owing to the small number of lobes.



Radar Band



Wavelength



C



C 50 – 25 cm



E/F



E / F 10 cm



I/J



I / J 3 cm



K



K 1 cm



Resolution and Precision Increases



Equipment and Weight Reduces



Power and Operating Range Reduce



Interference Increases



Fig 9-5: Radar Band Characteristics. 19.



can therefore be summarised that radar operates at higher frequencies, normally VHF



upwards. Modern radar systems operate usually between about 200 and 35,000 MHz, i.e. wavelengths between 1.5 metres and rather less than one centimetre. Higher frequency gives freedom from external noise and ionospheric scatter, narrower beams results, shorter pulses can be produced and since the efficiency of reflection from an object depends on the size of the object in relation to the wavelength, shorter wavelength signals will be reflected more efficiently by the reflecting objects. Fig 9-5 gives the system of frequency classification used by the NATO Forces and summarizes the effect of operating frequency on the characteristics of radar systems.



Design Parameters of Radar Systems 20.



The use to which a particular radar is to be put determines the design parameters of its



transmitter and antenna. As already stated, the size of the target often determines the signal frequency. For example, a weather radar requires a wavelength of about 3 cm to reflect large raindrops while ignoring small ones, hence a frequency of about 10 GHz. Similar but usually slightly
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longer wavelengths (to avoid saturation by rain returns) at corresponding frequencies can resolve detail from larger objects, such as shapes of aircraft on an airfield ground movement radar. 21.



If maximum range is required, the power must be concentrated with a long pulse width (which



has the disadvantage of reducing range resolution) and narrow beam width. The PRI must also be long, which coupled with the narrow beam width requires a low rotation frequency (slow sweep) which has the disadvantage of leaving a long gap between illuminations (lower update rate). Radar such as ground movement radar on an airfield does not require a long maximum range, but does require a very short minimum range. Hence such a radar will be designed with a short pulse width, and the short maximum range required will allow a short PRI and hence a rapid rotation frequency.



Aerial Parameters 22.



The function of radar aerial during transmission is to concentrate the radiated energy into a



shaped beam which points in the desired direction in space. On reception, the aerial collects the energy contained in the echo signal and delivers it to the receiver. Thus, in general, the radar aerial is called upon to fulfil reciprocal but related roles. The two terms that are used to represent the antenna characteristics are: (a)



Transmitting Gain (G).



In a transmitting antenna, gain is the ratio of the field



strength produced at a point along the line of maximum radiation by a given power radiated from the antenna, to that produced at the same point by the same power from an omnidirectional antenna. (b)



Effective Receiving Aperture (A).



The large apertures required for long range



detection result in narrow beamwidths, one of the prime characteristics of radar. Narrow beamwidths are important if accurate angular measurements are to be made or if targets close to one another are to be resolved. The advantage of microwave frequencies for radar application is that with apertures of relatively small physical size, but large in terms of wavelength, narrow beamwidths can be obtained conveniently. The two parameters are proportional to one another.



An aerial with a large effective receiving



aperture implies a large transmitting gain.



Displays 23.



Once the radar echo signal has been processed by the receiver the resulting information is



presented on a visual display, in a suitable form, for operator interpretation and action. When the display is connected directly to the video output of the receiver, the information displayed is called ‘Raw Video’. This is the "traditional" type of radar presentation. When the receiver video is first



 106



FIS Book 2: Avionics



processed by an automatic detector or automatic detection and tracking processor (ADT), the output displayed is sometimes called ‘Synthetic Video’. 24.



The cathode-ray tube (CRT) has been almost universally used as the radar display. There



are two basic cathode ray displays: (a)



Deflection Modulated.



On these types of displays the target is indicated by the



deflection of the electron beam. In this a basic reflected radar signal can be displayed on a screen with a phosphorescent (glowing) coating. The width of the screen represents the distance out to which the operator wishes to detect a target. A stream of electrons pointing at the screen is made to move in a straight line along it at a speed proportional to the speed of radio waves across that distance. It therefore simulates the pulse of radar energy transmitted outwards. After reaching the end of that distance (the maximum range), the electron stream is brought back to the beginning again for the next pulse (fly-back). A reflected signal from a target is engineered to make a mark on this time base by deflecting the electron beam at 90° to it, and an operator can see the target's range by comparing it with fixed marks representing ranges from the transmitter. An example of this is the K-scope shown in Fig 9-6 a.



(a)



(b)



Fig 9-6: CRT Displays Using Different Types of Beam Modulation (b)



Intensity Modulated.



On these types of displays the target is indicated by



intensifying the electron beam and presenting a luminous spot on the face of the CRT. An example of this is the plan position indicator (PPI) shown in Fig 9-6b. In this the antenna can be moved horizontally, in a circular 'sweep'. As the antenna rotates slowly, the beam of radiation also rotates. While the target is being 'illuminated' by the beam, the reflection will be received. There are many pulses sent during the period when the target is being illuminated, and each reflected signal will be received at the same time after each transmission. The display for the radar operator is usually a cathode ray tube. The time base rotates around the centre of the tube, and each received reflection 'paints' in the same position on the display, for as long as the signal is being reflected. When the reflection is no longer received, there is no
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more 'painting', and the target 'fades'. The fade is slow enough to show the target faintly long after the next sets of paints have arrived with the rotating time base. A moving target will leave a trail of these fading paints to indicate its past movement as well as its current position. A PPI can display many targets. 25.



There has been much interest in applying solid-state technology as a radar display to replace



the vacuum-tube CRT. Liquid crystal displays which can operate in high ambient lighting conditions are suitable for some special radar requirements. The plasma panel has applications as a bright radar display capable of incorporating alphanumeric labels. 26.



Sector Scanning.



A moving target will change its position between sweeps. If it is desired



to provide further information on the movement of a particular target, a separate antenna can be moved back and forth in a sector scan (reciprocating) so that the target is illuminated for a much longer period. If the scan is vertical, the display can measure height. Traditional height finding radars are directed towards their target by operators using a PPI display initially. Precision approach radars use the sector scanning technique with two antennas to monitor the target in both the horizontal and the vertical.



Advantages of Primary Radar 27.



Primary radar has the following advantages: (a)



It is a self-contained system, requiring no external assistance.



(b)



Peak power of the transmitter can be made very high owing to the relatively short



time of actual transmission. (c)



A common aerial may be used for both the transmission and the reception.



(d)



For a ground installation, sharp accurate narrow beams can be produced by



increasing the aerial size.



Secondary Radar 28.



In this system, a transmitter (called interrogator) transmits a group of pulses on a given carrier



frequency. The transmission is either omni-directional (DME) or directed towards an object (scanner sweep of SSR). An aerial in the path of these pulses receives the signals and passes them on to the receiver. If the signals are recognised at the receiver, it instructs its transmitter (called ‘transponder’) to give a reply. The reply then goes out on a different carrier frequency. 29.



The differences between primary and secondary radar are as follows: (a)



Unlike primary radar, the operation of secondary radar depends on the active co-



operation of the other object.



 108



FIS Book 2: Avionics



(b)



In secondary radar the information is exchanged in the form of groups of pulse and



not by individual pulses. (c)



A secondary radar system requires a transmitter and a receiver, both in the aircraft



and on the ground. 30.



Advantages of Secondary Radar.



There are various advantages of using secondary radar



over primary radar: (a)



An important advantage is the power requirement. With this type of radar it is possible



to work with much lower power. There are two reasons for it:



(b)



(i)



The signals are only doing a one-way journey, and



(ii)



There is no double scattering to combat, as with primary radar.



Because of the use of different frequencies, the ground transmitter will not pick up



ground reflections on transmission frequency. Similarly, the airborne transmitter will not pick up its own ground reflection. (c)



Interference through weather is reduced.



(d)



The system is independent of such considerations as reflecting area, shape, material,



etc. (e)



In addition to range and bearing, additional information can be transmitted in the form



of coded pulses. 31.



Uses of Secondary Radar.



Distance Measuring equipment (DME) works on the secondary



radar principle. The Air Traffic Control uses secondary surveillance radar (SSR) in a variety of ways. Both these systems are covered in later chapters.



Classification of Radar Systems 32.



The profusion of radar systems in use today necessitates a logical means of classification.



One method, which appears to have achieved general acceptance, is to classify a radar system according to four main characteristics, namely: (a)



Installation environment (ground, airborne, etc.).



(b)



Functional characteristics (search, track, etc.).



(c)



Transmission characteristics (pulse, CW, etc.).



(d)



Operating frequency band.
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33.



Basics of Radar



By this method an early warning radar might be classified as a ground search, pulse radar



operating in D-band, and an airborne interception radar as an airborne, search and track, pulseDoppler radar operating in I-band. Such statements provide a useful qualitative description of a radar system. 34.



Installation Environment.



The main types of radar installation are ground systems (static,



ground transportable and air transportable), airborne systems (aircraft, missile and satellite), and shipborne systems. 35.



Functional Characteristics.



Radar systems may perform either a single function or, as is



common in airborne applications, one of a number of functions. operational flexibility but some compromise is usually entailed.



Multimode radars can offer



Some important radar functions



include the following: (a)



Search and Detection.



The interrogation of a given volume of space for the



presence or absence of targets is one of the most important functions of radar. This is normally achieved by primary search radar which scans the volume to be searched by moving a concentrated beam of energy in a repeated pattern. The beam may either be fan shaped and scan in a single dimension, or it may be pencil-shaped and scan in two-dimensions. The time required to complete each scan cycle is dependent on the ratio of the solid angle searched to that of the radar beam, and to minimize this time it is sometimes necessary to sacrifice either coverage or the angular precision of the beam. (b)



Identification.



If the volume interrogated is likely to contain both friendly and hostile



targets, an important function of radar is the identification of friend or foe (IFF). This is normally achieved by secondary radar, in which transponding equipment carried in the friendly aircraft transmits in response to coded transmissions received from the interrogating radar. The interrogation may be performed either by the search radar or by a separate system. (c)



Tracking.



Numerous tactical situations require continuous target information for



display purposes, e.g. airborne interception, or for calculation of relative target motion or future position. Tracking radars which perform these functions must be capable of producing continuous outputs of the range and angular coordinates of the selected target and, in some cases, the rates of change of these parameters. (d)



Target Illumination.



Target illumination is the function performed by the active



element in semi-active radar. The illuminating radar must be capable of tracking the selected target whilst the passive receiver carried in the homing missile intercepts the radiated energy after reflection from the target. The information communicated to the missile consists of target direction only, but if the missile is roughly on the line between the illuminating radar and
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target, and can receive the energy directly as well as by reflection, its range to the target is approximately proportional to the difference in the times of arrival of the direct and reflected signals. (e)



Mapping.



Mapping by airborne radar has numerous military applications of which



navigation, bombing and reconnaissance are perhaps the most noteworthy. Other functions employing specialized mapping techniques are submarine detection, cloud warning and terrain avoidance. Mapping radars may employ either circular or sector scan. Alternatively, the aerial beams may be fixed in direction and scanned by the motion of the aircraft. Mapping is normally performed by active pulse radar but passive systems which intercept naturally radiated infra-red energy are also possible. (f)



Navigation. (i)



Numerous navigational functions may be performed by radar:



Mapping radars can provide fixing facilities and both cloud and terrain



warning. (ii)



Height can be measured by a radar altimeter.



(iii)



Secondary radar techniques are used in various forms of navigational



beacon, e.g. DME and TACAN. (iv) (g)



Ground speed and drift can be measured by means of Doppler radar.



Other Radar Functions.



This is by no means an exhaustive list of radar functions.



Among the less familiar secondary functions which may sometimes be incorporated in a radar system are:



36.



(i)



Passive operation for the detection and location of enemy radiation.



(ii)



Radiation of jamming signals.



(iii)



Use of the radar transmission as a carrier for communicating intelligence.



Transmission Characteristics.



The most fundamental basis for classifying a radar system



is provided by its transmission characteristics because on this depends the nature of the target information which the system is inherently capable of conveying. 37.



Radar classifications based on transmission characteristics are as follows: (a)



Pulse Radar.



In pulse radar the transmission is concentrated into very short pulses



which are separated by sufficiently long intervals to permit all echoes from targets, within the operating range, to be received from one pulse before transmission of the next. Targets are resolved in range by virtue of the different times of arrival of their echoes and the degree of resolution being determined by the length of the pulses.
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(b)



Moving Target Indication (MTI) Radar.



Basics of Radar



MTI radar employs a pulsed transmission



but, in addition to performing range resolution and measurement, it also discriminates between fixed and moving targets by its ability to recognize the existence or absence of Doppler shift in the echo signals. The fixed targets are suppressed and only moving targets displayed. (c)



Continuous Wave Radar.



In CW radar the transmitted and received signals are



continuous and targets are resolved in relative velocity by virtue of the differing frequencies in their echoes. As the transmission and reception both are taking place continuously, two aerials are used, one for transmission and one for reception. These aerials must be suitably screened from each other, otherwise, the receiving aerial will receive signals directly from the neighbouring transmitting aerial. The measurement of relative radial velocity is made by observing the magnitude of the Doppler shift (fd) in the echo signals, i.e. the difference in frequency between the transmitted and received signals. If the relative velocity is ± V and λ is the transmitted wavelength, then: v = λfd. The CW technique is eminently suitable for short range work. Unlike pulse radar where the minimum range is controlled by the pulse width, CW radar can work from zero range upwards. Speed detecting radar used by the police work on CW. In CW radar, the receiver operates on a frequency different from the transmission frequency, therefore it is fairly free from ground clutter and other permanent echoes. It has no minimum range limitations, in attitude or azimuth and the system is less complex than pulse radar systems. (d)



Frequency Modulated CW Radar.



FMCW radar employs a continuous



transmission in which the frequency is modulated.



In addition to performing velocity



resolution and measurement, the system has the ability to measure the range of a discrete target, but it cannot resolve a number of targets at differing ranges other than by virtue of their differing velocities or directions. The measurement of range is less precise than that of pulse radar at medium and long ranges, but can be more accurate at short range. In addition, FMCW can measure down to zero range, which is not possible with a pulse system. (e)



Pulse Doppler Radar.



Pulse Doppler radar employs a transmission in which, unlike



conventional pulse radar, there is continuity in the phase of the carrier from pulse to pulse. This property, called coherence, permits the Doppler shift in echoes to be measured and the system is thus able to resolve and measure both range and relative velocity. The avoidance of ambiguity in velocity measurement requires the pulse repetition frequency to be higher than in conventional pulse radar and, as a result, potential ambiguity is introduced into the measurement of range and range eclipsing may occur.



Nevertheless, sophisticated



processing techniques have meant that pulse Doppler radar is the most important and widely used type in airborne applications.
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Modern Radars 38.



Modern radars do not always require the antennas to rotate physically in order to sweep the



beam. A number of transmitting or receiving antennas within a large array can be electronically switched by a computer in such a way that the resultant beam direction changes as if the aerial was actually moving. Nor do modern radars require to display the actual received signals. It is usual for a computer to convert the received signals to digital inputs which can be processed before display on a computer monitor. 39.



Using special, very large aerials, the ground waves of medium frequency signals can be used



in extremely long range, 'over the horizon' radars. These are mainly used by the military, but their use by civilian air traffic controllers is quite feasible. In certain remote parts of the world, such as the north of Siberia, they may provide the best means of controlling air traffic safely.
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CHAPTER 10



GROUND RADAR SERVICES Introduction



1.



We have already looked at the basic radar theory. In this chapter we shall look at the ground



based primary radar equipment and procedures used by air traffic controllers in their job of providing assistance to pilots.



TYPES OF GROUND RADARS



Search Radars



2.



These are referred to by ICAO as 'primary surveillance radars' or PSRs. Enroute surveillance



radar (sometimes called RSR) normally requires a range of 200 nm or more and good range and azimuth resolution. Pulse widths have to be short, and beam width narrow, so that high transmitter power is available to provide a strong signal reflected from the target at the receiver. The frequencies tend to be around 400 MHz.



3.



Displays are PPI types. Long range search radars have a sweep rate of about once every 12



sec. Terminal Area Surveillance Radars (TAR), used for guidance close to aerodromes and with a range of about 25 nm, scan quicker, down to once every 3 sec. Controllers use search radars to give directions (radar vectors) to pilots to guide them to an aerodrome, to ensure smooth flow of traffic, and to avoid collisions or weather.



Height Finding Radars



4.



The sector scanning antennas of traditional height finding radars have a characteristic



'nodding' effect. Mechanically directed to a target detected on the search radar, the display is in the shape of a vertical sector. The height of the target can be found by multiplying the measured range by the sine of the angle above the horizon and adjusting the units. Most height finding radars have been withdrawn from air traffic control systems and SSRs with altitude reporting has taken over. However, height finders, or more precisely angle finders, are used in PARs, as explained below.



5.



Some modern primary search radars use special aerial arrays which shape the signal beam



electronically in such a way that it 'sweeps' its scan area in a 'raster' pattern. This can provide height finding simultaneously with direction finding. The cost of such equipment tends to restrict its use to military applications.
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Precision Approach Radars (PAR)



6.



To provide accurate indications of an aircraft's position in three dimensions when it is



approaching the runway, two sweeping radars can be used. One, height finder, sweeps vertically and is used for 'glidepath' guidance, and the other sweeps horizontally for 'centreline' guidance. These do not require a long maximum range (typically 10 miles is enough), but need good definition and a short minimum range. The wavelength is around 3 cm, so rain and hail can interfere considerably with the radar pictures. Very few civilian aerodromes use PAR as it has been superseded by ILS installations, but many military aerodromes use it as the primary runway approach aid (Fig 10-1). Fig 10-1: PAR 7.



The displays have the correct paths (vertical and horizontal) painted on their screens, as



represented in Fig 10-2. The screens are usually mounted as shown, one above the other, so that the controller can see both of them without moving his head. The controller gives instructions to the pilot to keep his aircraft, which he sees as the centre of the radar return, on these paths. The representation of the two screens in Fig 10-1 shows an aircraft A at a range of 2.5 nm from touchdown, slightly above the glidepath, and slightly left of the centreline. The other ac B is at 8.75 nm, approaching the centre line from the right, and not yet in a position to commence its descent.



Fig 10-2: PAR display.



Surface Movement Radars



8.



Areas of large airports are often hidden



from Air Traffic Control, especially in poor visibility. Many ground controllers use surface movement radars (referred to by ICAO as SMR, but also called airport surveillance detection equipment or ASDE) to assist them when directing movement on the aprons, taxiways and runways (Fig 10-3). SMR is particularly useful in ensuring runways are unobstructed when issuing take-off and landing



Fig 10-3: Surface Movement Radar
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clearances, and in guiding emergency vehicles to an incident. Their maximum range need only be a matter of three to five KM, but they require even better definition and shorter minimum range than the PAR.



Weather Radars



9.



Both Air Traffic Control and meteorological services use radars to identify weather



phenomena and track radiosonde balloons. Surveillance radars with wavelengths of about 3 cm are used to search for rainfall and thunderstorms, as in airborne weather radar. Other surveillance radars are used to track radiosonde balloons. The movement of the target, the balloon, is an indication of the mean wind between two altitudes.



Use of Surveillance Radar



10.



Before providing a service to an aircraft, the controller must first identify it from among the



many targets on his screen. Initially, the pilot can be asked to state a VOR / DME position. A VDF trace will often be available on the screen to give a bearing on the pilot's transmissions. This will usually be confirmed by asking him to make certain manoeuvres, such as a turn on to a certain heading through at least 30°. If the aircraft is equipped with SSR, or the aircraft has been 'handed over' from another controller, manoeuvring is not necessary.



11.



Once identified, the controller may provide vectors (specific headings) to guide the pilot



verbally through controlled airspace or away from hazards such as weather. A radar controller who is giving vectors to an IFR flight takes responsibility for keeping a safe obstacle clearance beneath the aircraft he is vectoring, provided the pilot maintains the cleared altitude. If and when the controller ceases to provide radar control, he will use the words 'resume own navigation' to indicate that the pilot once more has responsibility for navigation and obstacle clearance.



12.



Controllers can find the position of a target aircraft by reference to the map features on the



video map. It can also be found by interpolation from the range rings displayed with the picture and the angles displayed along the circumference of the screen. Modern equipment has more sophisticated means of finding exact positions. Controllers can move a 'variable range ring' until it corresponds with the blip on the screen and read the exact range from a display unit. A similar method provides bearing information by moving an 'electronic bearing line' around the screen until it lies over the blip, then reading the exact bearing from the same display unit.



13.



ICAO lays down a minimum specification that surveillance radar must be able to identify a



small single-engined aircraft at a distance of 20 nm at 8000 ft. The position must be accurate to within + 2° and it must be able to distinguish between two aircraft 4° apart in azimuth. A beam 2° wide and up to 30° in elevation provides this specification. The scale of the radar image can be varied by the
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controller to show the area in which he is interested. An en-route radar can display areas with radii (displayed ranges) down to 20 nm. Radars with a wavelength about 3 cm or less are affected considerably by rain and hail, being both reflected and absorbed by precipitation. As wavelengths increase, absorption reduces rapidly, and reflection reduces slowly. Longer wavelengths continue to reduce the effects, and at a figure of around 50 cm wavelength avoids weather interference altogether, but most search radars are affected to a greater or lesser extent.



Surveillance Radar Approach (SRA)



14.



For use in aerodrome approaches, the controller vectors the aircraft towards the approach



path, giving instructions to descend to usually 1500 ft above the aerodrome before it arrives on the extended runway centreline. Once established on the centre line, the controller will vector the aircraft towards the final approach fix. At that point, he will instruct the pilot to commence a descent towards the threshold. On a SRA the pilot will select a rate of descent which will bring him to the runway threshold, without descending below a series of 'check heights' which ensures clearance from obstructions below the descent path.



15.



At the start of the procedure, the controller will inform the pilot of the type of approach being



provided, the runway in use, the angle of the nominal glidepath, and the procedure to be followed in the event of radio failure, unless that is published in the FLlP. There is a Minimum Descent Altitude (MDA) which the pilot must not come below, unless he can see either the runway or the approach lights, and he must calculate that from the obstacle clearance altitude or height which the controller will give him at the same time.



16.



On a SRA, the controller will continue to provide vectors to keep the aircraft tracking towards



the runway until the aircraft reaches a minimum range. That minimum range is given in the FLlP, and is either 0.5 nm or 2 nm. He will also tell the pilot his range from the threshold. The pilot can work out the altitude he should be passing at each range, or usually the controller will tell him. The calculations are similar to those on ILS, i.e. for a 3° approach path the aircraft height above touchdown should be the range in nm multiplied by 300 ft (equation 8.1).



17.



When the aircraft has descended to the MDA, it is permissible for the pilot to fly the aircraft



level until he reaches the published Missed Approach Point (MAP), looking for the required visual references. On reaching the MAP, if the references are not visible, he must start the missed approach procedure. In many cases, however, the MAP is designed to coincide with the descent path which the pilot would expect to follow, giving no opportunity for such level flight.



18.



SRAs sometimes involve the aircraft approaching to a different runway to the one required for



landing. This usually applies to light aircraft with low crosswind limit. Such an approach cannot be considered a 'runway approach' but is regarded as an 'airfield approach'. In that case, the aircraft
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must be flown level at the published 'circling minimum' once the airfield is in sight, to make a visual approach to land on the runway in use.



19.



PSR can also be used to direct the pilot into a position from which he can make a pilot



interpreted approach, such as an ILS. The director will guide the pilot in a similar fashion to a SRA until the aircraft is on a heading less than 45° from the final approach track and flying towards it.



PAR Approaches



20.



If a PAR is available, the surveillance radar controller (often called the 'director') hands over



control to the final controller (often called 'talkdown') when the aircraft has appeared on the latter's PAR azimuth screen. This is usually just after a final vector to line the aircraft up with the runway centreline, and will be completed at least one mile before the aircraft reaches the glideslope. The PAR aerials are positioned to one side of the runway. The ICAO specifications for the system require it to be capable of identifying an aircraft with a RCS of 15 m2 at a range of 9 nm, within a space bounded by a 20° azimuth sector up to 7° in elevation.



21.



The display consists of the two screens, one above the other, represented in Fig 10-2, which



the talkdown controller watches during the approach. He gives a continuous commentary which includes directions to put and keep the aircraft on the correct centreline and glidepath. Commentary words include 'above / on / below the glidepath' and 'left / on / right of the glidepath', as well as the ranges of the aircraft from touchdown.



22.



Directions include 'turn left / right x0’ as well as 'begin descent for a y0 glidepath' and 'take



over visually'. The controller may also give instructions to 'reduce/increase rate of descent', but the pilot is expected to take corrective action on the basis of the glideslope information already provided. That glideslope information will normally include an actual distance above or below the glidepath, such as '50 ft below the glidepath'. During the approach, there should be no more than a 5 sec gap between controller transmissions. The pilot is not normally expected to make any transmissions himself (although he may be requested to confirm the position of his undercarriage at a range of about 2-3 nm).



23.



PARs are usually flown on QFE. This allows the pilot to compare his actual heights at the



quoted ranges with those he expects, as a cross-check on the controller's instructions. The PAR procedure is shown at Fig 10-4. Before commencing the approach, the pilot calculates a decision height for the procedure, and will be instructed to remind himself of it before he starts the descent on the glidepath. When he reaches that decision height, he must indeed make a decision, as he would at the equivalent point on an ILS approach. He decides whether to continue the approach or to climb away from the runway (go-around). He must commence a go-around and carry out the published missed approach procedure if he cannot see the required visual references.
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24.



Although the aircraft may



have passed its decision height, the PAR controller will continue passing talkdown information, but not instructions, until either the aircraft is over the touchdown point or at some point before that. If the controller sees from his display that the pilot has gone around and is not continuing his approach, he will stop passing talkdown information and give the pilot instructions to help him with



Fig 10-4: PAR Procedure



the missed approach procedure.



Monitoring ILS Approaches



25.



Both SRA and PAR can be used to monitor an ILS flown by a pilot. Like everything else in



aviation safety, back-up is important, and pilots are recommended to take full advantage of all aids which can monitor the primary aid in use.



Advantages and Disadvantages of PAR



26.



Advantages.



PAR requires no special equipment in the aircraft. The pilot only needs



suitable flight instruments and a radio which can be tuned to the published PAR frequency. The director can provide safe and efficient separation between following aircraft.



27.



Disadvantages.



A dedicated controller is needed for the procedure. He can only talk one



aircraft down at a time, so to permit full use of the procedure by several aircraft at once, separate controllers and communications frequencies are needed for each aircraft on final approach. This needs many frequencies, whereas ILS monitoring can be accomplished for several aircraft on one frequency. Because the wavelengths used are reflected by large rain drops, these weather returns require skill on the controller’s part to identify the aircraft blip amongst the interference.
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DOPPLER THEORY AND NAVIGATION RADAR Introduction 1.



There are a number of stories about Doppler saying that after he noticed the change in pitch



of a passing train’s whistle, he was stimulated by the challenge and produced his theory of frequency shift. The fact of the matter is, Dr CJ Doppler was a scientist and a Professor of Experimental Physics in Vienna and he was engaged on research project to establish the relationship between waveform and motion. His primary interest was to calculate movements of the stars and it was to this end that the theory was immediately put into practice. In 1842 he published his work in a paper in which he explained the relationship between the frequency of a waveform and the relative motion of an object. 2.



The paper establishes that whenever there is a relative motion between a transmitter and a



receiver, a frequency shift occurs. This frequency shift is proportional to the relative movement. It is now variously known as the Doppler shift, or Doppler frequency, or Doppler effect and is abbreviated ‘fd’. If the distance is closing, the received frequency is greater than the transmitted frequency and it is described as a positive Doppler shift. Similarly, if the objects are moving apart, the received frequency will be smaller and it is a negative Doppler shift.



Frequency Shift 3.



Consider a radio signal, transmitted from a stationary source at a carrier frequency of f Hz.



The receiving object, R will receive f waveforms each second, each say λ metres apart. Further, they are approaching R at the speed of electromagnetic waves, say c metres per second. 4.



Thus, R receives a frequency which is equal to c/λ



which in fact is the transmission frequency. Now suppose that the object R is moving towards the transmitter at a speed of V metres/second. Although the waves still travel at the same speed but, because of the objects’ motion towards the source of transmission, each wave will arrive at the receiver at a progressively shorter time interval than its predecessor, the first wave taking the longest time and the last one the shortest time to reach the receiver. This progressive closing up of the waves is sensed by the receiver as a reduction in the wavelength (Fig 11-1).



Fig 11-1: Waves Reflected from Moving Object
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5.



Now, the relationship between speed of electromagnetic waves, frequency and wavelength is



expressed in the formula c = f x λ where c is constant. Therefore, if λ decreases (as it does when the objects are closing) the value of f must increase to keep the value of c constant. This frequency shift is entirely due to the relative motion between the transmitter and the receiver. c λ



The transmission frequency is The new frequency



=



c+V λ



=



c λ



+



V λ



=



f



+



V λ



f is the original transmission frequency, V/ λ is the component due to the relative motion between the transmitter and the receiver and is the Doppler shift, which is proportional to the ground speed of R. We express this in the equation: fr



=



f



+



where fr is the received frequency. Note that because



V λ



(11.1)



λ = c and 1 = f f λ c



equation (11.1) may be rewritten as fr



6.



=



f



+



Adapting the Formula for Aircraft Operation.



Vf c



(11.2)



For aircraft operations, the above formula is



modified in two ways: (a)



In the case of an aircraft, the signals are transmitted from a moving transmitter, and



are reflected back to a moving receiver. Hence the relative velocity is two-fold or 2V and the formula is modified to read: fr



(b)



=



f



+



2V λ



(11.3)



The above formula is applicable only when the transmission is directly ahead and the



reflection occurs from a reflecting object, also directly ahead. Although such transmission and reception would in theory give a maximum frequency shift, a pilot cannot be persuaded to operate Doppler with a solid reflecting object directly in front of him. Therefore, Doppler equipment must beam its signals towards the earth’s surface for reflections. The formula now becomes: fr



=



f



+



2V cosθ λ



Where θ is the angle through which the beam is depressed.



(11.4)
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7.



Depression Angle.



Doppler Theory and Navigation Radar



As pointed out above, ideally the signals should be beamed straight



ahead for maximum frequency shift. This is, however, impossible. Therefore the signals must be beamed downward towards the surface at an angle from the horizontal. The angle of depression may be kept small, for example, to achieve a good measure of the frequency shift. However a signal striking the surface at a shallow angle loses quite a lot of energy by way of scatter away from the aircraft (Fig 11-2). If the depression angle is made too large on the other hand, strong reflections will be obtained but the value of fd, that is, 2Vf cos θ/c becomes too small for accurate measurement. The value of cosine decreases as the angle is increased and if the transmission was vertically downward, the cosine of 900 is 0 and there will be no frequency shift. Therefore, the depression



angle



of



Doppler



equipment is a compromise between strength and frequency shift. Or, it must be an angle which would ideally give the best of both. Most Dopplers operate between a depression angle



Fig 11-2: Effect of Different Angles of Depression



of 60° and 70°.



Principle of Ground Speed Measurement 8.



Electromagnetic waves are transmitted from an aircraft at a given depression angle either in



the form of a series of pulses (pulse radar) or continuous wave (CW radar). On striking the surface these will be reflected. Some of these reflected signals will be received in the aircraft receiver but the frequency of these signals will be different from the original transmission frequency. It will be higher if the signals are reflected from forward of the aircraft, and lower if reflected from the rear of the aircraft. This change in the frequency is due to the Doppler shift and because it occurs due to the relative movement it expresses the aircraft’s ground speed. This is continuously indicated on the indicator. The ground speed displayed is ‘spot’ ground speed, that is, correct only at that instant.



Doppler Aerials 9.



Single Beam Systems.



These represent the earliest thoughts on aerial deployment with



Doppler equipment and are no longer in use. A beam is transmitted to the fore of the aircraft towards the surface. When the reflected signals are received and fd is available, the aerial is rotated until the value of fd is maximum, the angle through which the beam is thus displaced is the measure of drift and the fd is the direct measure of the aircraft’s ground speed. 10.



Twin Beam Systems.



These may be fixed or rotatable beams.
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(a)



One beam is directed forward, the other abeam of the aircraft. The



Fixed Aerials.



fd produced by the two beams thus disposed represents the aircraft’s speed along its heading and at right angles to it. The two values are compounded to give drift and ground speed. (b)



The two beams at a fixed angular distance are rotated about the



Rotating Aerials.



fore-and-aft axis of the aircraft until the fd produced by both the beams is of equal value. Then the bisector of the angle between the two beams is the aircraft’s track and the ground speed is calculated from the extension of equation (11.5). fd



=



f



+



2Vf cos θ cos Ф..... c



(11.5)



where Ф is half angle between azimuth beams i.e. skew angle, a known fixed value. 11.



Three-Beam Systems.



Where three



beams are employed, two beams are directed to right and left forward and the third beam almost vertically downwards, as shown in Fig 11-3. Printed antennae for transmission and reception



are



mounted



under



fiberglass



radomes on the underside of the fuselage. A single transmitter is switched sequentially into each of the three beams in the Janus configuration, the sequence being repeated approximately ten times a second.



Modern



three-beam systems have the advantages of: (a)



Economy of weight.



(b)



Economy of cost.



(c)



Reduction of number of components.



(d)



Greater reliability.



(e)



Improved presentation of information on the flight-deck.



Fig 11-3: Three Beam System



Separate versions apply to rotary wing aircraft (typically for speeds up to 350 kt, altitudes up to 25,000 ft.) and fixed wing aircraft (typically for speeds up to 1000 kt, altitudes up to 60,000 ft.), the system enabling the calculation not only of the horizontal velocity components but of the vertical velocity components as well. 12.



Four-beam Systems (a)



Fixed Aerials.



Four beams are transmitted from two transmitters. One transmitter



transmits beams 1 and 3 (Fig 11-4) simultaneously. Beam 1 is directed to forward port and beam 3 to rearward starboard. Half a second later the second transmitter transmits beams 2
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and 4 to forward starboard and rearward port. Beams 1



and



3



component



produce of



a



ground



speed in direction forward port and beams 2 and 4 in



Fig 11-4: Switching Pattern



direction forward starboard. Since the angle between the beams is known, drift and ground speed can be computed. (b)



Rotating Aerials.



This is perhaps the most popular system. The transmission



pattern is similar to the four-beam fixed aerial system. One aerial sends a beam forward and to the right while the other aerial of the pair sends the beam rearward and to the left. A few seconds later the other pair of aerials sends a beam forward left and rearward right. The returning signals from each pair are mixed together to produce a Doppler beat frequency. 13.



When the centre line of the aerial system is along the fore-and-aft axis of the aircraft, and



there is no drift, the speed of the aircraft towards both forward reflections is the same. The Doppler frequencies produced by each pair will be identical. 14.



If the aircraft has drift, beat



frequency extracted from 1 & 3 aerials and 2 & 4 aerials are explained with reference to Figs 11-5 and 11-6. 15.



In Fig 11-6, the aircraft is



Fig 11-5: Aerials Aligned Fore and Aft



experiencing port drift and the aerial is aligned with the fore-and aft axis of the aircraft. The frequencies received will be something like this: From beam 1, it is forward transmission and the return frequency will be higher than the transmission frequency, say +10 kHz. From beam 2, it will still be higher



than



the



transmission



Fig 11-6: Aerials Aligned With Track



frequency, but not as high as the return from beam 1 since the aircraft is drifting away from beam 2 to beam 1 beam. Say, the frequency received is +8 kHz. Beam 3 will produce -10 kHz and beam 4 -8 kHz. Beat note from beams 1 & 3 = + 10 - (-10) = +20. Beat note from beams 2 & 4 = + 16. This difference between the two is entirely due to the direction of the aircraft aerial and the aircraft’s track not being the same. As soon as such a difference arises between the two beat notes, a signal is raised which actuates a motor. The motor turns in the direction of the track, turning the aerials with it
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and will continue to turn until the difference between the two pairs of aerials is reduced to zero. At this time the aerial is aligned with the aircraft’s track (Fig 11-6) and the motor switches off. 16.



The angular move of the aerial from the fore-and-aft axis of the aircraft is the drift which is



indicated on a suitable indicator. It will be noticed in Fig 11-6 that the aerial is aligned with the track and the Doppler spectrum is symmetrical about the track axis. This is a condition for the ground speed measurement to be correct. Thus, drift is measured directly and the ground speed is computed, using only one pair of Janus aerials i.e. 1 and 3 ( or 2 and 4), from the equation : fd



=



f



+



4V cos θ cosφ λ



(11.6)



or



fd



=



f



+



4f cos θ cosφ c



(11.7)



17.



Notice that in the above equation, 2V of equation (11.5) has increased to 4V. This is because



a four beam system is being used and the responses from the front and rear beams of one of these pairs are compared directly and not with the transmitter frequency. Mathematically : Front response :



f R.F



=



f



+



2V cos θ λ



Rear response :



f R.R



=



f



-



2V cos θ λ



Difference



f R.F - f R.R



=



4V cos θ λ



Note:



While a Janus four-beam system obtains ground speed by measuring the Doppler



beat frequency from a single pair (front / rear) of Janus aerials i.e. utilises only two aerials, drift is obtained by comparing the beat frequencies from both pairs of Janus aerials, i.e. utilises four aerials. 18.



Janus Aerials.



A name given to the aerials which transmit forward as well as rearward, and



comes from the Greek god who could simultaneously look forward and behind. These aerials are used with advantage in various ways: (a)



To Reduce Errors due to the Transmitter Frequency Wandering.



Accurate



measurement of frequency differences depends largely on the size of such differences. To make them large enough (about 10 kHz), Doppler equipment transmits at a very high frequency. An airborne transmitter working at these high frequencies is unstable and may wander. With systems which require the reflected energy to be compared with the transmission frequency, the only transmission frequency that is available for the comparison is the frequency actually being transmitted at that instant. If this is not the same as the frequency to which the reflection relates, an error in the beat note will occur. With the Janus system this coherence is not critical because signals are transmitted simultaneously forward
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and backward. The signals return to the receiver simultaneously. These two signals contain a component of the transmission frequency f in them and therefore, when mixed, a beat frequency is extracted correctly. With the pulse system the transmission errors may be completely ignored and with CW systems, they can be compensated. (b)



To Reduce Pitch Errors.



single-beam



system,



an



error



In a is



introduced with the changes in pitch angle. For example, when the aerial is pitched up p°, the Doppler frequency becomes: fd



=



Fig 11-7: Effect of Pitch 2V cos (θ - p) λ



With the Janus system (Fig 11-7), when the aerial is pitched up by p°, the Doppler frequency from the forward aerial is (2V cos (θ - p)) / λ and the frequency from the backward aerial is (2V cos (θ + p)) / λ. As these two frequencies are mixed to extract the beat note and around a depression angle θ of 67° changes of cos θ are nearly linear for small values of p, pitch errors are significantly reduced even if not completely eliminated. (c)



A Janus aerial, by producing a conical beam pattern ensures an overlap period



between two signals by prolonging in time. Thus the equipment will not unlock when flying over uneven territory. (d)



With this type of beam, when the aircraft rolls, it does so on the edge of the beam and



the returned frequencies are not affected.



Doppler Spectrum 19.



Although the Doppler equipment transmits



signals at a given depression angle, because of the beamwidth, an area of the surface rather than a single point is illuminated (Fig 11-8). The beamwidth varies between 1° and 5° depending on the type of the equipment and because of this, the reflected signals are not composed of a single frequency but a spectrum of frequencies. In Fig



Fig 11-8: Surface Area Illuminated



11-8, the angle of depression is assumed to be 60° and the beamwidth is 4°. The polar diagram of the spectrum, that is the shape of the curve, is determined by the aerial design. In this particular illustration the energy envelope consists of frequencies varying from (2V cos 62) / λ to (2V cos 58) / λ.
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A unit in the receiver called the frequency tracking unit finds the fd by dividing the energy content envelope in two equal halves. The idealized Doppler spectrum is shown in Fig 11-9. In practice, the shape of the curve is not symmetrical because more energy is reflected away from and less energy returned to the aircraft from those parts of the beam furthest away from the aircraft. The smoother the surface, the greater this effect will be. The derived mean frequency and hence the



measured



ground



speed



will



Fig 11-9: Doppler Spectrum



fluctuate slightly as the aircraft passes over surfaces having differing reflectivity.



Potential Errors 20.



Height Hole Error.



A pulsed Doppler radar cannot transmit and receive signals at the same



time and it is therefore possible for a reflected signal to be lost if it arrives back at the receiver at the same time as a pulse is being transmitted. The effect, known as height hole error, occurs at certain aircraft heights dependent on the pulse recurrence frequency (PRF) of the radar.



Over uneven



ground the slant range of the illuminated area of ground is continually varying and is unlikely to remain at a critical value long enough for height hole error to be significant. Over the sea however the aircraft height is liable to remain constant for a longer period and prolonged loss of signal may occur. A similar effect occurs with FMCW transmissions when the aircraft is at such a height that the reflected signal at the instant of reception is in phase with the transmitter and is therefore rejected. Height hole error is usually avoided by varying the PRF of a pulsed system, or the modulation frequency of a FMCW system. 21.



Sea Bias.



The amount of energy



reflected back to the aircraft depends, among other things, upon the angle of incidence, such that more energy will be received from the rear edge of a forward beam than from its front edge. Over land, the irregularities of the surface mask these variations in energy level, but over a smooth sea the reflection is more specular in character. As a consequence, not only is a larger proportion of the total energy reflected



Fig 11-10: Sea Bias and Spectrum Distortion



away from the aircraft, but because the leading edge of a forward beam has a lower grazing angle,
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more higher frequency energy is lost than is lower frequency energy from the trailing edge. The resulting change to the Doppler spectrum is shown in Fig 11-10 and this distortion leads to the determination of a value for fd which is too low. The consequent error in calculated groundspeed is known as sea-bias error and typically results in groundspeeds which are 1% - 2% low. 22.



Most systems incorporate a ‘Land / Sea’ switch which discriminates between Doppler



frequencies over water (fdw) and over land (fdl) and when switched to ‘Sea’, alters the calibration of the frequency tracker so as to increase the calculated groundspeed by a nominal 1% or 2%. 23.



Sea Movement Error.



Doppler equipments measure drift and groundspeed relative to the



terrain beneath the aircraft which, if moving, will induce an error into the results. There are two causes: (a)



Tidal Streams.



The speed of tidal streams is generally greatest in narrow



waterways and, since the time during which an aircraft is likely to be affected is small, the effect is minimal. Ocean currents occupy much larger areas but their speed is low and so cause little error. (b)



Water Transport.



Wind causes movement in a body of water and, although wave



motion is quite complex, the net effect so far as Doppler systems are concerned is a downwind movement of the surface. The resultant error is an up-wind displacement of a Doppler derived position. An approximate value for the error can be derived by considering an error vector in the measured drift and groundspeed which has a direction in the up-wind direction of the surface wind, and a length equal to about one fifth of the surface wind speed, with a maximum of 7 - 8 kts. 24.



Flight Path and Pitch Error.



In climb and descent a true speed over the ground will be



calculated only if the Doppler aerial is maintained horizontal.



Partial compensation for pitch is



inherent in a Janus array system and errors can be further reduced, if necessary, by gyro-stabilizing the aerial to the horizontal, or by correcting the errors using attitude information in the groundspeed computer. Without these facilities, and with the aerial slaved to the aircraft’s flight path or to the airframe, a small error will be introduced. 25.



Roll Error.



Theoretically a combination of drift and roll can cause axis cross-coupling



errors, but these are transient and too small to be of significance. However, signals may be lost in a turn if one beam, or a pair of beams, is raised clear of the ground. 26.



Drift Error. (a)



Large drift angles will have no effect on accuracy provided that:



In a moving aerial system the aerial can rotate to the same degree as the drift.
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(b)



In a fixed aerial system a small broadside beamwidth can be obtained to prevent



adverse widening of the frequency spectrum. In both cases a large area in the aircraft is needed, since a moving aerial needs room in which to turn, and a fixed aerial needs to be large to obtain a small broadside beamwidth. (Beamwidth is inversely proportional to aerial dimension). 27.



Computational Errors.



Doppler systems are mechanized on the assumption that 1 nm is



equivalent to 1' of latitude. However, the actual change of latitude in minutes, equating to a distance of one nautical mile measured on the Earths surface along a meridian, ranges from 1.0056' at the Equator to 0.9954' at the poles, and is only correct at 47° 42' N and S. In addition, 1' of latitude change equates to a greater distance at height than on the surface (Fig 11-11). Both latitude and altitude errors are small and are not normally corrected for in navigation. Additional small errors can be introduced into position calculations.



Since the aircraft



never flies in a straight line, but rather weaves slowly from side to side of track, the calculated distance gone will exceed the distance directly measured on a map. Doppler drift is added to heading to deduce track and so any error in the heading input will result in an error in any computed position.



Fig 11-11: Height Error
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CHAPTER 12



DISPLAYS CATHODE RAY TUBES



Introduction



1.



The cathode ray tube (CRT) is an electron tube in which electrons emitted from a cathode are



formed into a narrow beam, accelerated to high speed and directed to a screen or face coated with a fluorescent material. This material glows at the point of impact producing a visible dot. A changing field, either electrostatic or electromagnetic, between the source of electrons and the screen, causes the dot of light to move in accordance with the field variations.



2.



There are two basic types of CRT, the electrostatic CRT and the electromagnetic CRT. In the



electrostatic CRT, focusing and deflection are done with electronic fields while in the electromagnetic CRT, magnetic fields do these jobs.



The Electrostatic CRT (ESCRT)



3.



Fig 12-1 shows the main parts of an electrostatic CRT. These parts can be divided into three



groups: (a)



The electron gun which produces a stream of fast-moving electrons and focuses



them into a narrow beam. Sometimes the electron gun refers only to the cathode and grid, the anodes are then called the focusing system.



(b)



The deflecting plates which enable the beam of electrons to be moved up and down



and from side to side.



(c)



The fluorescent screen which shows the movement of the beam by producing a spot



of light. All the electrodes are enclosed in an evacuated glass envelope.



4.



The cathode is a small tube, coated at the end with an oxide which emits electrons when



heated. The grid is a hollow cylinder surrounding the cathode, with a central hole through which the electrons pass. The grid is made negative with respect to the cathode and by varying this voltage the number of electrons in the beam, and so the brilliance of the spot of light on the CRT screen, is varied. The brilliance control thus alters the voltage on the grid of the CRT. If the grid is made
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sufficiently negative the electron beam will be completely cut off and the spot on the screen will be blanked out.



5.



The first and third anodes are circular plates with holes through their centres. They are held



at a high positive voltage relative to the cathode (several hundred or even thousand volts), and so they accelerate the electrons to a high speed. The third anode voltage is higher than the first anode voltage.



6.



The second anode is a hollow cylinder mounted between the first and third anodes. Its



purpose is to focus the electrons into a narrow beam and for this reason it is made negative with respect to the other anodes, This voltage can be varied to adjust the focusing of the beam, hence the focus control varies the voltage on the second anode.



7.



In practice the third anode is earthed and the other electrodes are made negative with respect



to it. Typical EHT (extra high tension) voltages used in CRTs are: cathode -4 kV, grid -4.02 kV (variable), first anode -2 kV and second anode -3 kV (variable). For third anode and screen, EHT voltages are needed in order to give the electrons enough speed to produce light on the fluorescent screen.



8.



Two sets of



deflecting plates are mounted after the third



anode



as



shown in Fig 12-1. By applying varying voltages to these plates the focused beam can be swung in



any



direction.



Fig 12-1: The Electrostatic CRT (ESCRT)



The plates nearer the third anode (Y plates) are used to move the beam vertically and those nearer the screen (X plates) deflect the beam horizontally. The plates are often flared at the ends to provide the required amount of deflection without fouling the beam. When a voltage is applied to the plates the electron beam will be attracted or repelled, depending on the polarity.



9.



For horizontal deflection a sawtooth voltage is applied to the X plates. This voltage increases



from minimum to maximum values at a uniform rate (the sweep) and then returns rapidly to minimum (the fly-back). The wave-form is repetitive and causes the beam to move from the left-hand to the right-hand side of the screen and then to return quickly to the left-hand side to start another sweep. The fly-back may be ‘blanked out’ by applying either a negative pulse to the grid or a positive pulse to the cathode during this period.
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10.



Displays



This type of wave-form applied to the X plates produces a horizontal line is on the screen.



When a voltage pulse is applied to the Y plates the beam is vertically deflected for the duration of the pulse and a “blip” appears on the screen.



11.



The fluorescent screen is a chemical coating on the inside end of the glass tube. When fast-



moving electrons hit the screen they cause it to glow with a colour which depends upon the type of chemical used. The spot of light remains for a time after the electron beam has moved away, this effect is after-glow and enables a complete steady picture to be seen.



12.



When electrons hit the screen, secondary electrons are emitted. These are conducted via a



powdered graphite coating, called the aquadag, to the third anode (earth). The coating prevents the screen becoming negatively charged.



13.



In some types of CRT an extra anode



is used.



It is made of a conducting ring of



powdered graphite held at about twice the voltage of the third anode with respect to the cathode.



This enables small input signal



voltages to produce large displays on the screen, i.e. the deflection sensitivity of the tube is increased (Fig 12-2).



Fig 12-2: Post-Deflection Acceleration



The Electromagnetic CRT (EMCRT)



14.



The construction of an electromagnetic CRT, employing magnetic focusing and deflections is



shown in Fig 12-3. The heater, cathode and grid are the same as for an electrostatic CRT, but there is usually only one anode. Deflecting



and



This may be the aquadag coating, connected to a suitable voltage.



focusing



currents are passed through coils mounted on the outside of the neck of the tube.



The



electron beam is acted upon by a sideways force as it passes through



the



magnetic



field



around the coil, in much the same way as a current-carrying conductor has a force exerted on it in an electric motor.



Fig 12-3: The Electromagnetic CRT (EMCRT)
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15.



Focusing is done by passing DC through a specially shaped coil. The position of the coil and



amount of current control the focusing of the beam. The focus control is a rheostat which varies the current through the coil.



16.



Deflection is produced by two pairs of coils mounted at 90° to each other round the neck of



the tube. In Fig 12-3, only one pair is shown for clarity. The amount of deflection depends on the strength of current in the coils. If the current is reversed, the direction of deflection reverses. To produce a horizontal time base a sawtooth wave-form of current must be passed through the horizontal deflection coils. Vertical deflection can be obtained by passing a signal current through the vertical deflection coils but it is more usual to show signals on an electromagnetic CRT by using intensity modulation. In this case a positive-going signal voltage is applied to the grid of the CRT. The number of electrons in the beam increases for the duration of the signal and a bright spot appears on the time base.



The ESCRT and EMCRT Combined



17.



Combinations of the two CRT systems may be used, the most popular being that using



electrostatic focusing and electromagnetic deflection.



There are various advantages and



disadvantages of the two types, and until recently, the greatest advantage of the electromagnetic tube has been its higher resolution, i.e. ability to reduce the spot size to very small proportions. However, recent research has improved the resolution of the electrostatic CRT, although it has increased the complexity of the tube and necessitated the use of low power magnetic correcting coils. Present day electromagnetic tubes have spot sizes of about 0.25 mm.



CRT Displays



18.



Time Base Production.



All CRT displays need some form of time base and a large number



of displays use the A-scope time base. With this type the spot moves linearly across the face of the screen, usually from left to right, then returns rapidly to its starting point. During the rapid return, known as flyback, the spot of light is normally extinguished by application of a suitable blackout waveform to the grid of the tube. The ESCRT uses a voltage wave-form whilst the EMCRT uses a current wave-form, as follows:



(a) 12-4



The ESCRT Wave-form. shows



the



voltage



Fig



wave-form



required to produce a type-A time base. The frequency of the wave-form is equal to the pulse recurrence frequency of the radar. A circular time base, rotating with angular velocity w can be obtained by



Fig 12-4: A-Scope Wave-Form
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Displays



applying voltages proportional to sin wt and cosine wt to the X and Y plates respectively.



(b)



The EMCRT Wave-form.



As the coils of the EMCRT are subject to inductance,



current modulations must be used to produce the sawtooth wave-form. A PPI display can be produced by physically rotating the coils.



19.



Calibration Markers.



For accurate measurement of range the time base of a CRT must be



set up against some accurate standard. This is done by a calibrator unit which is synchronized with the transmitter pulse. The calibration markers appear as pips or bright rings.



20.



Types of Display.



The CRT in a radar receiver can be used to present one, two or three-



dimensional information concerning the target. If only one-dimensional information is presented the trace is deflection-modulated, the spot being deflected from its normal path to indicate the presence of an echo signal from a target. Examples of this type of display are the A-scope, I-scope and J-scope. For two and three-dimensional displays the trace is intensity-modulated, the brilliance of the trace being varied by an echo signal from the target. Examples of two-dimensional displays are the PPI, Bscope, C-scope, E-scope and the RHI-scope. Three-dimensional information is displayed in a variety of ways. The H-scope repeats the target echo to indicate target elevation in addition to azimuth and range. The I-scope shows target range, displacement from the axis and angle-off error. The C-scope shows elevation and azimuth error and superimposes a range indication on the target echo. In all types of display the spot moves in some pre-determined manner on the screen, this movement being termed the time base.



21.



Strobes.



In some radar equipments it is necessary to expand a section of the main time



base on either side of the echo blip in order to measure the range more accurately. To do this a strobe pulse is generated at some definite time after the start of the main time base, the delay being controlled by the operator. The strobe pulse is made to trigger a strobe time base circuit, with its own calibration on a larger scale.



Image Generation



22.



We saw that when an electron gun produces a beam of electrons which are accelerated along



the tube by an extra-high tension (EHT) voltage and when they strike the phosphor coating of the screen at very high velocity, the phosphor glows at a specific frequency or frequency range (colour), and for a specific length of time. We also saw that the electron beam can be focused or deflected, to move the spot of light around the screen, and its intensity can be altered to control brightness in order to form an image.



23.



In most airborne applications a short tube length is desirable so that the device can be more



easily accommodated. However, to achieve this it is necessary to provide a higher deflection power,
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and to accept a lower resolution, as well as a greater difference between the resolution at the centre and edges of the display. Extra brightness, which may be needed in a cockpit, also carries the penalty of lower resolution, and a slower writing speed.



Image Quality.



24.



The total image in a CRT display is built up by the rapid movement of the



spot of light traced by the electron beam, and the eye's integration of the image. There are two methods by which a total image is produced i.e. the raster scan technique which is that used in domestic television, and the cursive technique which is that used in, for example, oscilloscopes. Each of these techniques will be described in more detail later. The size of the spot is normally fixed by the focusing and will be dictated by a number of design factors, however, the resolution of the final image can never be finer than the spot size. The persistence of the spot is a measure of its decay time and is defined by the length of time it takes for the brightness to fall to 10% of its peak brightness following the electron beam's cessation or movement. The persistence of the phosphor is utilized together with the eye's persistence of vision to build up a complete image from what is in reality a moving spot and the correct choice of persistence is therefore very important. A phosphor's persistence is described as the time taken for the brightness to decay to 10% of final brightness or the time taken for the brightness to reach 90% of steady state brightness. If this time is + 1 sec then it is called very long persistence while if it is 1 to 100 ms it is called medium and if its 1 to 10 ms it is called short and for < 1 ms, it is called very short persistence. The colour of the spot is determined by the choice of phosphor and some examples are shown in Table 12-1.



Emission Colour Phosphor



Persistence



Applications



Yellow-green



Medium



Oscillographs, Radars, HUD



White



White



Medium to Med-short



Monochrome TVs



P12



Orange



Orange



Long



Radars



P43



Green



Green



Medium



Rare Earth Phosphor



Fluorescence



Phosphorescence



(Initial Glow)



(After Glow)



P1



Yellow-green



P4



used for HUDs



Table 12-1: Characteristics of Typical Phosphors



Raster Scan



25.



In a raster scan system the spot is moved over the whole area of the screen in a regular



pattern, normally a series of parallel horizontal lines. The image is built up by varying the brightness of the spot in synchronization with the raster. The whole process is repeated at the refresh rate to give an apparently continuous and dynamic image, and the effect is enhanced by the choice of a phosphor with an appropriate persistence. A commonly used variation, known as interlacing, involves producing two or more images in rapid succession by interleaving the horizontal lines of the scan.
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The effect is to reduce the true refresh rate without flicker becoming apparent. Each separate picture is known as a field and the total picture, i.e. the sum of the individual fields, is called a frame.



26.



The vertical resolution of a raster scan system is set by the number of lines used. Thus for



example, in a domestic television with 625 lines, of which 585 are used for imaging, the smallest theoretically resolvable detail is equal to the line width which is 1/585 of the picture height. In practice this figure is degraded by other factors.



27.



The way in which a raster scan forms an image is shown in Fig 12-5. Fig 12-5a shows the



display which consists of a black and a white letter 'T' on a grey background. For simplicity the scan has only 12 lines of which 10 are used for imaging, and there is no interlacing. Fig 12-5b shows the line time base which has a sawtooth form and represents the 'x' deflection of the spot. The 'x' value increases within each line causing the spot to move across the screen. At the end of each line the spot returns to the left hand end (minimum 'x') as represented by the vertical part of the waveform. During this 'flyback' the brightness of the spot is normally reduced to zero. Fig 12-5c shows the 'y' deflection of the spot as it moves down the screen.



It will be seen that there is 'y' movement



coincident with 'x' movement thus accounting for the slope of the lines evident in Fig 12-5a. When the spot reaches the end of any line the accrued 'y' movement ensures that after the flyback the spot is at the start of the next line down. After a time equivalent to scanning the ten lines, the spot returns to the top of the display. This frame flyback coincides with the time occupied by the non-imaging lines 11 and 12. Finally, Fig 12-5d shows the variation of the video signal, i.e. the variation in brightness of the spot from black through grey to white with time. It will be seen that during the period of line 1 the video signal shows grey throughout. During line 2 the video starts at grey, moves to black to begin



Fig 12-5: Formation of Raster Scan Image
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forming the top of the black letter 'T', back to grey to form the space between the letters, then to white to start to form the white letter 'T', and finally back to grey at the end of the letter. Similar variations can be detected within the other lines. In addition to the image forming waveforms there will be additional pulses, not shown in Fig 12-5, to ensure correct synchronization of the time bases.



Cursive Writing



28.



Although the term cursive writing may be used to describe any non-raster imaging technique,



it is used here to describe the way in which the electron beam is used to draw line symbology, in a similar way to a pencil drawing on paper. Because of the limited persistence of the phosphors any line has to be re-drawn at regular intervals (the refresh rate). The spot position is set by 'x' and 'y' signals and the intensity by a 'z' signal, which in most applications is either on or off. Because only the specific symbol required is drawn, the display can be much brighter than with a raster scan, in which all of the screen must be covered within each refresh period. The disadvantages of the cursive technique are that three signals are required to produce the image, and it is in practice impossible to produce realistic dynamic images with shades of grey. The production of symbology can often be simplified by storing specific images such as lines and circles



in



computer



memory



and



recalling and positioning them as required. The way in which a cursive system can be made to form a letter 'R' by simultaneously varying the 'x', 'y'



Fig 12-6: Example of Production of a Simple Cursive Image



and 'z' parameters is shown in Fig 12-6.



Colour Displays



29.



Although a monochromatic display is quite suitable for many airborne applications, there are



some uses for which a multi-colour display would be desirable or necessary. There are three practical colour tubes available, the shadowmask CRT, the beam index CRT and the penetration CRT.



30.



Shadow-Mask CRT.



The shadowmask tube (in which a mask behind the screen carries the



colour apertures through which 3 electron beams must be aimed to build up a chromatic image) is the type used in most domestic television receivers. Although it has airborne applications it is sensitive to vibration, and susceptible to stray magnetic fields, providing a relatively low contrast display for the cockpit environment.
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31.



Beam Index CRT.



Displays



The beam index CRT is a bright, high contrast display, capable of being



viewed in direct sunlight. Because there is no shadowmask as in the conventional colour CRT, there is less loss of energy in the electron beam, and vibration causes fewer difficulties. In this type of CRT there are strips of coloured phosphor which are arranged in columns on the screen. As the electron beam scans across the face, it illuminates the red, green and blue phosphor as required. There is only one electron gun in the beam index CRT, which therefore writes at three times the rate, and hence three times the bandwidth of the conventional tube.



The highly accurate synchronization



needed by a fast-scanning high bandwidth electron beam is achieved by using ultra-violet radiation feedback from metal backed index strips in the face of the screen.



32.



The penetration CRT has



several



layers



phosphor



of



deposited



transparent on



the



faceplate, each of which glows with a different colour.



By varying the



EHT, the penetration of the electron beam into the phosphor layers can be varied, and hence the colour can be controlled. A simplified diagram showing



the



construction



of



a



penetration tube is at Fig 12-7. The tube is much brighter and more Fig 12-7: Penetration CRT Principle



robust than the shadow mask tube,



but currently the available colours are limited, and the tube lacks the ability to display subtle variations of tone. It is therefore more suitable for the presentation of symbology, e.g. flight instrument displays, than for the portrayal of real world images.



FLAT DISPLAYS



Introduction



33.



Although CRTs will have a place in airborne displays for the foreseeable future, they have a



number of disadvantages. They are bulky and in particular requiring considerable depth behind the display face, they operate at very high voltages and interfacing them with digital equipment is complex. These disadvantages can be overcome to some extent (and in certain applications) by the use of flat panel electronic displays, such as the Light Emitting Diode (LED) and the Liquid Crystal Display (LCD).



34.



Flat panel displays normally consist of a matrix of individual elements and the display



resolution will be defined by the number of these elements. For example, a display of comparable
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resolution to a 625 line TV picture would require a matrix consisting of 585 x 704 elements, a total of 411,840 elements. The problem of controlling the voltages across such a large number of individual elements is usually overcome by using a X-Y (Cartesian co-ordinate) addressing procedure.



35.



The display is constructed



as a three layer sandwich.



The



middle layer comprises the display elements



whiles



the



top



and



bottom layers are strip electrodes, set mutually at right angles. The top electrode layer is transparent so that the display elements can be viewed through it (Fig 12-8). Any individual element can be addressed by a signal passing through one electrode strip in



Fig 12-8: Construction of a Matrix Display



each layer.



36.



This arrangement is suitable for binary signalling and, for example, an array of 1024 x 1024



elements can be addressed by 2 ten digit X and Y inputs. Such systems can be scanned in a raster manner as in a conventional CRT, or elements can be randomly addressed by means of their unique X, Y label. A problem with this type of system is that for a typical display of 106 pixels, and with a refresh rate of 50 Hz, each element can only be addressed for (50 x 106)-1 secs during each frame and so the ideal element will have a very short 'turn on' time and will remain on until extinguished (inherent memory).



Display Types



37.



Five types of flat panel displays are currently in use, or under active development for use, in



avionic systems: (a)



Light Emitting Diode (LED).



(b)



Liquid Crystal Display (LCD).



(c)



Active Matrix LCD (AMLCD).



(d)



Plasma Panel.



(e)



Electroluminescent Display.



Light Emitting Diode (LED)



38.



A light emitting diode is a semiconductive junction which emits light when a current is passed



through it. Fig 12-9 shows the construction of a typical LED, in which a shallow p-n junction is formed.
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Displays



While electrical contact is made to both regions, the upper surface of the p material is largely uncovered so that the flow of radiation from the device is impeded as little as possible.



The primary materials used are



gallium arsenide, gallium phosphide, and gallium arsenide phosphide. Red, yellow and green LEDs are currently available and the development of a blue LED continues, but at present is uneconomical and inefficient. LEDs



Fig 12-9: Construction of Typical LED



are most suitable for 'on-off' displays rather than in applications requiring a grey scale. LEDs have no inherent storage and displays must be refreshed at a rate fast enough to avoid flicker.



Liquid Crystal Display (LCD)



39.



Liquid crystal displays are unlike other flat displays in that they are not light emitters but rely



on an external light source for their operation.



40.



Liquid crystal is an organic compound



which, while having the physical characteristics of a liquid, has a molecular structure akin to a crystalline solid. There are three classes of liquid crystal which vary in their molecular structure and, although all three have been used in LCDs, the structure known as nematic is by far the most common.



In this



structure the elongated, rod shaped, molecules are aligned parallel to each other but not in regular layers (Fig 12-10). Fig 12-10: Nematic Molecular Structure 41.



In the display cell, the inner surfaces of the top and bottom glass or perspex walls are



grooved, with the top grooves aligned at 90° to the bottom grooves.



The grooves induce a



corresponding alignment of the molecules so that their alignment within the liquid crystal twists through 90° (the twisted nematic structure). The top and bottom of the display cell is covered by linear polarizing plates such that the plane of polarization of one plate is at 90° to the other.



42.



When light passes through the initial plate it is polarized, and the twisted nematic structure



causes the plane of polarization to be rotated through 900 so that the light is able to pass out through the second polarizer unimpeded and the cell therefore has a transparent appearance.



When a



voltage is applied across the cell, the molecules tend to align themselves with the field thus destroying the twisted structure. The polarized light entering the cell will no longer have its plane of polarization
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twisted through 90° and it will not therefore be transmitted by the second polarizer and the cell will appear dark.



When the field is removed, the molecules return to the original twisted nematic



structure.



43.



The normal display is one of dark characters on a light background although this can be



reversed by arranging the polarizers parallel rather than at 90°. Coloured displays are possible by adding dyes to the liquid crystal material or by the use of special polarizers. Current developments are towards matrices to produce full colour displays which may lead to LCDs replacing CRTs in, for example, helmet mounted displays.



Active Matrix LCD (AMLCD)



44.



In an AMLCD the voltage applied on each element is actively controlled by a transistor



ensuring that the liquid crystal receives the correct voltage during the address time, and is isolated from stray voltages when it is switched off.



45.



A grey effect can be obtained by modulating the amplitude of the input video voltage. The



display needs to be refreshed periodically due to leakage currents.



Plasma Panels



46.



Plasma (or gas discharge) displays use an electrical discharge in a gas to produce light and



both DC and AC systems are available.



47.



A DC display consists essentially of a gas filled space between two electrodes, When the DC



potential across the electrodes exceeds a certain value, typically 180 V, but which depends on the gas type, pressure and the electrode gap & type, the gas molecules ionize and emit light. The DC technique has no inherent memory and therefore requires constant refreshing.



48.



An AC display has a similar basic concept, but the electrodes are insulated. A voltage is



applied to all the row electrodes and its antiphase to all column electrodes. The field generated across the gas is insufficient to strike a discharge and in order to light a particular pixel the AC voltages on the appropriate row and column are increased for one half cycle.



This causes a



capacitive current to flow and build up a charge at the insulating layers. Subsequent cycles are at the normal AC voltage but this is sufficient to maintain the discharge previously created. To switch off the pixel, row and column voltage must be selectively lowered.



AC types of plasma displays have



inherent memory for each element.



49.



Plasma displays are not generally suitable for producing grey scales and are primarily



available in neon orange colour for use in on-off displays.
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Displays



Electroluminescent Displays



50.



Electroluminescent displays consist of a layer of phosphor, sandwiched between two



electrodes, which glows when an electrical field is applied across it. Displays may be either AC or DC driven and the structure of each type is somewhat different.



51.



A full video capability has been demonstrated for electroluminescent devices and the



technique has potential as a replacement for CRTs in helmet mounted displays. All colours are available dependent on the phosphor selected and a full colour display is therefore considered feasible. However, the production status of such devices is some way in the future and currently electroluminescent devices are used for instrument panel lighting, as formation lights, and for signs in passenger compartments.



PROJECTED AND ELECTRONICALLY DISPLAYED MAPS



Introduction



52.



The most widely used navigation aid for low level VMC operations is the topographical map.



Such a map allows very accurate pinpoints to be obtained, and also presents information about the aircraft's position in relation to its surroundings in a relatively easily assimilated way. However, the use (in small aircraft cockpits) of conventional maps covering large areas presents handling problems therefore moving and electronic map systems have been devised to overcome these difficulties.



53.



Early systems used strips of paper maps wound on rollers with an overlying cursor to indicate



position where the rollers and cursor were driven by outputs from a doppler or radio navigation aid. The majority of current systems use maps projected from a film strip, and tend to be driven by an inertial or other automatic navigation system. However, progress is being made in the realm of electronically produced maps, and these may become more prevalent in the future.



Projected Moving Maps



54.



The most usual technique for displaying a moving map in low-level, high speed aircraft is the



projected map display (PMD) driven by an inertial or mixed inertial navigation system. The map is reproduced onto 35 mm film and back-projected using conventional optics to give a bright image on a translucent screen.



55.



The screen is designed to concentrate the image luminance within a limited field of view,



matched to the observer's eye, in order to increase the resistance to strong ambient light. A typical system is illustrated in Fig 12-10, where it will be seen that the screen has three layers. The first (inner) layer is a Fresnel lens which converts the light cone from the projection lens into a light
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cylinder in the plane of the operator's eye datum.



The



image is formed on the second layer



which



is



designed



to



minimize hot spots towards the centre, and image degradation towards the circumference. The third (outer) layer is a polarizing filter which eliminates reflections from both inside and outside the PMD which might otherwise obscure the image.



56.



In a typical PMD, the



map



is



photographed



Fig12-10: Schematic of Projected Map Display (PMD)



in



segments onto 35mm film, and a coverage of up to 4 million square miles at a scale of 1:500,000 can be reproduced on a 20 metre strip. In practice some area coverage will usually be sacrificed in order to have a selection of map scales available, and there may also be check lists and terminal charts included. In normal operation the change over from one frame to the next is automatic and is usually accomplished in under three seconds. The life of the film strip tends to be limited by the currency of the map, fading, or wear and tear.



57.



The accuracy of a PMD is governed by the accuracy of the driving navigation system, and by



manufacturing tolerances in the electro-mechanical projection system. Errors due to map scale and convergency limitations are reduced to relatively insignificant levels by automatically applying a correction to the map drive system, or by applying a correcting distortion during the photographic process. Typical values for the overall accuracy of the system are ¼ nm on a 1:500,000 map and 50 metres on a 1:50,000 map.



58.



In a PMD the scale change is accomplished by increasing magnification rather than by



changing the map. The fairly complex electro-mechanical system is one of the drawbacks of current PMDs, and although reasonable levels of reliability have been achieved, the use of many moving parts leads to mechanical wear and failure. It is this aspect which is largely driving the development of purely electronic alternatives.



59.



The other disadvantage of the technique is that the film strip is not produced at squadron or



station level and cannot be easily amended to reflect latest changes, or to incorporate up-to-date tactical information.
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Displays



Combined Displays



60.



The PMD overcomes the problem of handling paper maps in a small cockpit. However, the



equipment uses considerable cockpit space for just a single function, and the current trend is to combine the moving map with the display from other electronic systems, principally radar.



Two



techniques are used: (a)



Ported CRT.



The ported CRT is a conventional CRT with a transparent window in



the envelope through which the film image can be optically back-projected on to the phosphor surface.



The phosphor must be



selected so that it can be used both as a back-projection screen and for writing the electron beam. Since the electron gun and the projector cannot both be on the optical axis of the system, one of the images must be distorted to allow them both to be correctly harmonized



for



simultaneous



viewing. A simplified diagram of a ported CRT system is illustrated in Fig 12-11.



(b)



Fig 12-11: Combined CRT and Projected Display Using a Ported CRT



Optically Combined



Display.



The optically combined



display combines the optical and electronic



images



using



conventional optics and semireflecting



surfaces.



technique



This



overcomes



the



distortion problem and makes the phosphor



independent



projection



system.



arrangement



of



an



of



the The



optically



combined display is shown in Fig 12-12.



61.



Fig 12-12: Arrangement of an Optically Combined Display



Both techniques are capable of over-writing the topographical map with cursive symbology



thus allowing routes, danger areas, and tactical information to be added or amended.
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Electronically Displayed Maps



62.



Combined display systems overcome some of the problems of keeping the map up to date,



but the problems inherent in an electro-mechanical device remain. A preferred solution is to replace the projected map by an electronically derived version in one of two following forms: (a)



Digitized (or raster) Maps.



Most of the displayed maps are digitized versions of



the familiar paper originals. An electronic scanner is used to scan the paper map in a raster fashion either as a complete entity or as separate overlays. For example, the air information, including airfields, restricted airspace and obstructions, can be scanned separately from the base topographical map, to facilitate more efficient updating. Digitized maps, which are also referred to as ‘raster’ maps, have the advantage that the source data in the form of paper maps is already available at the scales and coverage required. Disadvantages include the fact that a digitized map is expensive in terms of digital storage requirements and also that complex algorithms are required to process and reduce the data for display on small CRTs while still retaining the required detail.



(b)



Digital (or Vector) Maps.



Digital maps are those that contain separate feature



types as data sets in a digital data base. Features such as coastlines, contours, railways, roads, woodland etc are constructed in vector format and combined on the display to provide a usable map.



Digital (or vector) maps are more efficient in terms of data storage



requirements and they offer great flexibility in what is displayed on the screen - unwanted data sets can be de-cluttered from the display as required. The major disadvantage of the digital map concept is that, currently, only limited data base production has taken place.



63.



Both types of maps allow superimposition of latitude/longitude grids and other mission data.



Mission data can be produced in a ground-based facility and transferred to the aircraft at initialization or inserted manually by the aircrew at any stage throughout the mission.



64.



Various data storage techniques have been investigated.



These include holographic,



magnetic, bubble, optical disc and random access memory (RAM). Both optical disc and RAM have been used in airborne applications for data storage. Each can now provide sufficient data storage for a high speed ground attack mission and can be manufactured with adequate ruggedness to survive the harsh airborne environment.
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CHAPTER 13



PULSE, DOPPLER AND PULSE-DOPPLER RADAR Introduction 1.



The earlier chapter on the Basics of Radar gave a broad perspective on the radar theory. In



this chapter the three types of radars i.e. the pulse radar, doppler radar and the pulse doppler radar are described in greater detail.



PULSE RADAR



Functional Description 2.



Fig



13-1



shows



a



block



schematic diagram of a typical pulse radar system.



The functions of



various components are as follows: (a)



The



Master Timer.



timing pulses produced by the master timing circuit control the pulse repetition frequency (PRF) of the radar and are Fig 13-1: Typical Pulse Radar



applied to: (i)



The modulator to trigger the transmitter operation at precise and regular



instants of time. (ii)



The time base generator of the indicator to synchronize the start of the CRT



trace with the operation of the transmitter. (b)



Modulator.



The output from the modulator switches the transmitter on and off and



so controls the pulse length ‘t’ of the transmitter output. (c)



The output from the transmitter, e.g. magnetron power oscillator,



Transmitter.



consists of very high power pulses of short duration. (d)



T/R Switch.



The T/R Switch (Duplexer) automatically connects the transmitter to



the aerial for the duration of each output pulse and connects the aerial to the receiver for the interval between pulses.
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(e)



The aerial focuses the radiated energy into a beam of the required shape



Aerial.



and picks up the echoes reflected from the targets. Scanning can be achieved by moving the complete aerial structure in azimuth and/or elevation.



Such movement is conveyed by



synchros or servo-mechanisms to the indicator. (f)



Receiver.



The receiver amplifies the very weak echoes and presents them to the



indicator in a suitable form for display on the CRT. (g)



Indicator.



The type of CRT display used will vary according to the requirements of



the system. One, two or all three target parameters (range, azimuth and elevation) may be displayed.



Pulse Radar Parameters 3.



The inter-relation between the time



parameters of a pulse radar is shown in Fig 13-2. The ratio τ /T, which represents the fraction of time during which the transmitter operates, is called the duty cycle. The duty cycle controls the relationship between the mean power of the transmitter (on which depends the operating range of the radar) and the peak pulse power. As there is a limit



Fig 13-2: Pulse Radar Parameters



to the peak power which can be handled in a waveguide it is desirable that the duty cycle should be high (either pulse width be increased or the PRF reduced). In some cases the duty cycle is limited by the rating of the power source, but even when this is not the case the duty cycle cannot be raised beyond limits without introducing either range ambiguity, due to excessive shortening of the interpulse period T (PRP), or loss of range resolution due to excessive lengthening of the pulsewidth (τ).



PRF and Range Ambiguity 4.



The pulse repetition frequency is determined primarily by the maximum range at which targets



are expected. This is known as the maximum unambiguous range and is defined as: R unamb



5.



=



___c___ 2 X PRF



(13.1)



If the PRF is made too high, the likelihood of receiving target echoes from the wrong pulse



transmission is increased. Echo signals received after an interval exceeding the pulse repetition period are called Multiple Time Around Echoes.



They can result in erroneous or confusing



measurements. Consider the three targets labelled A, B and C in Fig 13-3a. Target A is located
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within the maximum unambiguous range of the radar, target B is at a distance greater than Runamb but less than twice Runamb, while target C is greater than twice Runamb but less than three times Runamb. The appearance of the three signals on a radar display is shown in Fig 13-3b. The multiple-timearound echoes on the display cannot be distinguished echoes



from



the



proper



actually within the



unambiguous range.



target



maximum



Only the range



measured for target A is correct while those for B and C are not. 6.



One



method



multiple-time-around



of



distinguishing



echoes



from



unambiguous echoes is to operate with a varying



PRF.



The



echo



from



Fig 13-3: Multiple-Time-Around Echo



an



unambiguous target will appear at the same place on the display for each sweep of the time-base, no matter whether the PRF is modulated or not. However, echoes from multiple-time-around targets will be spread over a finite range as shown in Fig 13-3c. Instead of modulating the PRF, other methods of ‘marking’ successive pulses so as to identify multiple-time-around echoes could include changing the pulse amplitude, pulse width, phase, frequency or polarization of the transmission from pulse to pulse, but these methods are rarely used.



Range Resolution 7.



If two targets are separated in range by less than half the radial distance occupied by the



pulse, they are seen by the radar as a single echo. Pulselength is, therefore, the fundamental factor determining the ability of a radar to resolve targets in range, and it also imposes a theoretical limit to the minimum range down to which the radar can operate. The extent to which the range resolution depends on pulselength can be visualized from the fact that a pulse occupies 300 metres for every microsecond of duration. Thus a radar using a pulse of 4 microseconds would be able to discriminate between two targets provided they were separated in range by more than 600 metres. Similarly, provided the receiver could begin to function at the instant the pulse transmission ceased, the smallest range the radar could measure would be 600 metres. In radar systems required to give high resolution, e.g. ground mapping, SAM and AI radars, pulselengths may be in the region of a microsecond or less, but this is only feasible if the PRF can be high. The pulselength in a long range search radar is normally considerably greater in order to offset the low PRF. Typically in pulse radars the pulselength and repetition frequency are chosen to give a duty cycle in the region of 0.001. 8.



Receiver Bandwidth.



The radio frequency in a pulse radar transmitter is generated at a



spot frequency but the effect of pulse modulation is to cause the transmitted signal to consist of separate frequency components spread across a wide spectrum.



Most of the pulse energy is
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contained in the components which are close to the basic radio frequency, and 90% of the energy lies within a frequency band 2/τ MHz wide (where τ is the pulselength in µs). The spectrum of frequencies contained in a pulse radar broadens with decreasing pulse length, therefore the receiver for short pulses must have a wide bandwidth which also makes it more susceptible to noise. The bandwidth of a pulse radar receiver is normally several MHz and in this major respect it differs from a communications receiver which has a bandwidth measured in kHz.



Pulse Compression 9.



Pulse compression allows a radar to utilize a long pulse to achieve ample radiated energy,



but simultaneously to obtain the range resolution of a short pulse. Pulse compression is a method of achieving most of the short pulse benefits outlined in paragraph 11 while keeping within the practical constraints of peak-power limitations. 10.



The degree to which the pulse is compressed is called pulse compression ratio. It is defined



as the ratio of uncompressed pulse width to the compressed pulse width. The pulse compression ratio might be as small as 10 or as large as 105. Values from 100 to 300 might be considered as more typical.



Application of Short Pulses 11.



A short pulse radar may be desired for the following purposes: (a)



It is usually easier to separate targets in the range coordinate



Range Resolution.



than in angle. (b)



Range Accuracy.



If a radar is capable of good range resolution it is also capable of



good range accuracy. (c)



Minimum Range.



A short pulse allows a radar to operate with a short minimum



range. (d)



The characteristic echo signal from a target when observed



Target Classification.



by a short pulse can be used to recognize one class of target from another. (e)



Clutter Reduction.



A short pulse increases the target to clutter ratio by reducing



the clutter contained in the resolution cell with which the target competes. (f)



Glint Reduction.



In a tracking radar, the angle and tracking errors introduced by a



finite size target are reduced by increased range resolution since it permits individual scattering centres to be resolved.
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(g)



Multipath Resolution.
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Sufficient range resolution permits the separation of the



desired target echo from echoes that arrive via scattering from longer paths, or multipath. (h)



Electronic Protective Measures (EPM).



A short pulse radar can negate the



operation of certain electronic counter measures such as range gate stealers and repeater jammers, if the response time of the ECM is greater than the radar pulse duration. The wide bandwidth of a short pulse radar also has some advantage against noise jammers.



The Radar Equation 12.



The radar equation provides the basis



for analysing radar system performance, and in its fundamental form it expresses the echo signal power as a function of the system and target parameters. 13.



Fig 13-4 can be used to show that if



the peak power radiated from a pulse radar transmitter is P watts, the echo power received back from a target of σ square metres at a range of R metres is: S



=



PG 4 π R2



X



Fig 13-4: Derivation of the Radar Equation σ 4 π R2



X



A



watts



(13.2)



The first term consists of the radiated power P divided by the surface area of a sphere of radius R and multiplied by the transmitting gain G. It therefore represents the power density in the surface of the transmitted wave-front as it passes over the target. When this is multiplied by the second term the result is the power density in the echo wave-front as it reaches the radar, assuming that the target reradiates isotropically (equally in all directions) the whole of the power intercepted over its crosssectional area σ. Finally, multiplication by the effective receiving aperture of the aerial A gives the amount of echo power intercepted by the radar. The received power is therefore: S



14.



=



PGAσ (4π)2 R4



(13.3)



The maximum detection range will correspond to the smallest signal which can be



satisfactorily recognized and expressing this as Smin it follows that: ¼ Rmax



=



PGA (4π)2 Smin
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In a pulse radar the factors G and A are applicable to the same aerial and are related by the expression G = 4πA / λ2. It is therefore possible to put the radar equation into two other forms:



15.



Rmax



=



P G2 λ 2σ (4π)3 Smin



Rmax



=



__P A 2σ 4π λ 2 Smin



¼ (13.4)



¼ (13.5)



The following observations need to be made on the parameters used in the radar equation: (a)



Power.



Detection range depends on the fourth root of transmitted power. Doubling



the power therefore increases range by 4√2 (i.e. by only 19%), while to double range it is necessary to raise the power by 24, i.e. 16 times. (b)



Aerial.



For long range operation the radiated energy must be concentrated into a



narrow beam for high aerial gain and the received echo must be collected with a large aerial aperture (synonymous with high gain). (c)



Wavelength.



Wavelength does not directly influence detection range except in the



sense that it determines the aerial gain for a given area, or conversely, the area required for a given gain.



Indirectly, however, wavelength has a considerable bearing on the range



because it sets an upper limit to the peak power which can be handled. The smaller the wavelength, the smaller the peak power. (d)



Minimum Detectable Signal.



The size of the minimum detectable signal depends



on a number of factors, of which the following are the most important: (i)



Receiver Noise.



The greater the noise in the receiver, the greater must be



the signal strength for a given probability of detection. (ii)



Scanning Parameters.



The smaller the angular volume through which the



radar is required to scan, the greater is the proportion of the radiated power which falls on the target and the greater is the extent to which enhancement of the signal can take place due to integration of successive pulses. (iii)



Display Parameters.



The skill of the operator and the persistence of the



CRT screen both affect the minimum signal that can be detected visually. (e)



Target Echoing Area.



In the derivation of the radar equation it was assumed that



the target re-radiated isotropically the whole of the energy intercepted over its cross-sectional
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area. This is only true for a large spherical target. Normal targets are complex in shape and do not re-radiate isotropically. For example, a flat-sided target at right angles to the incident wave would reflect nearly all of the intercepted energy back towards the radar, but if slightly inclined from the right angle, most of the energy would be reflected away from the radar. Thus for practically no change in the true cross-sectional area the echo signal would change drastically. In order to describe the reflective properties of targets it is necessary to adopt a fictitious quantity called echoing area, σ. For a particular aspect of a target it is the crosssectional area it would need to have in order to account for its echo signal, assuming it to reradiate isotropically. The echoing area of aircraft targets may vary with aspect over very wide limits and give differences in echo power of as much as 40 to 1 for as little as 0.3° change of aspect. Since the aspect of a target is continually changing with respect to the radar, partly due to changing position and partly to flight oscillations and vibrations, the echo signal may fluctuate at some characteristic period or combination of periods. 16.



In theory the maximum range at which a target can be detected by radar could be extended



almost indefinitely by adding more and more amplifier stages to the receiver.



The existence of



background noise, both man-made and natural, prevents this in practice, since a stage is reached at which the level of signal falls below the background noise level and becomes obscured by it. If the receiver gain is increased, both signal and noise are amplified equally. 17.



Another limiting factor on the performance of a radar receiver is the presence of clutter.



Clutter may be defined as any unwanted radar echo. Its name is descriptive of the fact that such echoes can "clutter" the radar output and make it difficult to detect wanted targets. Examples of unwanted echoes include the reflections from land, sea, rain, birds, insects and chaff.



Measures to Reduce Clutter 18.



A few of the several modifications and additions that can be made to the circuits of a normal



radar receiver in an attempt to reduce clutter include the following: (a)



Swept Gain.



Clutter is worst at short ranges and diminishes along the time base.



The swept gain control makes use of this fact and causes the receiver gain to be lowered at the commencement of the time base as each pulse is fired, and thereafter increases the gain exponentially with time.



In this way, saturation of the receiver is avoided without the



elimination of weaker signals from more distant ranges. (b)



Fast (or Short) Time Constant (FTC),(STC).



It makes use of a differentiating



circuit which only has an output when there are increases in the level of incoming signals. As a result, only the leading edges of long pulses are displayed.
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(c)



Instantaneous Automatic Gain Control (IAGC).



A fast-acting AGC circuit which



lowers the receiver gain two or three pulselengths after receipt of an incoming signal. Short pulses are therefore unaffected and only the leading edges of long pulses are displayed. (d)



Pulselength Discrimination.



Echo signals from wanted targets are rarely of



greater duration than a pulselength or so and this provides a basis for rejecting a large proportion of clutter signals, the majority of which are of considerable duration. Certain types of jamming may also be attenuated in this way. A number of anti-clutter devices discriminate on the basis of pulselength, although they may differ considerably in detail, complexity and effectiveness. The main difficulty is that wanted signals of short duration occurring within the period of a rejected pulse must still be displayed. By the use of storage techniques all incoming signals are delayed sufficiently before display to permit their lengths to be measured. Those exceeding a few pulselengths are totally suppressed. (e)



Pulse Interference Suppression.



This device operates on the incoming signals in



such a way that only those occurring at the transmitter repetition frequency are passed to the display. It is, therefore, effective against interference from other radars operating at different PRFs and to non-synchronous pulse jamming. (f)



Circular Polarization.



An interesting method of attenuating returns from rain and



heavy cloud is to make use of the fact that rain-drops, unlike other targets, are nearly perfect spheres and so return the incident waves without change of polarization, whereas complex targets always depolarize signals to some degree. To exploit this fact it is necessary to radiate circularly-polarized waves. If the rotational sense of the waves as seen from the aerial is right-handed, then waves reflected from rain and cloud will be wholly left-handed when seen from the point of reflection. Returns from complex targets, on the other hand, will be partly right-handed and partly left-handed. The characteristics of the aerial are such that it will totally reject circularly-polarized waves of the opposite rotational sense to that which it radiates, thus none of the energy returned from rain and cloud should ever enter the receiver. In practice, some energy does enter because rain-drops are not perfect spheres and, in addition to this, returns from other targets are weaker than would have been the case with plane polarization. The net result, however, is a significant improvement in the ratio of the amplitudes of wanted to unwanted signals.



CONTINUOUS WAVE RADAR



Introduction 19.



A pulse transmission gives the inherent ability to measure range, permits the use of a single



aerial and eliminates the possibility that transmitter noise will interfere with the detection of weak echo
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signals. The disadvantages are the breadth of the transmitted spectrum, which necessitates a large receiver bandwidth, the finite minimum range, and the need to handle high peak powers in order to achieve the required mean power. 20.



In continuous wave radar the transmitted spectrum is a single frequency and the receiver



bandwidth may therefore be very narrow. Moreover, as the duty cycle is unity, the mean power can be as high as the available transmitter will permit. The absence of timing marks in the transmission of a pure CW radar means that the ability to measure range is lost but in place of this the coherence of the transmission makes it possible to exploit the Doppler shift in the echo signal to resolve target velocity. Unlike pulse radar, the transmitter is never silent, and except at very low power levels where single aerial CW working is possible, it is necessary to employ separate aerials for transmission and reception in order to isolate the receiver from the transmitter.



Pure CW Radar 21.



In a pure CW radar both the transmitted and received signals consist (for practical reasons) of



a single frequency component, but if there is relative velocity between the target and radar, the echo signal will differ in frequency from the transmitted signal due to the Doppler effect. The magnitude of the Doppler shift, which is positive for closing velocities and negative for opening velocities, is given by: fd Where:



22.



=



+ 2v λ



(13.6)



fd



=



Two-way Doppler shift.



v



=



Radial velocity component between target and radar.



λ



=



Transmitted wavelength.



The existence of an echo is detected by mixing the incoming signal with an attenuated portion



of the transmitted signal to produce the difference frequency fd. The frequency of the output from the mixer is therefore proportional to the radial velocity of the target, and is zero for non-moving targets. This fact gives the CW radar the outstanding characteristic of being able to discriminate between fixed and moving targets. A simplified block diagram of the system is shown at Fig 13-5. 23.



Velocity Resolution.



Fig 13-5: Simple CW Radar



In order to resolve target velocity it is necessary to determine the



sense of the Doppler shift and to measure its magnitude. One way of measuring is shown in Fig 13-6.
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The output of the mixer is passed to a bank of Doppler filters, each of which is tuned to accept a discrete band of frequencies within the Doppler range.



The filter bank is arranged to cover the



whole range of possible Doppler frequencies and an output from a particular filter indicates the existence of a target at the corresponding velocity.



The



precision with which velocity can be resolved is determined by the bandwidths of each particular filter in the filter bank, and hence depends on the complexity which can be tolerated in the system. For example, in order to resolve velocity to within 4



Fig 13-6: Velocity Resolution by Doppler Filters



kt over a range 0 to 20,000 kt it would be necessary to employ 500 filters. The outputs of the filters are interrogated sequentially by a fast-acting electronic switch which looks across the entire filter bank several times during the time required for the radar beam to scan through its beamwidth. The means of determining the sense of the Doppler shift is not shown in Fig 13-6. 24.



Bandwidth.



The overall bandwidth of a CW radar must be wide enough to encompass the



range of Doppler frequencies it is required to measure and this will amount to several kilohertz at the most.



If, however, a Doppler filter bank is used to provide the velocity resolution, the effective



bandwidth is that of the individual filters. In an I-band radar capable of resolving velocity to 4 kt the filters would have a bandwidth of about 125 Hz, which is at least four orders of magnitude less than is the case for a pulse radar. 25.



Characteristics and Applications.



The outstanding characteristic of CW radar is its ability



to see moving targets in the presence of large echoes from fixed targets, to which it is blind. It is a powerful device for the detection of low flying targets and for discriminating against chaff jamming. It will not, however, see moving targets which cross its beam at right angles. Because of its inability to measure range its use is confined to applications in which this can be provided by separate means, or where range measurement is non-essential, as in ground-to-air and air-to-air guidance by active and semi-active means. Other advantages of the CW radar are its basic simplicity, its ability to utilize high mean power and the fact that it is not subject to a minimum range of operation.



In airborne



applications, CW is used for Doppler navigation and for measuring rate-of-climb in VTOL aircraft.



Frequency Modulated CW Radar 26.



If timing marks are introduced into the transmission of a CW radar by modulating the



frequency it becomes possible to measure range, but accuracy comparable to pulse radar ranging is only possible over very short distances. Radio altimeters employing FMCW transmissions are a familiar example of this technique applied over distances of up to 5,000 feet or so. In many radar



 155



Pulse, Doppler & Pulse-Doppler Radar



applications it is sufficient to be able to obtain an approximate target range, e.g. in order to establish when a target comes within the launch range of a missile. For such applications an FMCW radar may be used. 27.



A common form of transmission for a FMCW



radar is shown in Fig 13-7. The frequency of the transmitted signal (represented by the blue line in the upper diagram) is swept linearly with time back and forth over the band B. An echo signal (represented by the green line) received from a stationary target at range R will be of exactly similar form but displaced in time by the interval 2R/C. The difference frequency fR between the transmitted and received signals can be measured and is proportional to the time interval 2R/C and hence to the target range. This is the basis of the FMCW ranging technique. 28.



Fig 13-7: Range Measurement of a Stationary Target



In the more general case of a moving target the echo signal still has the same form as the



transmitted signal but, in addition to being displaced in time, it is also displaced in frequency by the Doppler shift fd. Fig 13-8 shows



the



relationship



between



the



transmitted and received signals in the case of a target with a closing velocity. During the first half of the modulation period the frequency difference fR due to range is reduced by the Doppler shift fd, while during the second half of the cycle it



Fig 13-8: Range Measurement of a Moving Target



is increased by the same amount. If the transmitted and received signals are mixed, as in the pure CW radar, the difference frequency will alternate between fR + fd and fR - fd as shown in the lower half of Fig 13-8. In order to extract both the range and velocity of the target this signal must be processed in such a way as to produce the sum and difference of the two components since: (fR + fd) + (fR - fd)



=



2fR



is proportional to target range



and



(fR + fd) - (fR - fd)



=



2fd



is proportional to target velocity



29.



Ranging Accuracy.



Ranging accuracy in an FMCW radar is a function of the rate of



change of frequency in the transmitted signal which, as can be seen from Fig 13-7, must be high in order to produce a large change in the difference frequency fR for a corresponding increment in range. This in turn calls for the swept frequency B to be large or the modulation period T to be short. The
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former is undesirable beyond limits because of the spread in the transmitted spectrum which is reflected in the receiver bandwidth, and the latter is controlled by range ambiguity considerations. Only if the ranging is to be carried out over short distances, can the modulation period be sufficiently short to permit the accuracy to be comparable to that of a pulse radar.



The FMCW Altimeter 30.



The FMCW radar principle is used in the aircraft low level radio altimeter to measure height



above the surface of the earth. The relatively short ranges required permit low transmitter power and low aerial gain. Since the relative motion between the aircraft and ground is small, the effect of the Doppler frequency shift may usually be neglected. 31.



The absolute accuracy of radar



altimeters is usually of more importance at very low altitudes than at high altitudes. Errors of a few feet might not be significant when operating at 4,000 feet, but are important if the altimeter is part of a blind landing system. Errors can be introduced into the system if there are uncontrolled variations in the transmitter frequency and modulation frequency.



Multipath signals



also produce errors. Fig 13-9 shows some of the unwanted signals that might occur in an FMCW altimeter. The wanted signal is shown



by



the



green



line,



while



the



unwanted signals are shown by red arrows.



Fig 13-9: Unwanted Signals in an FMCW Altimeter



PULSE DOPPLER RADAR AND MTI



Introduction 32.



Pulse Doppler radar is an attempt to combine, in a single system, the attributes of both pulse



and CW radars. It employs a coherent, pulsed transmission of high duty cycle, sometimes described as interrupted CW, which gives it the ability to resolve both range and velocity.



Unfortunately,



however, there is an inherent incompatibility between the two processes which makes it impossible to avoid ambiguity in both range and velocity at the same time, and the successful implementation of the principle hinges on how effectively this incompatibility can be resolved.
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An MTI radar, which in the broadest sense is a form of pulse Doppler radar, normally



operates at a sufficiently low PRF to avoid range ambiguity, and as a result suffers from blind speeds within the velocity range of interest (explained in paragraph 36 to 39). If the Doppler shift could be measured it would be found to correspond to any one of a number of possible target speeds separated from one another by half the interval between the blind speeds. In other words, the velocity resolution would be ambiguous. In the true pulse Doppler radar the reverse situation applies. In this case the PRF is normally high enough to avoid blind and ambiguous velocities, but as a consequence it suffers from both blind and ambiguous ranges. A blind range occurs whenever the pulse transit time is such that the echo arrives back during the transmission of a pulse, and under these conditions the radar cannot be aware of the existence of the target. There are a number of possible ways in which the blind ranges may be alleviated and the ambiguity resolved. 34.



The pulse Doppler radar employs a single aerial and the coherent transmission is obtained



from a power amplified master oscillator output. The pulses may be of comparable length to those used in an equivalent pulse radar, but the PRF is many times greater and permits a high duty cycle which may well approach 1/2, i.e. pulse length equal to separation time. This fact means that it possesses the attribute of the CW radar and that it can utilize high mean power without the problem of handling high peak power which occurs in pulse radar. The Doppler information is obtained by beating the echo signal with a sample of the transmitter oscillator signal, and velocity resolution is performed by means of filters. The resolution of range, which is fundamentally a timing process, may be performed in one of several ways and depends mainly on the method used to sort out the ambiguities. To appreciate the extent of the latter problem it is necessary to examine the overall question of ambiguity in greater detail.



Range and Velocity Ambiguity 35.



The maximum range which can be measured without ambiguity in a pulse radar is given by



equation (13.1) i.e. R unamb



=



c / 2 X PRF. Putting this in another way, it means that a given time



interval, measured between an echo and the preceding transmitted pulse, could correspond to any one of a number of possible target ranges separated from one another by the distance c/(2 X PRF). 36.



There is no equivalent to the situation in a pure CW radar which can, theoretically, measure



unlimited velocity.



However, in a pulse Doppler radar, velocity ambiguity occurs because the



transmitted spectrum, unlike that of a pure CW transmission, consists of a number of discrete frequency components centred on the carrier frequency and separated from one another by the PRF. As a Doppler shift affects all components alike, the echo pulse consists of an exactly similar spectrum in which all components have been translated to a higher or lower frequency by the extent of the Doppler shift. If the Doppler frequency is detected by beating the echo spectrum with a pure CW signal from the master oscillator, the result is the same whether the shift is positive or negative, and the highest fundamental beat frequency which can be produced is that which occurs whenever the
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reference frequency lies mid-way between two of the components of the echo spectrum. In other words, velocity measurement will become ambiguous if the Doppler frequency shift is more than half the PRF. The avoidance of this situation requires that the operating PRF should be at least twice the highest Doppler frequency which the system must be capable of measuring. 37. Since the maximum unambiguous velocity occurs when the Doppler shift 2V/λ = PRF/2, it follows that: V unamb =



PRF X λ 4



(13.7)



which is half the interval between blind speeds.



To illustrate the mutual incompatibility of high



unambiguous velocity and range, consider the case of a 3 centimetre radar required to resolve velocity unambiguously up to a speed of 1,000 kt. Using equation (13.7), it shows that for this to be possible the PRF would have to be greater than 70,000 pulses per second. Putting this value of PRF into equation (13.1) it shows that the range information in such a radar would be ambiguous in steps of less than five miles. Moreover this would also be the interval between the blind ranges. The proportion of coverage lost due to these range gaps would depend on the duty cycle, and assuming the value of this to be 1/5, one mile of range coverage would be lost in every five.



Resolution of Velocity Ambiguity 38.



The blind speeds of two independent radars operating at the same frequency will be different



if their pulse repetition frequencies are different. Therefore, if one radar was ‘blind’ to moving targets, it would be unlikely that the other radar would be blind also. Instead of using two separate radars, the same result can be obtained with one radar which "time-shares’ its pulse repetition frequency between two or more different values (multiple PRFs).



The pulse repetition frequency might be



switched every other scan or every time the aerial has scanned a half beamwidth, or the period might be alternated on every other pulse.



When



the switching is pulse to pulse, it is known as staggered PRF. 39.



An



example



of



the



composite



response of a radar operating with two separate pulse repetition frequencies on a time-shared basis is shown in Fig 13-10. (T1 = 1/PRF1 and T2 = 1/PRF2.) The pulse repetition frequencies are in the ratio 5:4. Note that the first blind speed of the composite response is increased several times over that what it would be for a radar operating on only a single PRF.



Fig 13-10: Frequency Response for Time-shared PRFs
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The closer the ratio T1:T2 approaches unity, the greater will be the value of the first blind



speed, however, the first null becomes deeper. Thus the choice of T1/T2 is a compromise between the value of the first blind speed and the depth of the nulls. The depth of the nulls can be reduced and the first blind speed increased by operating with more than two interpulse periods.



Resolution of Range Ambiguity 41.



The recovery of target information in the range gaps is the first step which has to be taken to



make a practical pulse Doppler system. This may be done by varying the PRF continuously or between discrete values, or by transmitting simultaneously at more than one PRF. The recovery of signal by these means is at the expense of the signal outside the gaps. The same devices may also be used as the basis for resolving range ambiguity. 42.



Another method of resolving the ambiguity is by coding the transmission at a much lower



repetition frequency, possibly by modulating the frequency as in the FMCW radar.



Over long



distances such a system would provide only crude ranging and the fine ranging would be performed by the pulse modulation. Yet another method is to give the radar an alternative mode of operation which can be brought into action periodically or whenever it is required to obtain the range of a target. In essence this would consist of reverting to a conventional pulse radar transmission.



Airborne MTI 43.



MTI has possible applications in airborne early warning, ASW radars, reconnaissance radars



and AI. The broad principles of airborne MTI do not differ from those described but the methods of implementation may vary considerably. In order to be able to see targets which move with respect to the Earth it is first necessary to compensate for the velocity of the radar carrier. This requires a false Doppler shift in the reference signal proportional to the component of aircraft velocity along the radar beam. If it is a scanning beam the compensation must be continually changing.



Applications of Pulse Doppler Radar 44.



The principle attraction of pulse Doppler radar is its ability to combine most of the advantages



of pulse and CW radars. These include the ability to resolve both range and velocity, the ability to utilize high mean power and the fact that it requires only one aerial.



The advantage that echo



detection is carried out while the transmitter is silent is largely nullified by the loss of signals in the range gaps.



On the other hand, the use of a coherent transmission permits the adoption of



techniques for the pulse-to-pulse enhancement of weak echoes which result in greater detection ranges.
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The possible applications for pulse Doppler radar cover a wide field, including the long range



detection of ballistic missiles, the detection of low flying targets and all MTI applications. One of the most promising spheres is in airborne MTI systems. Despite the complexity of pulse Doppler it is probable that it has a greater operational potential than any other radar system yet devised.
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TRACKING RADAR Introduction



1.



Tracking radars are used in applications demanding a continuous flow of target data



concerning discrete targets. Such a requirement exists in such functions as ballistic missile and satellite tracking, and in active and semi-active guidance from ground-to-air, air-to-air and air-toground. Even when an operator is involved, as in AI radar, it may be advantageous to employ a radar which is able to follow a selected target automatically.



2.



The data flow from a tracking radar consists of angle and range information in the case of a



pulse radar, and angle and velocity in the case of a CW radar. Angle tracking is performed by slaving the aerial to follow the selected target, the echo signals from which are processed so as to provide the controlling signals for the steering servo-motors, and the angle information is derived from the aerial direction. Range tracking is achieved by causing an electronic switching circuit, called a range gate, to operate in synchronism with the arrival of echo pulses from the selected target.



The range



information is taken from the signal controlling the time of opening of the gate in the pulse cycle. Velocity tracking is carried out by means of a tuneable oscillator which is constrained to oscillate at a frequency bearing a fixed relationship to that of the selected Doppler echo signal.



The velocity



information is obtained from the signal controlling the oscillator frequency.



3.



Before it can track, the tracking radar must first acquire its target. The initial search may be



performed by a separate radar which determines the target’s coordinates with sufficient accuracy to put the tracking radar on to it, or the tracking radar may perform its own search by operating in a scanning mode.



Neither arrangement is ideal, the former because of its inconvenience and



complication (particularly in an airborne system) and the latter because the narrow pencil beam required to track in two coordinates is unsuitable for searching a large angular volume.



Angle Tracking



4.



In order to track a target in two angular coordinates, as defined by the aerial steering axes,



error signals must be generated proportional to the two components of its angular displacement from the tracking axis. These signals may then be used to activate the corresponding steering servos so as to drive the tracking axis into coincidence with the line to the target. The required signals may either be generated sequentially by conical scanning or sequential lobing techniques or they may be obtained simultaneously by the monopulsing technique.
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Conical Scanning.



5.



In conical



scanning, the beam axis is displaced through a small angle from the tracking axis and is rotated in such a fashion that it describes a cone, as depicted in Fig 14-1.



In the



direction of the rotation axis (A in the figure) the gain of the beam is constant irrespective of its position, but in any other direction the gain of the beam varies as the beam rotates. Thus a target which does not lie in the direction of the tracking axis, for example in the directions B or C, will give rise to echo signals which vary in amplitude within the corresponding envelopes shown in the lower



Fig 14-1: Conical Scanning



part of the figure. The amplitude of the echo modulation is proportional to the displacement of the target from the tracking axis, and the sense of the displacement, and is determined by relating the phase of the modulation to a reference signal, shown in the centre of the figure, generated by the beam rotating mechanism. The two signals are processed in such a way as to produce error signals proportional to the two components of angular displacement and these cause the appropriate steering servo-motors to drive the aerial so as to reduce the error to zero.



Once the aerial is



tracking the target, its direction is a mechanical analogue of the required angular information and may be converted into electrical signals for subsequent processing.



Fig 14-2: Beam Configuration for Sequential Lobing and Monopulsing



Sequential Lobing.



6.



Sequential lobing is



a less common technique in which the beam is generated sequentially in each of four directions symmetrically disposed about the tracking axis, as shown in Fig 14-2. The effect may be produced by means of a single reflector and four offset feeds to which the receiver is connected in sequence. The transmission may also take place sequentially or



it



may



be



made



in



all



four



beams



simultaneously. Fig 14-3 illustrates the principle applied in a single coordinate.



As in conical



scanning, the echo from a target not lying on the tracking axis varies from beam to beam and may



Fig 14-3: Sequential Lobing
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be processed in a similar fashion to obtain the error signal needed to drive the aerial into coincidence with the target. The reference signal in this case is taken from the beam switching device and each opposite pair of beams is placed in the plane of an aerial steering axis.



7.



Both conical scanning and sequential lobing systems suffer from the limitation that any



modulation in the echo signal occurring during the scanning cycle will cause false signals to be passed to the steering servos. This can arise because of signal amplitude changes due to changes of target aspect, and if this modulation coincides with a harmonic of the scanning frequency, may cause the tracking system to unlock. The same effect can be produced by a form of repeater jammer which senses the scanning rate and sends back false echoes, amplitude modulated at the scanning rate, which may cause the aerial to be steered away from the target. The susceptibility of conical scanning and sequential lobing systems to this defect may be reduced by employing variable PRF in a pulse radar, or variable scanning rate in either pulse or CW radars.



8.



Monopulse Tracking.



Monopulse tracking, also called simultaneous lobing, is achieved by



a similar beam configuration to that used in sequential lobing, but with the important difference that both transmission and reception take place in all four beams simultaneously. The error signals, proportional to the differences in the outputs of opposite beams, are derived directly by suitable waveguide connections at the aerial. As these signals are generated with each successive pulse (or continuously in a CW radar) the monopulse system is not susceptible to the effects of amplitude fluctuation due to target aspect changes or deceptive repeater jamming.



Further, since all the



tracking information is gained from one pulse as compared with four pulses for a typical sequential lobe system, the data rate for a monopulse system is higher.



Range Tracking



9.



Range tracking might be required to provide data for trajectory computation, a guidance



system, weapon release information or merely for the purpose of confining the angle tracking circuits to echoes coming from the range of the selected target in a multiple target situation.



10.



The range gates which perform the tracking are



electronic switching circuits which sample the time base once during each pulse cycle. There are usually two such gates, each about a pulselength in duration, which operate in sequence, the late gate opening as the early gate closes. Fig 14-4 will serve to illustrate the principle of operation. When the gates are placed in the vicinity of the selected target echo, which may be achieved manually or by automatic search, the energy contents of the echo components in the gates are compared in the tracking circuits. The difference is



Fig 14-4: Range Tracking by Split Range Gate
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used to generate an error signal which causes the gates to be driven in the appropriate direction to straddle the target echo. Thereafter the gates will follow the movement of the echo on the time base and the signal controlling the time of opening of the gates in the pulse cycle provides an electrical analogue of range. Memory circuits are normally provided to keep the gates moving at the last target velocity in the event that the echo should temporarily fade. Provision may also be made to prevent the tracking circuits from responding to excessive changes in target velocity simulated by false signals returned from a form of deceptive repeater jammer called a "gate stealer".



Velocity Tracking



11.



Velocity tracking in a CW radar is performed by means of a frequency comparator. This may



consist of a voltage-tuned oscillator and a frequency discriminating device which generates an error signal whenever the frequency of the oscillator differs from that of the selected Doppler signal, or from some fixed relationship with it. The error signal causes the oscillator frequency to change in the sense needed to reduce the error signal to zero, and the voltage controlling the oscillator frequency then provides the required analogue of target velocity. The tracking oscillator must be manually adjusted to establish the initial lock onto the selected signal, or it must be capable of searching across the Doppler spectrum automatically. Memory circuits are required to prevent the oscillator unlocking during temporary fading of the target signal, and the system must be made insensitive to excessive changes in frequency falsely simulated by deceptive jamming.



Track-While-Scan



12.



An alternative method of target tracking is to employ a radar which scans continuously within



a defined angular volume, and a computer which memorizes the coordinates of targets and anticipates their positions on successive scans. This technique, called track-while-scan, is capable of providing multiple target tracking and is therefore suitable for command guidance.



13.



With track-while-scan techniques the tracking function is performed by the computer, and the



special characteristic of the radar which distinguishes it from a conventional search radar is its high data rate which, in some applications, may be of the order of hundreds of scans per minute. Such scanning rates can only be achieved by electronic or electro-mechanical means and, depending on the angular coverage, it may also be necessary to employ a multiplicity of beams.



14.



High Speed Scanning.



High speed scanning is achieved by controlling the relative phase



of the radiated signal across the aerial aperture in such a way that the wave-front is inclined from the parallel. The total angle through which the beam can be steered is less than 180°. True electronic scanning is achieved by a multiple element phased array in which the control of the relative phases of the radiated signals is achieved by purely electronic means. Such techniques permit more than one
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beam to be generated at any time and there is no limit to the scanning rate possible. Electronic beam steering techniques are not confined to track-while-scan radars.



15.



The term track-while-scan is also sometimes used to describe radars which track a single



discrete target by centring two scanning beams, one in azimuth and one in elevation, on the target.



Acquisition



16.



A tracking radar must first find and acquire



its target before it can operate as a tracker. Therefore, it is usually necessary for the radar to scan an angular sector in which the presence of a target is suspected. Most tracking radars employ a narrow pencil beam aerial. Searching a volume in space for an aircraft target with a narrow pencil beam would be somewhat analogous to searching for a fly in a darkened auditorium with a hand torch. It must be done with some care if the entire volume is to be covered uniformly and efficiently. Examples of the common types of scanning patterns are listed



Fig 14-5: Examples of Acquisition Search Patterns



below and illustrated in Fig 14-5: (a)



Helical scan.



(b)



Palmer scan.



(c)



Spiral scan.



(d)



Raster scan.



(e)



Nodding scan.



Tracking Errors



17.



The accuracy of a tracking radar is influenced by such factors as the mechanical properties of



the radar aerial and mounting, the method by which the angular position of the aerial is measured, the quality of the servo system, the stability of the electronic circuits, the noise level of the receiver, the aerial beamwidth, atmospheric fluctuations, and the reflection characteristics of the target. These factors can degrade the tracking accuracy by causing the aerial beam to fluctuate in a random manner about the true target path. These noise like fluctuations are sometimes called tracking noise, or jitter.



18.



A simple radar target such as smooth sphere will not cause degradation of the angular



tracking accuracy. The radar cross section of a sphere is independent of the aspect at which the sphere is viewed; consequently, its echo will not fluctuate with time. However, most targets are of a
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more complex nature than a sphere. The amplitude of an echo signal from a complex target may vary over wide limits as the aspect changes with respect to the radar. In addition the effective centre of the radar reflection may also change. Both these effects - amplitude fluctuations and wandering of the radar centre of reflection (glint) - as well as the limitation imposed by the receiver noise can limit the tracking accuracy.
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MICROWAVE AERIALS Introduction 1.



The main function of a radar aerial is to concentrate the radiated energy into a narrow beam



to provide the required angular resolution. The principle advantages of operating in the microwave region of the spectrum are that it is possible to obtain a narrow beam width from small aerial, allowing accurate bearings to be measured, and permitting rapid movement of the aerial where necessary. The narrow beam may be formed by a reflector or a lens (in a similar manner to light), or by an array of radiating elements.



Most radar aerials are of the parabolic reflector type, the reflector being



illuminated with radio energy from a focal feed so that all the radiation leaving the aperture is in phase. Another type, called a phased-array, employs a multiplicity of radiating elements arranged in such a way that the phases of the radiated signals add in one direction only.



Parabolic Reflectors and Feeds 2.



A parabola has one important characteristic,



namely the length of parallel lines drawn from a line perpendicular to the axis of the parabola and then to its focus, will all be the same. This property of parabolic reflectors means that, in theory, energy leaving the focus and reflected from the dish is radiated in a parallel waveform as shown in Fig 15-1. Eventually a wavefront striking the dish is reflected in phase to the focal point. Fig 15-1: Parabolic Properties 3.



The parabolic reflector is perhaps the most



familiar beam forming device. If an aerial is placed at the focal point, energy radiated towards the reflector is reflected parallel to its axis (Fig 15-2). The larger the reflector, and the smaller the wavelength, the narrower the beam will be. Scanning or pointing of the beam is accomplished by mechanical movement of the aerial.



Different horizontal and vertical



beamwidths may be obtained by using different horizontal and vertical dimensions, and the reflector may be parabolic in both dimensions or only in one. The cosecant2 shape, in which the top half of the dish



Fig 15-2: Parabolic Reflector
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has



a



circular



cross-



section, and the bottom half a parabolic cross section (Fig 15-3), is often used in airborne ground mapping radars.



It is designed to



ensure that all the ground to be mapped is illuminated with uniform energy, and to achieve this more energy



Fig 15-3: Cosec² Dish



must be directed to long



ranges than to short ranges. The required cosec2 pattern may also be obtained by placing a small prism of dielectric, or metal plates, in the aperture of a parabolic dish, or by using multiple stacked feeds. 4.



The



Feeds for Parabolic Aerials.



feed for a parabolic aerial can only approximate to the theoretical point source.



In practice it



may consist of a dipole placed ahead of a parasitic reflector element, but more commonly an open-ended waveguide is used (Fig 15-4). The design of the feed must produce the desired power distribution across the aperture (typically a cosine pattern) and the waveguide plumbing must cause the minimum obscuration of the aperture.



Fig 15-4: Feed for Parabolic Aerials



Beamwidth 5.



In practice, a parabolic reflector is not



capable



of



producing



a



parallel-radiated



wavefront. There is a fundamental relationship, applicable to radar aerials, between the size of the aerial, the wavelength in use and the beamwidth i.e. θ



=



Kλ D



Fig 15-5: Beamwidth / Reflector Relationship (15.1)



Where θ



is the beamwidth



λ



is the wavelength



D



represents the size of the aerial
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From Fig 15-5 it can be seen that beamwidth may be reduced by reducing wavelength (increasing frequency) or by increasing aerial size. 6.



A



radar



aerial



does



not



distribute the radiated power equally across the angular beamwidth but concentrates it mostly along the beam axis.



It



is



usual



to



define



the



beamwidth as being the angle outside of which the power is less than one half the maximum along the beam axis, as shown in Fig 15-6. The diagram shows the relative distribution of power in both polar and cartesian co-ordinates. Using this definition of beamwidth it is possible to show that



Fig 15-6: Relative Distribution of Power



for approximation of beam width of a paraboloid reflector: θ



7.



=



70 λ D Where λ and D are expressed in the same units



(15.2)



In ground radars beamwidths may range from as little as 0.3° in F band equipment to 5° or



more in metric radars. In airborne systems where there are limitations in the size of reflectors it is necessary to employ short wavelengths to obtain narrow beams. Even so, beamwidths may often be several degrees wide.



Directional Accuracy 8.



Directional accuracy is dependent on



the beamwidth. An AI radar measures the azimuth of a target by relating the position of its aerial when pointing at its target to the aircraft's axis. However the size of the radar 'blip' will depend on the beamwidth and so will



the



accuracy



of



the



azimuth



measurement. Consider a fighter carrying an



Fig 15-7: Directional Accuracy



aerial of 1 metre diameter and radiating on a wavelength of 10 cms. The resulting beamwidth is approx 7°. Echoes will be received as long as some point of the beam falls on the target. Therefore a single target will appear to subtend an angle of 7°. In Fig 15-7, echoes will be received with the beam
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pointing anywhere between directions A and B. This does not matter with a single target because the true direction can be determined by interpolation. 9.



If, however, there are 2 targets, the radar will be unable to discriminate between them if they



are closer together than the width of the beam. A beam of 7° is almost half a nm wide at a range of 5 nm. Thus the radar would see 2 aircraft, which are separated by less than 800 m and a range greater than 5 nm as a single target. Similarly, a radar with a 2° beamwidth would not be able to discriminate between 2 targets at 5 nm if they were closer than about 300 m. This produces an inherent error in mapping radars.



Aerial Gain 10.



The ratio of the power an aerial radiates in a particular direction to that which would have



been radiated from an isotropic source of equal power (omnidirectional aerial transmitting equally in all directions) is called the 'gain' of the aerial. If the appropriate scale were to be substituted, Fig 15- 6 could equally well represent a plot of aerial gain. It should be noted that the gain of an aerial is greater than unity in some directions and less than unity in others. However, the mean gain for all directions must, by definition, be equal to unity. The maximum gain along the beam axis is of special interest and this may be expressed in terms of wavelength λ and the aperture or the effective cross-sectional area A of the reflector (typically about 65% of the actual area). If G0 is the maximum gain, then: G0



=



4πA λ2



(15.3)



W h ere A an d λ ar e i n t h e s am e u ni ts . 11.



This expression gives gain as a power ratio and may run into several thousands. It is



therefore more usual for aerial gain to be expressed in decibel units, and 40 db is a typical figure for a ground search radar. Remember that 1 db = 10 X log 10 (ratio). 12.



The characteristics of gain applicable to a transmitting aerial apply equally if the same aerial



is used to receive an incoming signal. In this case Fig 15-6 would represent the relative power of a signal received from various directions, the transmitting source being of constant power and at a constant range. In pulsed radar a common aerial is used for transmission and reception, and its characteristics are, therefore, applicable to both processes.



Side Lobes 13.



An unavoidable feature of radar aerials is the existence of small subsidiary beams, known as



side lobes, which are generated in directions other than that of the main beam. They arise from interference effects, and their number and direction are related to the ratio of wavelength to aperture. Apart from representing wasted power they can give rise to spurious echoes from large targets not
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lying in the main beam, and they are particularly troublesome in secondary radar where they are apt to cause false interrogations. In the presence of jamming, side lobes are additional points of entry for the interfering signals and in extreme cases a single jammer can obscure a radar display on all azimuths. Side lobes cannot be eliminated, but there are various ways of minimising them. The most elementary way is to taper off the level of power illumination towards the edges of reflector. This device, in common with more elaborate methods, entails the disadvantage that the beamwidth is increased. In a well-designed aerial the level of the first side lobes is normally 25 db below that of the main beam.



Airborne Aerials 14.



Aircraft radar aerials operate in a hostile environment. They normally have to scan a given



field of view while remaining stabilised in the horizontal plane during aircraft manoeuvres. The physical dimensions are usually less than the designer would have wanted. The scanning function is usually achieved in one of 4 ways: (a)



Mechanically moving the entire aerial, either by electric or hydraulic means.



(b)



Mechanically moving aerial elements, reflectors, lenses or feeders.



(c)



Switching between fixed aerials or horns.



(d)



Electronically changing the phase relationships between elements in an aerial array.



Parabolic Aerials 15.



The simple parabolic



dish



has



already



been



mentioned. There are two variations to the simple dish, the Cassegrain Reflector and the offset feed, shown in Fig 15-8. Fig 15-8: Cassegrain and Offset Feed Aerial 16.



Another variation of the parabolic dish was shown in Fig 15-3. Ground Mapping radars need



to be able to cover a large volume of ground in one scan, which a conventional pencil beam would be unable to achieve. The dish is, therefore, bent forward at the top to produce a fatter beam in elevation which attempts to follow a cosec2 law.



Cassegrain Aerials 17.



The feed at the focus of a conventional parabolic reflector tends to cause aperture blocking



leading to larger sidelobes. The Cassegrain aerial system can reduce this problem, while needing shorter waveguide runs, and resulting in a reduction in the overall length of the aerial.
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18.



The Cassegrain aerial (Fig 15-8) consists of a combination of a parabolic reflector and a



hyperbolic sub-reflector.



The focus, F, of the parabola is also one of the conjugate foci of the



hyperbola. The other focus, F’, of the hyperbola is coincident with the vertex of the parabola. The geometry of the arrangement is such that all rays parallel to the aerial axis are focused onto the vertex F’ of the parabola, at which point the feed is located. The position of the sub-reflector may be chosen from any one of a family of hyperbole focused on F and F’. The closer it is placed to the feed, the shorter the aerial is, but the greater is the aperture obscuration. It is possible to achieve comparable performance to a conventional parabolic aerial in a Cassegrain of half the overall length.



Lens Aerials 19.



As in the case of light, microwave energy may be focused by means of a lens instead of by a



parabolic reflector. The advantages of lens aerials include the elimination of aperture blocking by the feed (which is situated behind the lens), the lower dimensional tolerances required, and their suitability for wide angle scanning by moving the position of the feed. The development of lens aerials has been slower than for reflector types owing to the initial lack of suitable materials possessing low dielectric loss, and the problem of dissipating heat from large lenses, can in some applications restrict the power capable of being handled. The three types of lens aerial applicable to radar are the dielectric lens, the metal plate lens, and lenses with a non-uniform index of refraction. Of these the dielectric lens type of aerial is described below. 20.



The Dielectric Lens.



The dielectric lens is constructed of solid material such as



polyethylene, polystyrene or perspex, and works in exactly the same manner as glass lenses at optical frequencies.



The focusing action results from the reduced propagation velocity in the



dielectric. The lens is shaped in such a way that rays emanating from a point source of energy at the focus become parallel to the axis after passing through the lens (Fig 15-9). The thickness of the lens, which is a disadvantage in terms of bulk, weight, and dielectric loss, may be reduced by employing a stepped or “zoned” lens (Fig 15-9). The depth of the



Fig 15-9: Dielectric Lens Aerials



steps and the points at which they are introduced are such that the path lengths through the lens in each successive zone differ by one wavelength. Thus the uniformity of phase in the emergent wavefront is preserved. The penalties resulting from zoning are an increased sidelobe level, and the fact that the lens becomes frequency sensitive.
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Flat Profile Aerials 21.



Instead of a reflector or lens, a beam may



be formed by an array of similar radiating slots, e.g. slots, dipoles, horns.



A linear array (Fig



15-10a) produces a single fan beam, while a planar array (Fig 15-10b) may be used to produce either single or multiple beams. Both types may be rotated mechanically to achieve scanning.



Phased Array Aerials 22.



Fig 15-10: Flat Profile Aerials



A development of the flat profile aerial is the phased array aerial in which scanning is



achieved electronically, by varying the phase between the signals applied to the radiating elements, rather than by mechanical rotation. 23.



In



its



simplest



form, the aerial consists of a



number



of



radiating



elements equally spaced along a line and fed with in-phase signals of equal or



tapered



amplitude.



This produces a beam at right angles to the array which is described as a Fig 15-11: Phased Array Antennae



“broadside linear array”



(Fig 15-11a). If the radiating elements are separated by a distance ‘s’ and a uniform phase difference ‘φ’ exists between adjacent elements, the angle of the beam to the broadside direction (θ), the squint angle (Fig 15-11b), is given by: θ



24.



=



Sin -1



φλ 2πs



(15.4)



By interposing variable phase shifters in the feeds the beam direction may be steered,



theoretically up to 90° either side of the broadside direction, but in practice only up to 60° - 70°. This concept introduces the possibility of an aerial which may be scanned entirely electronically without the necessity for any physical motion of the aerial structure since the relative phase at the elements may be changed by electronically adjusting phase shifters in the feeds to the individual elements, or by changing the operating frequency so that fixed path lengths vary in relation to the wavelength. Highpowered phased arrays may consist of individual elements each fed from its own amplifier chain. This
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'modular’ approach means that it is possible to build a totally solid state radar capable of high power operation, and producing a beam which may be scanned electronically and hence without any of the restrictions that the mechanical limitations of conventional aerials impose. 25.



The use of multiple radiating elements allows greater control over aperture power distribution



than is possible with other aerial types, and lower sidelobe levels are theoretically possible as a consequence. A further advantage resulting from the use of many elements is the ability to handle very high peak powers if necessary. The radiating elements may in theory be located over a surface of any convenient shape, such as the nose section of a fuselage, but in practice current applications use linear, planar, cylindrical, or spherical apertures. 26.



Linear Array.



A linear array produces a fan beam capable of being scanned in a single



dimension. When the beam is at an angle to the broadside direction it forms the surface of a cone surrounding the array axis. This property has a useful application in Doppler navigation radars owing to the fact that, when the array is aligned with the aircraft ground velocity vector, equal Doppler shifts are produced from all points of intersection of the beam with the ground. In this application the array is formed from a length of slotted waveguide and the required phasing is obtained by choosing the correct relationship between the slot spacing and the guide wavelength. 27.



Planar Array.



The most popular array for radar applications is the planar array which is



formed from a number of linear arrays. The radiating elements, of which there may be several thousand, may consist of, for example, dipoles, open-ended waveguides, or log-periodic spiral elements. A rectangular aperture is capable of producing a fan beam which can be scanned in one dimension without serious deformation, while a square or circular aperture will produce a pencil beam capable of being scanned in two dimensions. A planar array may be steered in two dimensions by means of two control signals, one for azimuth and one for elevation. The phase shifters in any one horizontal or vertical row all receive the same control signal, but the phase shift in successive elements is varied linearly along the row. An array is most efficiently matched when the element spacing is exactly one half a wavelength, but because of its resonant characteristics an array of this type has a limited bandwidth and it is therefore more usual to use a non-resonant spacing between the elements (i.e. s < λ/2). On a large array, a process known as aperture thinning allows 5 - 10% of the elements to be either left out, or to go unserviceable, without reducing the effectiveness significantly. This allows reduced cost or a measure of redundancy. 28.



Beamwidth of Phased Array Aerials.



The beamwidth of a phased array aerial depends,



as with other types of aerial, on the number of wavelengths in the aperture. If there are N elements spaced at intervals of λ/2 across the aperture plane and the power distribution is uniform, the beamwidth (θb) in the plane of the aperture is given by: Sin θb =



λ Ns



X



360 2π



Degrees



(15.5)
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Microwave Aerials



approximates to 114 N



A one degree pencil beam requires a square aperture of comparable size to that of a reflector



aerial and with about 10,000 elements.



The sidelobe level for uniform power distribution is



comparable to that of a uniformly illuminated parabolic reflector (about 13 dB below the main beam) and may be reduced by tapering the power towards the edges of the aperture. This may be achieved by reducing the energy radiated by the outer elements (amplitude tapering), or by omitting some of the elements altogether (space tapering). The beamwidth of a broadside array is degraded as the beam is scanned away from the broadside direction and, over the useful angle of scan, increases approximately as the secant of the angle from the normal. 30.



Phase Shifting Devices.



Although in the past variable phase shifters have been



mechanical devices, the present emphasis is on the development of electronic devices, making use of ferrite and semiconductor diode materials. Electronic phase shifters are classified as reciprocal or non-reciprocal, the former having identical characteristics for both transmission and reception of power, and may be either analogue or digital. Digital phase shifters are generally preferred because of their suitability for direct control by digital computers. Switching speeds are in the region of 1 to 10 microseconds at operating frequencies up to L-band. One of the main problems involved in electronic phase shifters (particularly of the analogue type) is temperature sensitivity and this necessitates close control of the array temperature. 31.



Multiple Beam Arrays.



The flexibility of array aerials makes it possible to generate a



number of beams simultaneously from a single aperture and the array may therefore, if necessary, receive from many directions at the same time. The process is generally easier for reception than for transmission but the performance of a conventional scanning radar can still be achieved if the transmission is in a broad beam covering the entire field of view, and reception is made simultaneously in a number of stationary narrow beams which together cover the same field of view. For comparable performance the echoes received in any one beam must be integrated over periods of time corresponding to the scanning period of a conventional radar.



Synthetic Aperture Systems 32.



Although it is possible, theoretically, to use a sideways looking aerial array equal to almost the



whole length of the aircraft, it is still not possible to achieve the very high azimuth resolution necessary for some applications. For example, a K-band signal (L = .009 m) transmitted from a 9 m aerial would have a beamwidth of 0.001 radians which equates to a linear beamwidth of approximately 15 m at 10 nm.



The synthetic aperture technique allows better resolution to be



achieved from physically smaller aerials.



The underlying principle relies upon using the aircraft



movement to create an effectively elongated aerial by synthesizing returns from a target as the aircraft flies past. The echoes returned from each pulse are recorded and processed when enough returns
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have been received to create the required aperture. Range resolution is of the same order as azimuth resolution. 33.



The system comprises a coherent radar, signal storage and processing equipment, an aerial



with a high order of stability, and a display. Due to the requirement for large signal processing equipments, the system is currently restricted to large aircraft. 34.



In practical terms, some radars use combinations of mechanical scanning (in one plane) and



electronic scanning (in other plane). This reduces the electronic complexity a great deal but still means that a large volume of airframe has to be allocated to the mechanical system. Once the array can be sufficiently developed to provide electronic scanning in both planes, the elements can be placed in positions which better suit the aerodynamic requirements for the airframe and hence become "conformal" with the aircraft -conformal radar aerials. There are several other advantages of the phased array aerial: 35.



The advantages of phased array aerial are: (a)



Rapid Beam Steering.



A beam can be scanned or switched from one position to



another in a time which is only limited by the switching speed of the phase shifter. A typical figure would be in the region of 5-l5 µs, however, devices are available in which switching times are measured in terms of nanoseconds, it is possible, because of this rapid beam steering to have one radar which can ‘dedicatedly track’ (rather than track while scan) several targets at the same time. (b)



Multiple Independent Beams.



A single aperture can generate multiple



independent beams, or alternatively, a single beam can be rapidly switched to produce the same effect. This could be used, for example, on a surveillance radar to provide height information on a target. (c)



Large Peak / Average Power.



The power is combined in space and so the total



power is potentially many times greater than is possible from a single source. (d)



Control of Radiation Pattern.



The amplitude and phase of the radiation from each



element in an array can be individually controlled and so the radiation pattern can be adjusted, and adapted, to meet the requirements. For example, low side lobe or monopulse radiation patterns can be produced. (e)



Graceful Degradation.



Elements can be removed from an array, or perhaps



reduced in output, without greatly upsetting the overall radiation pattern. As individual elements fail, the overall performance gradually degrades, whereas, a single source aerial is more likely to have a catastrophic failure. If the surface of a parabolic reflector is deformed by
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the sidelobes are likely to become unacceptably large. Mechanical damage, of the same magnitude, is unlikely to affect the performance of a phased array. (f)



Electronic Beam Stabilisation.



Electronic methods can be used to stabilise a



radar on a moving platform, such as a ship, aircraft or satellite.
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CHAPTER 16



WEATHER AND GROUND MAPPING RADAR WEATHER RADAR



Introduction 1.



A weather radar is airborne pulse radar designed to locate turbulent clouds ahead of the



aircraft so that, in the interests of safety and comfort, they may be circumnavigated either laterally or vertically, or penetrated where the turbulence is likely to be least. The radar beam is conical, and typically scans in azimuth 75° to 90° either side of the aircraft’s heading (Fig 16-1). Some systems can scan vertically (typically ± 25°) to give a profile



Fig 16-1: Conical Beam Scanning in Azimuth



display. Cloud returns are displayed as bright areas on a sector PPI display equipped with either fixed or electronically generated range and bearing markers as shown in Fig 16-2. The scanner has limited stabilization in pitch and roll so that the scan remains horizontal and has a steady tilt angle relative to the horizon during aircraft manoeuvre. 2.



Fig 16-2: Cloud Formation on a PPI Display



Most weather radars have a secondary ground mapping application and in this mode the



radar transmission is often converted to a cosecant2 beam. This type of beam is described later in the section on Ground Mapping radars of this chapter.



Principle of Operation 3.



Cumuliform clouds are associated with rising and descending currents of air leading to



turbulence, which can be severe in the case of cumulo-nimbus clouds. The turbulence tends to retain the water droplets within the cloud which increase in size until they fall as heavy precipitation. It is this precipitation, and in particular the large water drops, which reflect the radar energy and from which
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turbulence can be inferred. A frequency of approximately 10 GHz, giving a wavelength of about 3 cm, is used in order to provide adequate reflections from these large raindrops. Hailstones are normally covered with a film of water and tend to produce the strongest echoes. Gentle rain, snow, and dry ice produce the weakest echoes. Non-turbulent, principally stratiform clouds are not usually detected by the radar as the water droplet size is too small, neither can the radar detect clear air turbulence. Normally the radar energy will penetrate the precipitation of one cloud so as to be able to display echoes from clouds beyond. However, extremely heavy precipitation may attenuate the radar to an extent that this penetration is not achieved. Since the system is designed as a warning device, accurate range and angular discrimination is not needed. It is therefore possible to transmit long pulses, which provide high peak signal strength for low average power consumption. The antenna need not be large, so a small parabolic aerial which can fit in the nose of even a light aircraft can provide a satisfactory beam width of about 3°.



Iso-Echo Contour Display 4.



Normal cathode-ray tubes provide a single colour (or 'black and white') display of the returns.



The pilot is not normally interested in weather elsewhere than along his intended flight path, so traditionally the screen covers an angle of about 75° either side of the aircraft's heading, although several extend further. White returns indicate the reflecting raindrops or hailstones. Modern black and white displays can be reversed to show the returns as black on white, which in certain lighting conditions makes the shape of the return easier to identify. 5.



The strength of the returned radar signals varies according to the precipitation rate and by



inference reflects the degree of turbulence. However, a normal monochrome CRT display is unable to discriminate between these different signal amplitudes and clouds with significantly different degrees of turbulence would appear the same on the display. 6.



In order to overcome this



shortcoming a system known as Isoecho Contour has been developed. In



this



system



an



amplitude



threshold level is established, and all signals which exceed this level are switched to earth (Fig 16-3). The effect is to create a ‘black hole’ on the display corresponding to those parts of the cloud return with



Fig 16-3: Generation of Iso-Echo Display



the greatest precipitation rate. The outer and inner edges of the surrounding return correspond to two contours of precipitation rate, and the width of the ‘painted’ return reflects the precipitation gradient in
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the area. The narrower the paint, the steeper the gradient, and therefore the more severe the turbulence.



Multi-threshold Displays 7.



An extension of the Iso-echo Contour system is to have a number of threshold levels in order



to generate a series of precipitation rate bands. It is necessary to have a colour CRT to display these gradations, with a different colour used for each precipitation rate band. Conventionally, the colours range from black, indicating no or very light precipitation, through green and yellow to red, which corresponds approximately to the traditional Iso-echo Contour threshold. Increasingly, new systems add another colour, magenta, to indicate areas of most intense precipitation. One such display is shown in Fig 16-4. This sequence can be considered as being similar to that of traffic lights viz. red for 'danger', amber for 'warning', and green for 'no hazard at present but possibly changing'.



Fig 16-4: Weather Radar Colour Display



Sensitivity Time Control 8.



As well as the nature of the cloud target, the strength of the returning radar signal is



dependent on the range of the cloud. In order to eliminate this variable, sensitivity time control (STC), or swept gain techniques are used in which the receiver gain is lowered at the instant each pulse is fired, and then progressively increased according to a predetermined law. This ensures that echoes from distant ranges are amplified more than those from close range. 9.



At long ranges a cloud is likely to fill the radar beamwidth only partially and the echo signal



will vary inversely as the fourth power of range whereas at lesser ranges, where the beamwidth is completely filled, the reflected signal varies inversely as the square of the range. Therefore, there is no universal law for all ranges to which STC can be made to conform and any installation will have a display that is compensated only over a limited, fairly short, range (e.g. 25 nm).
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Display Interpretation 10.



Radio waves are only reflected by cloud if there are water droplets above a certain size, or



hail, but rapidly building storms will typically contain ice in their upper levels which reflects very little radar energy. When cruising at high altitude it is therefore important to use the tilt control to scan downwards or to use the ‘profile’ capability of some radars to intercept the lower portion of the storm containing the water droplets. 11.



Having detected a cloud which



is likely to be turbulent a course of action must be determined.



The best



option would be to avoid the cloud altogether, however this may not be possible in practice and consideration must be given as to the best part of the cloud to penetrate. Fig 16-5 shows a typical Iso-echo display cloud return diagrammatically. There are two areas, marked W, where the amplitude of the received



signal



has



exceeded



the



threshold level, and these therefore,



Fig 16-5: Diagram of Typical Cloud Return Indicating Zones of Differing Turbulence



show as ‘black holes'. Although these areas can be assumed to be areas of high precipitation and therefore of turbulence, greater consideration should probably be given to areas where the precipitation gradient is highest. This is indicated by the width of the ‘paint’. The upper part of Fig 165 illustrates the returning signal strength and it will be seen that the gradient is higher to the left than to the right.



On the display this variation is shown by the narrower band at A than at B.



By



implication, the particularly narrow band at Y can be considered to be the area of greatest turbulence. 12.



Area Y should, therefore, be the first priority for avoidance.



The two areas labelled W



represent returns above the Iso-echo threshold level and are therefore areas of high precipitation and turbulence, and although area X between these ‘holes’ is of a lower level, the degree to which the amplitude has dipped below that of W is not apparent from the display; it may easily be very nearly as turbulent. The best area for penetration is likely to be B where the paint is wide (wider than A), and the amplitude continues to fall to below the video threshold level on the right.



Determining Cloud Vertical Extent 13.



The vertical extent of cloud is most simply determined on screen if the equipment has a



profile scanning capability. On azimuth only systems it is possible to make an approximate estimation of the vertical extent of a cloud by tilting the aerial both above and below the horizontal until the echo
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just disappears as shown in Fig 16-6. The solution to the trigonometrical equation involving the tilt angles and range is normally solved using a table or a graph, such as that shown in Fig 16-7. One in sixty



Fig 16-6: Cloud Height Measurement



rule may also be used for an approximate result. For e.g. If the beam just misses the precipitation when it is angled upwards at 1° at a range of 60 nm, one could calculate that the top of the precipitation is 1 mile (6080 ft) above the aircraft. However, if the beam has a vertical width of 3°, the bottom of the beam is 1.5° below the centre. In this example, the top of the precipitation is actually 0.5°, and therefore 0.5 miles or 3000 ft approx below the aircraft.



Cockpit Controls 14.



A control panel of a COO is



depicted in Fig 16-8. The brightness (BRT) knob may be replaced by a 'colour intensity' control. There is a rotary control to select the maximum range of the display, and the range rings will appear on the display at



Fig 16-7: Cloud Height Measurement Graph



proportions of that maximum range. The gain control is usually left at 'automatic' in the weather mode, but when using the radar for mapping the operator



should



adjust



the



gain



manually by use of the knob to obtain the best possible picture. The function



Fig 16-8: AWR Control Unit



control on this unit has positions to display weather (WX), ground returns (MAP) and a combination of weather and TCAS information (WX / T), as well as a test facility. Additional functions may include the display of windshear warnings, as described in paragraph 17. 15.



The tilt control should be used to search for the most likely and most severe weather returns.



These would usually appear in the middle of a cumulonimbus cloud, where the updraughts are strongest, so if the aircraft is at high altitude, the most intense returns would appear below the aircraft, and above it if flying at low altitude. The crew can tilt the antenna accordingly. Another reason for
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adjusting the tilt would be to remove unwanted ground returns from the weather display.



Requirements 16.



As per ICAO, certain aircraft must carry airborne weather radar equipment when operating at



night or in instrument meteorological conditions in areas where thunderstorms or other potentially hazardous weather conditions, regarded as detectable with airborne weather radar, may be expected to exist along the route. These aircraft are: (a)



All pressurised aeroplanes.



(b)



Unpressurised aeroplanes with a maximum certificated take-off mass of > 5700 kg.



(c)



Unpressurised



aeroplanes



with



a



maximum



approved



passenger



seating



configuration of more than 9 seats. Unpressurised propeller-driven aeroplanes lighter than the above and with fewer seats may be operated with other equipment capable of detecting thunderstorms, for example the lightning detector, if the equipment is approved by the relevant authority.



Windshear Detection 17.



Turbulence associated with windshear is a major safety problem during the approach and



departure phases of flight. Even at high altitudes, windshear in frontal zones can have a considerable affect on passenger safety. Systems have been developed which compare airspeed information from the Air Data Computer (ADC) with groundspeed information from the navigation computer. This comparison can detect changes in wind affecting the aircraft. Pressure altitude information from the ADC can provide information about rates of climb or descent, and when coupled to airspeed (and air temperature) changes can give an indication of the effect that a gust is having on the aircraft. 18.



TAWS (Terrain awareness and avoidance system) computers will alert the crew if an



increasing headwind (or decreasing tailwind) and / or a severe updraught exceed a defined threshold. These are characteristics of conditions which might be expected just before an encounter with a microburst. A decreasing headwind (or increasing tailwind) and / or a severe downdraught are characteristic of conditions that might be experienced within a micro burst itself, or just afterwards, and result in a more urgent warning. 19.



The alert and warning thresholds depend on available climb performance, flight path angle,



airspeed changes, and fluctuations in static air temperature. A windshear alert on a weather radar display will often take the form of bands of colour across the screen in the aircraft's direction of flight.
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Lightning Detectors 20.



For light aeroplanes, alternative systems have been developed, some of which have been



incorporated in systems for larger aircraft also. One commercially available system uses a small external aerial incorporating directional antennas (on a similar principle to ADF) to detect electrical discharges (lightning) from thunderstorms in line-of-sight range. The system computer uses the signal strength of this discharge to determine not only the direction from which it has come, but also its range. The equipment can then display each discharge on a screen. 21.



By



keeping



each



discharge



in



the



computer's memory, a map can be built up of the discharges over a period of time. This shows the areas of most frequent discharge, which can be assumed to be the most intense thunderstorms. The thunderstorm



map



may



be



shown



on



an



independent screen or as part of any other horizontal situation display (Fig 16-9). In some installations, the pilot may have the choice of displaying either the normal map of historical information, or a screen which shows only the discharges which have occurred from the moment



Fig 16-9: Discharges on Nav Display



he started a 'stopwatch' on the equipment. This facility is useful if the pilot is committed to flight through a stormy air mass and wishes to know where the storm activity is reducing. An area of reducing activity is likely to be less dangerous than one where the activity is increasing. Fig 16-9 shows such a display of 'strikes' on a simple EHSI MAP display fed from a navigation computer.



GROUND MAPPING RADAR



Introduction 22.



It has been explained earlier how a pulse radar can be used to detect a reflecting target, and



measure its range and relative direction from the transmitter.



This principle is used in ground



mapping radars to present the operator with an image of terrain features, which can then be used to aid navigation, locate targets, and determine weapon aiming parameters. A ground mapping radar is often one component of an integrated navigation and weapon aiming system such that radar derived data can be used directly to update the system, and conversely data from the rest of the system is used to enhance the radar facilities. Doppler or inertial velocities, for example, may be used to stabilize the radar image and superimposed electronic cursors. In many cases a ground mapping radar will have a secondary air intercept mode of operation, although often with rather limited facilities.
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Similarly, many air intercept and most cloud warning radars have ground mapping as a secondary mode. 23.



A radar map of an area of the surface is achieved by scanning the radar beam either by



mechanically moving the aerial or by using a phased array antenna. The radar image is presented on a CRT, the time base of which sweeps in synchronization with the radar beam, and is intensity modulated in response to the signal strength of received echoes. The image brightness is thus related to the nature of the reflecting object and, in general, built-up areas appear bright, water appears dark, and land appears in an intermediate tone. The persistence of the CRT phosphor ensures that a continuous image of the ground is maintained between sweeps. Although a few installations provide a 360° PPI display, more normally the radar is mounted in the aircraft nose and scans a sector ahead of the aircraft, typically 60° either side of the aircraft heading. The radar aerial must be stabilized, within limits, to the true horizontal both in roll and pitch to avoid image distortion and this is normally achieved by using inputs from the aircraft attitude system. The degree of roll and pitch, for which compensation can be provided, varies between aircraft types. In addition to the radar image, it is possible to superimpose electronically produced symbols and cursors, and in some systems a topographical map can be projected onto the display.



Beam Characteristics 24.



The beam of a ground mapping radar must be ‘narrow in azimuth’ so that the bearing of any



echo can be accurately defined, and ‘broad in the vertical plane’ in order to illuminate all of the ground between a point beneath the aircraft and the horizon (or effective range). 25.



Azimuth Beamwidth.



It is impossible to produce a beam in which all of the radar energy is



distributed and confined within a finite beam. However, with a well designed antenna most of the radiated power can be constrained to a given direction, and a typical polar diagram is shown in Fig 16-10. It is impossible to eradicate the sidelobes completely but it is desirable to minimize them since they represent wasted power, and their presence



makes



the



radar



more



vulnerable to EW interference.



Two



definitions of beamwidth are recognized: (a)



Nominal Beamwidth.



Fig 16-10: Half Power Beam Width The nominal beamwidth is defined as the angle subtended at



the source by the lines joining the two points on the radiation diagram where the power has fallen to a certain proportion (usually a half) of its maximum value. Radiation patterns are normally plotted showing relative field strengths, and since field strength is proportional to the square root of power, the corresponding half power points A and C on the field strength diagram shown in Fig 16-10 are where the field strength has fallen to √5, i.e. 0.707, of the
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maximum value OB. Conversely, the power radiated in the direction OA and OC = 0.7072 = 0.5 of the power transmitted along the centreline OB.



The angle θ is the nominal



beamwidth and is proportional to the wavelength (λ) of the radiation and inversely proportional to the size of the aerial: Nominal Beamwidth



α



_____Kλ_____ Degrees Dish Diameter



(16.1)



Where λ is the wavelength and K is a constant which varies with the side lobe level, but for a simple parabolic aerial is typically 70. (b)



Effective Beamwidth.



From



an operator’s perspective, the effective or apparent beamwidth is of more concern than the nominal beam width since it is one factor which influences the accuracy with which radar returns are



displayed.



The



effective



beamwidth is the angle through which the beam rotates whilst continuing to give a discernible image from a point response.



Fig 16-11 illustrates the



Fig 16-11: Effective Beamwidth



effect of a radar beam with an effective beamwidth of 4°, scanning clockwise, through a point target. The target will be displayed on the CRT once the leading edge of the beam intercepts it, however it will not be portrayed on its correct bearing of 090°, but in the direction in which the aerial is pointing, i.e. along 088°. The target continues to be displayed until the trailing edge of the beam passes through it. The effect is to spread the image of the point response across the effective beam width, thus, for example, a point target at a range of 60 nm would appear to be 4 nm wide (1 in 60 rule), i.e. 2 nm either side of the correct bearing. The effective beamwidth is largely a function of receiver gain. Both transmitted power and receiver sensitivity are maximum along the beam centre line, decreasing towards the beam margins. Receiver gain determines the overall amplification of the received signal and may be reduced to a level which is only sufficient to ensure that signals near to the centre line of the beam are displayed, generating a narrow effective beamwidth, or may be increased so that signals at the edge of the beam are amplified sufficiently to exceed the video threshold. 26.



Vertical Beamwidth.



A pencil beam is not ideal for mapping purposes since it does not



illuminate a sufficient area of land, instead, a diffuse beam known as a spoiled or cosecant2 beam is used. The main characteristic of such a beam is that greater power is transmitted to greater ranges so as to compensate for range attenuation and in this way similar targets will give similar returns
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regardless of range (Fig 16-12).



The



2



cosecant beam dilutes the power per unit area of ground coverage and is therefore normally restricted to the shorter range scales and at longer ranges reversion to a pencil beam is necessary.



Radar Parameters 27.



The



radar



parameters



have



Fig 16-12: Cosecant² Beam



been described in detail in the chapter on Basics of Radar. Theses are, even at the cost of repetition, described again in order to refresh the readers’ memory. These parameters are: (a)



Operating Frequency.



High frequencies allow narrow beamwidths to be achieved



with relatively small aerials, and pulselengths can be relatively short, both attributes leading to improved resolution. Additionally, high frequency equipment tends to have size and weight advantages.



Conversely, high frequency radar is restricted in the power that can be



employed, and therefore in the effective range. Furthermore, the higher the frequency, the more the radar will be susceptible to interference and atmospheric attenuation. In practice, the majority of airborne mapping radars operate in the I or J band with frequencies around 10 GHz (wavelengths around 3 cm). (b)



Pulse Length.



The energy content of a pulse is directly proportional to its length



and thus the shorter the pulse, the weaker any echo will be. However, shorter pulses are desirable for good discrimination in that if two targets are separated in range by less than half the distance occupied by a pulse, they will be seen as a single echo. Pulse length also determines the minimum range that the radar can measure. In practice the minimum range will be greater than this since some finite time will be necessary for the aerial to switch from transmission to reception. A pulsed radar signal contains a spectrum of frequencies which broadens with decreasing pulse length, and a receiver for short pulses therefore requires a wide bandwidth, making it more susceptible to noise. Pulse lengths for mapping radars are usually between 0.5 and 5 µs. (c)



Pulse Recurrence (or Repetition) Frequency (PRF).



The selection of pulse



recurrence frequency is closely associated with maximum unambiguous range and with scanning rate. (i)



PRF and Range.



In order to avoid ambiguity in range measurement it is



essential that the echo of any one pulse is received before the next pulse is
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transmitted. The PRF will therefore determine the maximum range at which the radar can be used, or conversely the PRF must be selected with regard to the desired maximum range of the radar. Runamb =



___c___ 2 X PRF



where c



=



Speed of light



In practice, the maximum range of a ground mapping radar is more likely to be limited by attenuation effects than by considerations of range ambiguity. (ii)



PRF and Scanning Speed.



The PRF must be sufficiently high to ensure



that at least one pulse of energy strikes a target while the scanner is pointing in its direction. A very narrow radar beam with a high rate of rotation therefore needs a high PRF. In practice the relationship between scanner rate, beamwidth, and PRF is adjusted so that any target will receive between 5 and 25 pulses each time it is swept by the beam. The PRF of ground mapping radars is typically between 200 and 800 pulses per second and in some systems it is variable. (d)



The Transmitter Duty Cycle.



Because a pulse radar transmits short pulses with



relatively long interpulse periods, the transmitter is only functioning for a small fraction of the time (typically 0.001). The magnetron, which is the normal power source, must therefore be capable of handling high peak powers (typically around 200 kW) in order to achieve the necessary mean power of a few tens of watts. The product of pulse length and PRF is known as the duty cycle, and magnetrons are limited in the length of the allowable duty cycle in order to avoid overheating.



Image Distortion 28.



A radar reflective target will not be



portrayed accurately in size or shape on the CRT due to a combination of beamwidth, pulse length, and spot size distortions. 29.



Beamwidth Distortion.



beamwidth



distortion



has



The cause of already



been



examined in para 25. The effect is to add one half of the effective beamwidth to each side of the target as shown in Fig 16-13. Beamwidth distortion increases with increasing range.



Fig 16-13: Beamwidth Distortion
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30.



Pulse Length Distortion.



The range to the near edge of a target is correctly determined by



half the time taken for the leading edge of the pulse to reach the target and return multiplied by the propagation speed. However, although the range to the far side of target is similarly determined by the leading edge of the pulse, the CRT continues to paint until the whole pulse is completely received. The effect is to extend the far edge of the target by an amount equivalent to half the pulse length. The distortion is added to the effect of beamwidth distortion as shown in



Fig 16-14: Pulse Length Distortion



Fig 16-14. 31.



Spot Size Distortion.



The electron



beam which produces the image on the CRT has a finite size, and although the centre of the spot draws the correct outline, the image is blurred by the addition of a margin with a thickness equal to the radius of the spot as illustrated in Fig 16-15. Adjustments to focus, brilliance, and gain affect the spot size, but it is independent of selected range scale and



Fig 16-15: Spot Size Distortion



therefore represents a greater distortion on smaller scales (i.e. on greater ranges). Spot size distortion is added to the effects of beamwidth and pulse length distortions as shown in Fig 16-16. 32.



Resolution Rectangle.



Echos separated



in azimuth by less than the effective beamwidth plus spot diameter, and echos separated in range by less than half the pulse length plus the spot diameter will merge together on the CRT. The combined effect of beamwidth, pulse length and spot size distortion is to limit the size of the smallest image which can appear on the CRT to the approximate rectangle, known as the resolution rectangle, of Fig 16-16. Reflecting objects will be resolved as separate images only if the distance between them is greater than the appropriate dimension of this rectangle.



Fig 16-16: Resolution Rectangle
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The range measured by a



mapping radar is slant range, whereas for a completely accurate display plan range is needed. At larger distances the difference between slant range and ground range is small and will not be conspicuous on the picture. At closer ranges, however, the picture will be distorted and the distortion would increase with increase in height. Fig 16-17 shows the picture of a straight coastline six nm ahead. If such accuracy is necessary, the CRT time base can be made non-linear such that the electron beam producing the time base is made to move faster at the start of its movement from the centre of the display than towards the edge.



Even so, it is not possible to remove all of the



Fig 16-17: Straight Coastline Six Miles Ahead



distortion at the centre of the display. In the majority of cases height corrections are only worthwhile if the aircraft is operating at very high altitudes.



Radar Reflection Characteristics 34.



The creation of a map-like image on a radar display relies on the differing reflectivities of the



various terrain features. Radar energy is reflected in the same way as other electromagnetic waves, such as light, and two types of reflection situations may be recognized, specular and diffuse. 35.



If the radar energy impinges on a smooth surface the reflection is



Specular Reflection.



known as specular and is the same as light being reflected from a mirror, i.e. with the angle of reflection equal to the angle of incidence. A surface may be considered smooth if it is approximately planar and contains no irregularities comparable in size with, or larger than, the wavelength of the radar. From a horizontal surface, specular reflection causes the energy to be directed away from the receiver and so such a surface would appear dark on the display. Such specular reflection is typical of smooth water and fine sand. 36.



Corner Reflectors.



In order for specular



reflections to arrive back at the receiver from a single plane surface, that surface must be very close to normal to the radar beam.



A pair of plane



surfaces, one vertical and one horizontal, will return a signal at the same angle of elevation as the incident energy, but not necessarily in the same angle of azimuth (Fig 16-18). However, if there are



Fig 16-18: Reflection from Two Plane Surfaces



 192



FIS Book 2: Avionics



three mutually perpendicular surfaces the geometry is such that energy is reflected back to the source regardless of the angle of incidence.



This



arrangement is known as a corner reflector. Although rare in nature, corner reflectors frequently occur in built-up areas, as in Fig 16-19, and are largely responsible for the bright display of such areas. They are also widely manufactured to enhance the radar reflectivity of, for example, bombing targets, runway thresholds, and small boats. 37.



Diffuse Reflection.



When a reflecting



surface is rough, i.e. when its irregularities are



Fig 16-19: Corner Reflector in Built-Up Area



comparable in size with, or larger than, the radar wavelength, the reflected energy is diffused in all directions, the rough surface acting as a mosaic of randomly orientated specular reflecting surfaces. The amount of energy reflected in any direction is less than would occur in a single specular reflection. Diffuse reflection



is



uncommon



in man-made



structures, but is typical of normal undeveloped land and accounts for the intermediate tone of such terrain on the display. The proportion of the energy which is reflected back to the receiver depends largely on the angle of incidence, as illustrated in Fig



Fig 16-20: Diffuse Reflection



16-20. 38.



Influence of Materials.



In addition to the geometrical considerations, the amount of energy



arriving back at the receiver from an object depends on the material from which the object is made. All objects transmit, absorb, or reflect different proportions of any incident electromagnetic energy depending on their material. Broadly, metals reflect strongly, and naturally occurring materials such as earth and wood reflect weakly.



Brick, concrete, and stone have intermediate reflecting



characteristics.



Display Interpretation 39.



Map reading from a radar display requires skill, experience, and care. The normal technique



requires the identification of pre-selected fix points from which present position can be determined or targets can be located. In most modern systems it is possible to place cursors over the fix point and
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allow the system to calculate present position from knowledge of the fix point co-ordinates and its relative position. Alternatively, the cursor position can be transferred to a target or waypoint by the insertion of offset values. 40.



The ideal radar fix point should be sufficiently large, a good reflector, unique, and exhibit good



contrast against its background. Since water in general reflects little or no energy back to the receiver (specular reflector), the best contrast is usually afforded by a cultural return against a water background.



Such features are normally of sufficient size, are man made and therefore good



reflectors, and tend to be unique, they are however rather uncommon. More commonly, fix points will be cultural features against a terrain background like sharp bends and crossings of power cables might be suitable, as might some of the smaller towns. Power stations and large factories are often suitable.



In these cases, however, the features are unlikely to be truly unique, and confident



identification must be achieved by relating the radar returns one to another. Coastal features are often easily identified and suitable, however they must be used with some caution since their appearance can vary with tide changes, especially in shallow and estuarine waters. Precipitous and rocky coastlines (particularly small islands) are more reliable than sandy or muddy ones. However, man-made coastal features such as piers, harbours, and lighthouses, usually show significantly regardless of tide state.



Radar Interpretation at Low Level 41.



Most of the factors discussed



above are equally applicable to operation at low level.



However, in addition,



consideration must be given to the effect of terrain shadowing on the display. The short wavelength radar energy travels in straight lines and so any obstruction, such as a hill, will cast a shadow on the far side, and any feature in the shadow will not be apparent. Fig 16-21 gives an impression of the sort of display that might result from a low-level viewpoint over hilly terrain. Fig 16-22



shows



a



terrain



cross-section



Fig 16-21: Impression of Typical Low Level Radar Display over Hilly Terrain



together with a simplified diagram of the the radar display that might be generated, although it should be appreciated that variations in tilt and gain settings, and in the aircraft height will make significant differences. 42.



If the terrain elevation is equal to, or greater than, the aircraft altitude the radar can no longer



‘see’ over the hill as shown in Fig 16-23 a situation known as radar ‘cut-off’. Cut-off is indicative that
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the flight path is not clear of the obstruction.



However,



a



potentially



dangerous situation can occur when cutoff is not apparent. Fig 16-24 shows the radar display from a terrain cross-section with a series of hills (A, B, and C), each successive hill being higher than the previous one. It might be supposed from the display that there is adequate terrain clearance, whereas in fact the flightpath impinges on hill B.



Initially, as hill B is



approached, the radar display still gives no impression of the true situation (Fig 1625), but eventually the angle between the peaks changes and a cut-off from hill B appears (Fig 16-26). However, if the final



Fig 16-23: Terrain Cross-Section and Simplified Radar Display Diagram



hill, C, is significantly higher than hill B, the cut-off might not become apparent until it is too late to climb over hill B.
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Fig 16-23: Radar 'Cut-Off'



Fig 16-25: Cut-Off From Hill C, but Not From Hill B
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Fig 16-24: Cross-Section and Display with Three Hills



Fig 16-26: Cut-Off from Hill B now Apparent
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CHAPTER 17



INERTIAL NAVIGATION



Introduction 1.



In an inertial navigation system, velocity and position are obtained by continuously measuring



and integrating vehicle acceleration. Inertial navigation systems are self-contained and are capable of all-weather operation.



BASIC PRINCIPLES 2.



Acceleration.



The basis of inertial navigation is the measurement of a vehicle's (aircraft's)



acceleration along known directions. Accelerometers detect and measure accelerations along their sensitive axes (input axes). The accelerometer outputs are integrated, once to obtain velocity along the sensitive axis, and again to obtain distance travelled along the sensitive axis. 3.



Relationship between Acceleration, Velocity and Distance.



The velocity achieved and



the distance travelled by a vehicle starting from rest and accelerating at a constant rate are obtained from the following equations: v



=



u + at



and



s



=



ut + ½ at2



Aircraft accelerations are not constant, and must be integrated to obtain velocity and distance: V



=



∫ a.dt and



s



=



∫ ∫a.dt or



s



=



∫ v.dt



The basic principle of inertial navigation



is,



therefore,



the



double integration of acceleration with respect to time (Fig 17-1). 4.



Measurement Axes.



Fig 17-1: Principle of Inertial Navigation Acceleration must be measured along two axes, usually orthogonal, if



vehicle velocity and displacement are to be defined in a given plane. Since most accelerometers are designed to measure acceleration along one axis only, two accelerometers are required for inertial navigation in a two dimensional plane. In aircraft systems the accelerometers are usually mounted with their input axes aligned with North and East, and this alignment must be maintained if the correct accelerations are to be measured. Moreover, the sensitive axes must be kept perpendicular to the gravity vertical, otherwise, the accelerometers sense part of the gravity acceleration. The reference
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frame defined by these directions, i.e. local North, local East and local Vertical, is called the Local Vertical Reference Frame.



Other reference frames can be used, but the local vertical is the



fundamental mechanization and is the one primarily considered in this chapter. 5.



Once the accelerometers have been aligned in the chosen reference



Gyro Stabilization.



frame, they must be capable of maintaining that orientation during aircraft manoeuvres.



The



accelerometers are therefore mounted on a platform which is suspended in a gimbal system that isolates the accelerometers from aircraft manoeuvres. However, this platform is not inherently stable, and any tendency for the platform to rotate with the aircraft must be detected and opposed. Gyros are therefore mounted on the platform to detect platform rotation and control platform attitude. Three single degree of freedom gyros are normally used; one gyro detects rotation about the North axis, another rotation about East, and the third rotation about the vertical. The platform rotations detected by the gyros are used to generate error signals, proportional to change in platform attitude, which are used to motor the platform back to its correct orientation. 6.



Effect of Earth Rotation and Vehicle Movement.



An INS operating in the local vertical



reference frame must maintain its alignment relative to Earth directions. The gyros used to stabilize the platform are rigid in space and must therefore be corrected for Earth rate and transport wander to make them ‘Earth stable’. Additionally, the accelerometers must be corrected for the effects of coriolis acceleration and the central acceleration caused by rotating



the



alignment



platform



with



the



to



maintain



local



vertical



reference frame. 7.



The



Platform Control.



platform control unit computes and applies the gyro and accelerometer correction terms from calculated values of ground-speed and latitude and stored values of Earth radius and Earth rotation rate. 8.



Simple INS.



capable



of



solving



A simple INS, the



navigation



problem, is illustrated in Fig 17-2.



A



third vertically mounted accelerometer must be added if vertical velocity is required,



e.g.



in



weapon



aiming



Fig 17-2: A Simple Inertial Navigation System
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applications. Conventionally, velocity North is annotated ‘V’, velocity East ‘U’, Latitude ' f ', Earth rate 'W' and the radius of the Earth ‘R’. Other annotations are self-explanatory and the individual INS components are discussed in detail in the following paragraphs.



ACCELEROMETERS



Basic Principles 9.



The accelerometer is the fundamental component of an INS.



Its function is to sense



acceleration (a) along its input axis and to provide an electrical output proportional to sensed acceleration.



The spring and mass arrangement



illustrated in Fig 17-3 shows the basic principle. If the instrument is accelerated along its longer axis, the mass will move relative to its neutral position until the spring tension balances the displacing force. deflection



of



the



mass



is



proportional



to



The the



acceleration. A pick-off system could be arranged to



Fig 17-3: Simple Spring and Mass Accelerometer



provide an electrical output that was the analogue of the acceleration. 10.



An inertial grade accelerometer requires a wide dynamic range (typically ± 20 g), a high



sensitivity (typically 1 x 10-6 g), and a linear response. These requirements cannot be accommodated in the simple accelerometer of Fig 17-3. High sensitivity could be achieved by the use of weak springs, but this would necessitate long springs to achieve the required range and the resulting instrument would be too large for use in a practical INS. Alternatively strong springs could be used to achieve a wide range but this would deny high sensitivity. 11.



A number of accelerometer designs have been developed to overcome these shortcomings,



some of which are more applicable to other than aircraft INS (e.g. ballistic missile systems). In aircraft applications the 'Pendulous Force Balance Accelerometer' is the most common type.



Pendulous Force Balance Accelerometer 12.



A basic pendulous force balance



accelerometer is shown schematically in Fig 17-4.



With the case horizontal and the



instrument at rest or moving at a constant velocity, the pendulous mass is central and no pick-off current flows.



When the



instrument is accelerated along its sensitive



Fig 17-4: Basic Pendulous Force Balance Accelerometer
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axis the pendulous mass is deflected and the deflection is sensed by the pick-off. A current flows through the restorer coils such that a force is exerted on the displaced mass to restore it to the central position. The initial deflecting force is proportional to the acceleration experienced since the mass is constant (F = ma). The restoring force is proportional to the current through the restorer coil and is equal and opposite to the initial force, i.e. the restorer current is proportional to the acceleration. The pendulous mass is free to move only along the sensitive axis and accelerations perpendicular to this axis have no effect.



Pendulous Accelerometer Errors 13.



The accelerometer is sensitive to accelerations along an axis



Cross-coupling.



perpendicular to, and in the plane of, the pendulum. If the pendulum is displaced from the null position, either by an acceleration or by tilting of the platform, then the sensitive axis no longer coincides with the designed fixed input axis. Fig 17-5 shows the situation where the pendulum has been displaced through a small angle, θ. The input (sensitive axis) IA is rotated through the same angle. If the instrument is accelerated along the displaced axis the acceleration will have horizontal and vertical components ax and ay and the measured acceleration will be: ax cosθ



+



Fig 17-5: Cross-Coupling Error



ay sinθ



If θ is small and measured in radians this becomes: ax



ay θ



+



The acceleration that should have been measured is ax and the term ay θ is an error known as crosscoupling error. It should be noted that when the input axis is displaced from the horizontal it will sense a component of the acceleration due to gravity. Cross-coupling error can be minimized by ensuring that the accelerometer platform is maintained horizontal and by using a high gain feed-back loop so that the displacement of the pendulum due to accelerations is kept small. Alternatively the error, ay θ, can be calculated and corrected. 14.



Vibropendulosity.



When an accelerometer is operated in a vibration environment, below



the natural frequency of the accelerometer loop, components of the vibration may act along the input axis causing the pendulum to deflect and thus register erroneous accelerations. 15.



Displaced Orientation.



Accelerometers are arranged, mutually at right angles, to measure



accelerations in specific directions, normally North and East.



If the platform is misaligned as in
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Fig 17-6 and accelerated in a North/South direction, the north sensitive accelerometer will not detect the full acceleration and the east accelerometer will detect an unwanted component.



Performance Characteristics 16.



Accelerometers are required to give an accurate



indication of vehicle acceleration over a wide range (typically ± 25 g) and with a high degree of sensitivity. Fig 17-7 shows a typical accelerometer response and



Fig 17-6: Accelerometer Misaligned



indicates the performance parameters usually referred to in technical descriptions.



The dotted straight line



represents the desired response from the instrument, i.e. the desired scale factor in mA/g. The pair of curved lines represents the actual response, which is not a single line but has a band of uncertainty caused by, for example, mechanical friction. (a)



Sensitivity.



The width of the band of



uncertainty is termed sensitivity. It is the minimum change in acceleration input required to cause a change in accelerometer electrical output.



The



sensitivity will generally be different at different



Fig 17-7: Accelerometer Performance Parameters



levels of indicated acceleration but a typical value would be 1 x 10-6 g. (b)



Threshold.



Threshold is the minimum acceleration input which causes an



accelerometer electrical output. It is equivalent to sensitivity but with an incremental change about a zero input. A typical value is 1 x 10-6 g. (c)



Bias.



Bias is the electrical output under conditions of no acceleration input due to



residual internal forces acting on the mass after it has been electrically or mechanically zeroed. Bias is expressed as an equivalent error in g's and is usually less than 1 x 10-4 g. An INS can be designed to compensate for known accelerometer bias provided the bias is stable. (d)



Null (Zero) Uncertainty.



Null uncertainty is also known as bias uncertainty and is



the variation in accelerometer output under conditions of zero acceleration input. The random drift of the accelerometer output at zero acceleration input is known as null (zero) stability.
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(e)



Scale Factor.



The ratio of the current in the torquer to the measured acceleration



(mA/g) is the accelerometer scale factor. Ageing in permanent magnet torquers can lead to small changes in scale factor with time. (f)



Linearity error is defined as the deviation from the best fit straight line



Linearity.



drawn through a plot of the electrical output in response to a known acceleration input. Typically this would be in the order of 5 x 10-5 g up to 1g and less than 0.01% of applied acceleration at higher g's.



INTEGRATORS



Function of the Integrator 17.



The accelerometer outputs are integrated to obtain velocity and again to obtain distance. The



initial integration may be carried out within the accelerometer or by a separate integrating device. The accelerometer output may be in voltage analogue form if analogue techniques are used, or pulse form if digital techniques are used.



Analogue Integrators 18.



Analogue integrators are normally electronic or electro-mechanical. Electronic integrators are



more accurate, but are capable of integrating continuously for only limited periods of time. The electro-mechanical integrators are less accurate, but can integrate indefinitely. 19.



Miller Integrator.



A Miller amplifier circuit is an



electronic integrating device, providing a voltage which is the integral of a varying input voltage, the process being fast and accurate. The Miller integrator can only be used to integrate for limited periods of time, since the integrator must be allowed to regain its stable state periodically. The Miller integrator is therefore used to integrate spasmodic inputs, e.g. accelerations and it is



Fig 17-8: The Miller Integrator



not used to integrate continuous inputs, like velocity. The circuit diagram of the Miller integrator is shown in Fig 17-8. 20.



The Velodyne.



The velodyne is an electro-mechanical device which converts a voltage



input into an output of shaft rotation proportional to the integral of the applied voltage. The operation of the velodyne is described below:
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As voltage V is applied, the motor starts to turn and drives a generator. As the motor



speed increases, the output (V1) from the generator increases, and is fed back to reduce the input voltage. (b)



The process continues until the input is steady and is balanced by the feedback



voltage. At this stage the output shaft is rotating at a constant speed. 21.



The speed of both the motor and the output shaft is



directly proportional to the input voltage.



The angle



through which the shaft turns (φ) is therefore proportional to the time integral of the input voltage. The velodyne can integrate continuously, and is therefore used for the second integration of acceleration to obtain distance travelled.



Fig 17-9 shows a schematic diagram of the



velodyne. Fig 17-9: The Velodyne Digital Integrators 22.



Many inertial systems use digital computers and therefore digital integration techniques. A



digital computer integrates by adding small increments of the quantity to be integrated.



As the



computer will be dealing with discrete quantities instead of continuous values there will be a certain amount of approximation in the integration process.



GYROSCOPES



Terms 23.



The following terms are given for clarification: (a)



Degrees of Freedom.



In the convention used throughout this chapter, the gyro



rotor axis is not counted as a degree of freedom, since it cannot be a sensitive axis. A free or space gyro is therefore defined as a two degree of freedom gyro. (b)



Gyro Drift.



The term gyro drift describes any movement of the gyro spin axis away



from its datum direction. (c)



Levelling Gyros.



Gyros which control the platform about the horizontal axes are



called levelling or vertical gyros, irrespective of the direction of their spin axes.
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24.



Inertial Quality.



A gyro is described as being of inertial quality when the real drift rate is



0.01° per hour or less. Such low drift rates were first achieved with single degree of freedom rate integrating gyros.



Single Degrees of Freedom (SDF) Gyros 25. The



Rate Integrating Gyro. rate



achieves reducing



integrating its



gyro



accuracy



by



friction:



the



gimbal



gimbal and rotor assemblies are floated in a fluid.



A typical



floated rate integrating gyro is illustrated in Fig 17-10 where the rotor is pivoted in an inner can (gimbal), which in turn is floated in an outer can. outer



can



contains



all



The the



controls, pick-offs, torquers and heaters, etc.



Rotation of the



Fig 17-10: Typical Floated Rate Integrating Gyro



gyro about the sensitive (input) axis causes the gyro inner can to precess about the output axis, i.e. there is relative motion between the inner and outer cans. This precession is sensed by the pick-offs which measure the angular displacement of the inner can relative to the outer can (pick off output). This output signal is used to drive the platform gimbals to maintain the platform in the required orientation. The ratio of output to input (gimbal gain) is a function of rotor mass, gimbal size and fluid viscosity. A high ratio enables the gyro to detect small input rates. However, the fluid viscosity varies with temperature. Temperature must therefore be controlled to ensure a constant gimbal gain. With this type of gyro, it is also important to limit the inner can precession. As the inner can precesses, the rotor and the input axes are also precessed and unless this precession is rapidly detected and opposed, cross coupling errors are likely to occur. A cross coupling error is caused by the gyro sensing a rotation about a displaced input axis.



Pick-Offs and Torquers 26.



Angular movement about a gyro's sensitive axis is detected by pick-offs which generate



electrical signals proportional to the movement. The action of the torquers is virtually the reverse i.e. it applies electrical signals proportional to the desired correcting torque to the torquers which cause the gyro to precess at the desired rate.
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PLATFORM STABILIZATION



Gyro Control of the Platform 27.



Platform Mounted Accelerometers.



The accelerometers are mounted on a platform which



is oriented to a fixed reference frame. The platform is aligned with the desired reference frame and subsequently controlled to maintain its alignment. 28.



Choice



of



Reference



Axes.



A



fundamental aircraft INS is aligned in the local vertical reference frame, the axes of which are shown in Fig 17-11.



In this chapter the basic



stabilization procedures are described for this simple system. 29.



Inertial platforms are



Platform Alignment.



aligned in attitude and azimuth.



Any platform



misalignment will cause errors. 30.



Use of Gyros.



Fig 17-11: Local Vertical Reference Frame



The desired platform orientation is maintained by mounting reference gyros



on the platform to detect changes in platform alignment. The gyro outputs are used to drive gimbal motors which return the platform to its correct orientation. 31.



Platform Arrangement.



gyros



have



mutually



at



their



input



axes



right



angles



and



The platform may be arranged as shown in Fig 17-12. The three



aligned with the local vertical reference frame. The error pickoffs and torquers are built into the gyro cases and are not shown in the diagram.



The platform is



gimbal mounted to permit the aircraft freedom of manoeuvre without disturbing the platform away from its alignment with the local vertical



reference



frame.



Each gimbal is driven by a servo motor controlled by the error signals from the gyros.



Fig 17-12: Platform Arrangement (Aircraft Heading North)
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32.



Control on North.



The gyros in Fig 17-12 are arranged with their sensitive axes pointing in



the directions about which rotation is to be detected. The East gyro has its sensitive axis pointing East (Gyro axis pointing North), and is therefore capable of detecting rotation about East.



On



northerly headings, pitch manoeuvres are detected by the East gyro which generates an error signal. This error signal activates the pitch gimbal, thereby maintaining the platform's alignment with the reference frame. Similarly, roll is detected by the North gyro (sensitive axis North and Gyro axis pointing East), and yaw by the azimuth gyro (sensitive axis Vertical and Gyro axis Horizontal). The North gyro activates the roll gimbal motor, and the azimuth gyro the yaw gimbal motor. The action is summarized in Table 17-1. Heading



Manoeuvre Yaw Pitch Roll



North



Sensing Gyro Azimuth East North



Correcting Servo-motor Azimuth Pitch Roll



Table 17-1: Action on North



33.



In Fig 17-13, the same platform is again shown, this time heading East.



Control on East.



The action on East is summarized in Table 17-2. 34.



Two main



Conclusions.



conclusions



may



be



drawn



from



Tables 17.1 and 17.2: (a)



Yaw, or change of



heading, is corrected by the azimuth servo-motor which is always



controlled



by



the



roll



are



azimuth gyro. (b)



Pitch



and



corrected by the pitch and roll servo-motors



respectively. Fig 17-13: Platform Arrangement (Aircraft Heading East)



However, the control may be exercised by either the North or the East gyros or both, dependent



upon



aircraft



heading. 35.



Change of Heading.



The



action of the azimuth gyro and servo-



Heading



Manoeuvre



East



Yaw Pitch Roll



Sensing Gyro Azimuth North East



Correcting Servo-motor Azimuth Pitch Roll



Table 17-2: - Action on East



motor keeps the platform aligned with the North datum (Figs 17-12 and 17-13). Relative motion
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(about the vertical) between the platform and the pitch and / or roll gimbals is yaw, and angular displacement is change of heading. A pick-off of the angular displacement relative to true North as defined by the platform, produces an output of heading. 36.



Control during Manoeuvres.



On northerly headings, the North gyro senses roll and wholly



controls the roll servo-motor while on easterly headings the East gyro controls the roll servo-motor. On intermediate headings, the control is shared between the North and East gyros, the amount of control exercised being determined by the heading.



PLATFORM MOUNTING



Gimballed Systems 37.



The stable element of the inertial platform is mounted in gimbals to isolate the platform from



vehicle manoeuvres. There are some problems associated with a three gimbal system which a four gimbal system resolves. This is described in the following paragraphs. 38.



Figs 17-12 and 17-13 are diagrams of a three-gimbal system. In



Three-Gimbal System.



such a system there are three input/output axes, azimuth, pitch and roll.



Each gimbal imparts



freedom about one particular axis, the particular gimbal being named after that axis. (a)



Azimuth Gimbal.



The stable element is rigidly attached to the azimuth, or first,



gimbal. In allowing relative motion between the stable element and the pitch gimbal, the platform is isolated from vehicle movement about the vertical axis. (b)



Pitch Gimbal.



(c)



Roll Gimbal.



The pitch gimbal isolates the platform from pitch manoeuvres. The roll gimbal isolates the platform from roll manoeuvres.



In some installations, the pitch and roll gimbals are reversed in order of position. 39.



Gimbal Lock.



Gimbal



lock occurs when two axes of rotation become co-linear and, as a result, one degree of freedom is lost.



Fig 17-14 illustrates how



gimbal lock can occur in a threegimbal system.



If the vehicle



pitches through 90° the first and third



gimbal



axes



become



coincident, and the platform stable



Fig 17-14: Gimbal Lock
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element is no longer isolated from yaw. 40.



Gimbal Error.



In a three-gimbal system (gimbal order; Azimuth, Pitch and Roll) the roll



gimbal axis, which is parallel to the aircraft roll axis, assumes an angle relative to the plane of the platform stable element whenever the aircraft pitches through large angles. When this occurs, the gimbal roll axis and the plane of the levelling gyros' input axes are no longer parallel. Should the aircraft now roll, the gyros sense only a component of roll angle (roll x cos pitch angle), and the roll servo displaces the roll gimbal by an amount (roll x cos pitch angle) instead of the full value of roll angle. 41.



Four-gimbal System.



In a four-gimbal system the order of the gimbals is azimuth, inner



roll, pitch and outer roll. The fourth gimbal is introduced to keep the second and third gimbals at right angles, thereby avoiding both gimbal lock and gimbal error. The fourth gimbal is controlled by a pickoff which detects changes in the angle between the second and third gimbals. 42.



Gimbal Flip.



With a four-gimbal system, heading change is picked off from the relative



motion between the azimuth and inner roll gimbals. If, however, the aircraft completes a half loop and roll-out manoeuvre, the aircraft heading changes by 180° but there is no motion between the azimuth and inner roll gimbals, and the indicated heading remains unchanged. This problem is overcome by employing gimbal flip. As the pitch angle passes through 90°, the outer gimbal is driven through 180° (i.e. flips), tending to drive the platform through 180° about the vertical. This tendency is detected by the azimuth gyro which provides an appropriate output signal. This signal keeps the platform correctly orientated by driving the platform in opposition to the flip. One hundred and eighty degree relative motion is produced between the azimuth and inner roll gimbals and the heading output remains correct, 43.



Comparison of Three- and Four-gimbal Systems.



A four-gimbal system is heavier, larger



and costs more than a three-gimbal system. However, since the second and the third gimbals of the four-gimbal system are kept at right angles, the aircraft has full freedom of manoeuvre without disturbing the platform.



Non-Gimballed Systems - Strapdown Systems 44.



In gimballed systems the accelerometers are mounted on a stable platform which is kept in



the correct orientation by torqueing in response to signals from the gyroscopes detecting movement about three orthogonal axes. 45.



In a strapdown system the inertial sensors are fixed to the vehicle and their orientation within



the navigation reference frame is computed using the outputs of gyroscopes which detect angular displacement about the aircraft axes.



Thus in a strapdown system the gimbals are effectively



 209



Inertial Navigation



replaced by a computer. Although a strapdown mechanization is more demanding technically in terms of computing and gyroscope performance, it is potentially cheaper, more reliable and more rugged than a gimballed system. 46.



Gyroscopes.



In a strapdown system the function of the gyroscope is to measure accurately



angular changes about a specific axis of rotation. This requires a very wide range of performance as the gyros may well need the capability to detect rotation rates ranging from 0.001°/hr to 400°/sec. Although conventional gyros could be used for strapdown applications the ring laser gyro is best suited as it has no moving parts and exhibits excellent linearity. 47.



Computing Requirements.



The main computing task in a strapdown system is to compute



the instantaneous aircraft attitude and to resolve and integrate the accelerometer outputs to obtain velocity information in a useful geographic reference frame. These calculations need to be carried out at very high speed and accuracy. Whereas in a gimballed system the platform reference frame rotates relatively slowly due to transport wander and Earth rate, in a strapdown system the platform reference frame, i.e. the airframe, could be rotating at very high rates. The integration process must therefore be carried out very rapidly to avoid large errors being induced; an iteration rate of 200 Hz would be typical and a dedicated microprocessor may be required. 48.



The



Reference Frames.



platform



reference



frame



in



a



strapdown system is the same as the airframe and is therefore of no use for navigation.



However, an



advantage of this configuration is that outputs can be used for an automatic



flight



control



system.



Strapdown systems commonly use a space referenced frame for the navigation



solutions



and



then



convert to a geographic frame to give the desired outputs of position and velocity. Fig 17-15 shows the functional layout of a typical system.



Fig 17-15: Strapdown System Block Diagram



The outputs of the accelerometers are resolved along the space axes and the cartesian co-ordinates of the aircraft position within the space frame calculated. These are then converted to the geographic frame to give latitude and longitude.
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CORRECTIONS TO INERTIAL SENSORS



Introduction 49.



It is normal to navigate aircraft with reference to the local Earth co-ordinates of latitude,



longitude and height. Aircraft INS are therefore normally aligned as described in paragraph 28. Each of the 3 axes of the local vertical reference frame has an accelerometer to detect movement along it and a gyro to provide stabilization against rotation around it. Accelerometers and gyros are both inertial devices in that their sensitive axes extend infinitely in straight lines, in other words they operate with reference to the constant axes of inertial space. Local vertical axes however are not constant. For an aircraft system using local vertical Earth co-ordinates it is therefore necessary to change the orientation of the platform axes relative to inertial space in order that the accelerometers are kept aligned with the local vertical axes. This means that the stabilizing effect of the gyros must be adjusted by the rates at which local vertical axes diverge from inertial axes. These rates are due to Earth rotation and vehicle movement as shown in Table 17-3.



The changing orientation of the



platform also makes corrections to the accelerometer outputs necessary.



Gyro



Sensitive Axis



Gyro Axis



Earth Rate



Vehicle Movement



Pointing



Pointing



North Gyro



North



East



Ω cos θ



U R



East Gyro



East



North



Zero



-V R



Azimuth Gyro



Vertical



Horizontal



Ω sin θ



U tan φ R



Table 17-3: Platform Correction Terms 50.



Correction Method.



The drift due to Earths rotation and vehicle movement is eliminated by



applying an equal and opposite correction to the gyro output axis. The correction is applied through a torque motor on the gyro output axis, which turns the gyro about its output axis at the same rate but in the opposite direction to the precession caused by the error.



Accelerometer Corrections 51.



In order to compensate for the effects of Earths rotation and vehicle movement, the platform



is rotated relative to its spatial references (towards which it was initially rigid) so that it can be stabilized with respect to the earths local vertical. The resulting change in the local axes relative to spatial references makes 2 types of accelerometer corrections necessary:
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(a)



Centripetal Acceleration.
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A body moving at a constant speed v in a circle radius r



2



has a constant acceleration of v /r directed towards the centre of the circle. This is centripetal acceleration and affects a local vertical INS because as the platform is transported over a spherical surface it is rotated to maintain its alignment with local North and the local vertical. (b)



Coriolis Acceleration.



Coriolis acceleration results from the combination of aircraft



velocity and the rotation of the Earth over which it flies. A lateral acceleration relative to inertial references is necessary to make good a desired track measured against meridians which are themselves in motion. These errors are compensated for while calculating the derived position of the vehicle.



ALIGNMENT



Introduction 52.



An INS computes the velocity and position of a vehicle within a given reference frame and



unless the platform is initially aligned to that frame all subsequent computations will be meaningless. Once this initial alignment has taken place the system uses its own computed values of position and velocity to torque the stabilizing gyros at the required rates to maintain the correct platform orientation. The fundamental aircraft INS is a local vertical North slaved system and in this case the initial alignment consists of levelling the horizontal axes and aligning the North axis with North. These two actions are carried out sequentially and are usually known as 'levelling' and 'azimuth alignment'. 53.



Three methods of alignment will be considered in this chapter: (a) Self Alignment. (b) Reference Alignment. (c) Airborne Alignment.



54.



Various factors affect the choice of alignment method and these include: (a)



The reference frame being used.



(b)



The time available.



(c)



The accuracy required.



(d)



The amount of support equipment available.



(e)



The stability of the vehicle during the alignment phase.



A full alignment will typically take between 10 and 15 minutes and this may not always be compatible with operational requirements. Accordingly much research has been carried out into rapid alignment techniques for combat aircraft.
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Self Alignment of Local Vertical Referenced INS 55.



An INS can align itself using the local gravity vector for levelling and the Earth's rotation



vector for azimuth alignment. A conventional self alignment consists of the following phases: (a) Warm-up period. (b) Coarse alignment. (c) Fine levelling. (d) Gyro-compassing. 56.



During the warm-up period the fluid filled accelerometers and gyros are



Warm-up Period.



brought to the correct operating temperature (typically 70°C) by rapid heating (approx 15°C/min) and the gyros are run up. This phase normally takes between 3 and 4 minutes. 57.



Coarse Alignment.



During the coarse alignment phase the platform is roughly levelled and



aligned in azimuth thereby removing gross errors and reducing the overall alignment time. (a)



Coarse Levelling.



The pitch and roll gimbals are driven until they are at 90° to



each other. The platform is then levelled to ± 10 by reference to the aircraft frame or to gravity using the horizontal accelerometers or gravity switches. (b)



Coarse Azimuth Alignment.



Coarse azimuth alignment, (± 2°), is achieved by



turning the platform in azimuth until the heading output agrees with the aircraft's best known heading, normally obtained from the gyro-magnetic compass. Coarse levelling and alignment is usually carried out concurrently with the rapid heating once the temperature is above about 35°C. The phase itself takes only a few seconds but the overall time is governed by the heating process. 58.



Fine Levelling.



Fine levelling is achieved using the accelerometer null technique. With the



aircraft stationary there should be no output from the horizontal accelerometers provided the platform is level. Any tilt error will cause the accelerometers to sense a component of gravity and the resulting signal, which will be proportional to tilt, is used to torque the levelling gyros.



In practice the



accelerometer outputs are zero only when the acceleration due to gravity is balanced by the accelerometer bias.



The accuracy is largely dependent on the null characteristics of the



accelerometers but levelling to within 6 seconds of arc is achievable. Fine levelling normally takes about 1.5 minutes. 59.



Gyro-Compassing.



Gyro-compassing or fine azimuth alignment is the final stage of self



alignment and is based on the fact that if the East gyro input axis is pointing East (gyro axis N), it will not sense any component of Earth rate. If it is misaligned however it will sense a component,
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W cos f sin Y where W is the Earth rate, f is latitude and Y is the angle of misalignment. This sensed component can be used to align the platform and two main methods are employed i.e. closed loop and open loop gyro-compassing. (a)



Closed Loop Gyro-compassing.



The sensed component of Earth rate will cause



the platform to tilt out of level and so the North accelerometer senses a component of gravity. The signal from the accelerometer is fed through a high gain amplifier in order to torque the platform in azimuth until the error is nulled. The levelling loop continues to be operative during the gyro-compassing phase. Alignment in azimuth using this method should achieve an accuracy of about 6 arc minutes in about 6 - 10 minutes. (b)



Open Loop Gyro-compassing.



The majority of modern North slaved INS use



open loop gyro-compassing. The sensed component of Earth rate is measured and since W and f are known the misalignment angle, Y, can be calculated. When the system is switched from the alignment to the navigate mode the platform is rotated through the computed misalignment angle. Although this would appear to be a quicker method than the closed loop technique, in practice the error signal is small and difficult to measure in the presence of noise. In order to overcome this problem the misalignment signal has to be filtered and averaged over time, usually about 7 minutes, and so in fact there is little difference in the time taken by each method. The Earth rate sensed by a misaligned East gyro depends on the cosine of the latitude and therefore gyro-compassing accuracy decreases with increasing latitude and cannot be achieved close to the poles. Furthermore the time taken to achieve alignment will increase with latitude due to the reducing strength of the error signal. The accuracy of the alignment will also depend on the real drift rate of the East gyro as this will be an unwanted component of the error signal. 60.



Self Alignment Time.



The time taken in carrying out the full self alignment sequence



depends on the accuracy required, the latitude, and the ambient temperature. In winters, starting at a temperature between 0°C and 15°C, a typical INS will self align in 10 - 15 minutes, of which between 6 and 9 minutes will be attributable to the gyro-compassing phase.



This may be operationally



restrictive and some systems have a rapid align mode which reduces the time but at the cost of some accuracy. The alignment is carried out with the gyros running at half speed and at the ambient temperature, provided this is above 5°C, which cuts out the platform heating phase and reduces the gyro spin-up time. The accuracy depends on the time allowed for measuring the misalignment angle but the system can be switched from 'align' to 'navigate' after about two minutes. As soon as this is done the heading error is torqued out and rapid heating is commenced to bring the system to operating temperature. Once heating is complete the gyros spin-up to their full speed. Although the alignment time is reduced to about two minutes this must be balanced by an accuracy reduction by about half.
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Reference Alignment 61.



The most time consuming phase of the self alignment sequence is the gyro-compassing



phase and several methods of fine alignment have been developed which use some form of external reference. These methods are in general less accurate than self alignment and usually rely on support equipment or specially located aircraft pan. The following methods are discussed:



62.



(a)



Transfer Gyro Alignment.



(b)



Synchro Memory Alignment.



(c)



Head-up Display Alignment.



(d)



Runway Alignment.



Transfer Gyro Alignment.



The transfer gyro method permits rapid alignment and, as it is



portable, it is particularly suitable for use in the field. There are two main components: the datum gyro and the transfer gyro. The datum gyro is mounted on a firm protected base and is used to establish North by gyro-compassing. The transfer gyro is an azimuth gyro which is located on the datum gyro base plate by dowels. The transfer gyro is aligned to North by reference to the datum gyro and is then carried to the aircraft and used to align the aircraft azimuth gyro. The transfer gyro is powered by its own batteries during the transfer. The transfer gyro takes about 20 minutes to align to the datum after which it is ready for immediate use. Transfer of the heading to the aircraft takes about 15 seconds. The accuracy of the system is about 0.2° for around 30 minutes after removal from the datum. 63.



Synchro Memory Alignment.



The platform may be gyro-compassed at any convenient



time and the azimuth obtained stored in a synchro memory system. Provided the aircraft is not moved the platform may be realigned subsequently by torqueing it to the stored azimuth. If the aircraft frame is rigid and immobile the output is accurate and repeatable to a few minutes of arc but in practice it is very difficult to ensure that the aircraft does not move by a few minutes of arc. 64.



Head-Up Display (HUD) Alignment.



If the true bearing of a distant object is known the



HUD can be used to measure the relative bearing of the object from the aircraft and the true heading can then be calculated. The INS is then slewed until the heading output agrees with the calculated heading. This method can be used as an extension of the synchro memory technique. After gyrocompassing the HUD is used to measure the relative bearing of a distant object. As the true heading of the aircraft is known the true bearing of the object can be calculated. The INS can then be shut down and the aircraft can be moved provided that when it is necessary to carry out the alignment it is returned to within a few feet of its original position and the object is within the HUD field of view. Accuracies of around 0.2° can be achieved by this method and the technique has the advantage of being independent of external facilities or support equipment.
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Runway Alignment.
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Azimuth errors may be corrected during the take-off run if precise



runway heading and take-off distance are known. At lift off the aircraft is held as close to the centre line as possible and the accelerometer outputs are processed in a small computer to provide along and across distances. The computed lateral displacement is assumed to be entirely due to platform misalignment in azimuth and the gyro is torqued until the error is removed. An accuracy approaching 0.2° should be attainable by this method.



Airborne Alignment 66.



A pure INS cannot self align in flight as an external reference is required to distinguish



between movement induced and misalignment induced accelerations. However, fix monitored INS may be mechanized to perform airborne alignment automatically by comparing the INS track-madegood with the track-made-good determined from the fixing. Any across track discrepancy is attributed to azimuth misalignment.



Airborne alignment can also be achieved in Doppler / inertial mixed



systems by comparing the doppler and inertial velocity outputs.



INS ERRORS AND MIXED SYSTEMS 67.



An INS is very accurate in the short term but the introduction of errors is inevitable. Before



looking at the shortcomings of the system let us look at two terms which we would be using to describe the magnitude of the errors. These are: (a)



Schuler Frequency.



Should the platform be displaced from the horizontal it would



oscillate with a period of 84.4 minutes. This period is known as the Schuler period after Dr Maximilian Schuler who discovered the properties of the Earth pendulum. A platform is said to be "Schuler Tuned" if its oscillation period is 84.4 minutes. (b)



Bounded Errors.



Errors originating in, or effective within, the Schuler loops, are



oscillatory and propagate at the Schuler frequency. These errors, which oscillate about a constant mean and therefore do not grow continuously with time, are termed bounded errors. 68.



In a conventional local vertical system the platform oscillates about the horizontal. This gives



rise to errors as the reference frame is being moved. The shortcomings of such a system can be summarized as follows: (a)



The velocity error resulting from gyro drift oscillates about a non-zero mean and



several applications, such as weapon aiming, require a very accurate velocity. (b)



The position error resulting from gyro drift is unbounded (increasing in magnitude with



time). (c)



High long term accuracy requires very expensive components to minimize the errors.



(d)



The system cannot be aligned in flight.
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(e)
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The vertical channel is inherently unstable.



Mixed Inertial Systems 69.



It is possible to overcome these disadvantages by 'mixing' the INS outputs with those of other



navigation aids. These aids have errors which, although relatively large, do not increase with time and so a mixed system combines the short term accuracy of a pure INS with the long term accuracy of another aid, thus enhancing the overall accuracy of both systems. Additionally a mixed system can be aligned in flight. 70.



The most common mixed systems are those which use Doppler as a reference velocity



source which is used to damp the Schuler oscillations. Alternatively an accurate fixing aid such as GPS could be used to bound the position error. In addition it is possible to stabilize the vertical channel using barometric height. Sophisticated forms of mixing may involve several aids and use a software controlled statistical technique, such as Kalman Filtering, to continuously monitor and analyse the outputs to give the best results.



Doppler / IN Mixing 71.



In a Doppler / IN system the Doppler and inertial velocities are compared to give an error



signal which can be used in various configurations to modify the system performance and in particular to damp the Schuler oscillations. In a simple system the error signal is fed to the input of the first integrator, however in practice this leads to an unacceptable long time to reduce the error. In order to reduce the errors more quickly the error signal is in addition fed forward directly to modify the gyro torqueing signal; this arrangement is known as a Tuned Second Order System. 72.



The reductions in velocity error achieved with a tuned second order Doppler/IN system will



have a significant effect on the accuracy of weapon delivery when compared with a pure INS. However, although the position error is slightly reduced, there is in general little to be gained in positional accuracy when the two systems are compared during the first 4 to 6 hours of flight.



Fix Monitored System 73.



The problem of the unbounded position error in a pure INS or Doppler/INS can be reduced by



coupling the system with an accurate fixing aid such as GPS. The latitude and longitude outputs from the fixing aid are compared with those from the INS and the resulting error signals are fed through suitable gains to update the inertial position. The difference signals are also used to provide a degree of damping to the platform. The fix monitored arrangement has the disadvantage of relying to a certain extent on an external source of information whereas the pure INS and Doppler/INS are selfcontained.
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Airborne Alignment 74.



The self alignment and reference alignment techniques are restricted to a fixed base as it is



not possible for a pure INS to distinguish between the accelerations due to aircraft movement and those due to platform misalignment. An INS which is combined with an alternative velocity source or position information can however be aligned in flight. The platform is roughly aligned and then the error signals from either the external velocity or position information are used to level the platform and align it in azimuth. The accuracy of an airborne alignment is not as high as that obtained from a full self alignment but the technique does give the aircraft a rapid reaction capability and the ability to update the system during a long flight or after a transient equipment failure.



Vertical Channel Stabilization 75.



The vertical channel does not display the same characteristics as the horizontal channels as it



is inherently unstable due to the fact that the value of g varies with height. It is therefore necessary to supplement the vertical channel with another source of height reference in order to provide the accurate values of height and vertical velocity which are essential for weapon aiming calculations. 76.



The barometric altimeter whilst inaccurate in the short term is very accurate in the long term



and this characteristic can be used to stabilize the INS height and vertical velocity outputs. The inertial height output is compared with the barometric height to give an error signal which is fed back to the first integrator and this has the effect of stabilizing the accuracy in the long term whilst maintaining it in the short term.



KALMAN FILTERING 77.



The hardwired mixed systems described in the preceding paragraphs are inflexible because



the feedback gains are fixed and have to be carefully chosen at the design stage, thus assigning a fixed level of relative performance to the sensors. In reality the relative merits of each sensor will vary considerably and depend on such parameters as time of flight, range from a ground aid, flight conditions and altitude. Consequently the weighting factor applied to each sensor of a mixed system by a fixed gain loop is unlikely to be the true measure of the relative merits of the sensors and could possibly be significantly in error. By using a software controlled statistical technique, such as Kalman Filtering, these weighting factors can be optimized and continuously updated for any operating conditions. This method can use any number of sensors and can select the best information available at any particular time. 78.



Kalman Filter Design.



The Kalman Filtering process estimates each of the parameters



which give rise to an error between the INS and one or more external sensors on the basis of maximum likelihood. By using a weighting factor which is continually revised the error between the
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external data and the INS is apportioned among all the possible error sources so that the probability of these errors occurring is greatest. 79.



The computer holds an estimate of the system errors and uses known error propagation



equations to forecast how these errors will behave with passing time. Thus this error model will always maintain up to date values. When an external measurement is made the error held in the computer is compared with the measured error.



All the quantities in the error model are then



corrected in the light of the known variances of the external information and the variances of each quantity in the error model. The variances of the system errors are recalculated after each external measurement has been processed so that the errors of the next measurement can be apportioned in the optimum manner. 80.



The design of a practical Kalman Filter for use in an aircraft system is complex. The first



problem is to define a set of variables that specify the system. In practice there is never enough information to enable the system to be perfectly modelled and there will frequently be limitations on computer time and storage. Extensive trials and simulation are necessary to enable the designer to define the error model and variables as accurately as possible within the computer limitations. Once designed however the filter performance is not affected by changes in aircraft role or tactics, and additional sensors can be incorporated into the system with relatively minor changes to the computer software. 81.



Advantages of Kalman Filtering.



By making better use of the information available,



Kalman Filtering increases the flexibility and enhances the accuracy of a mixed system thus overcoming the disadvantages of a hardwired mixed system. Other important advantages are:



82.



(a)



Alignment and gyro drift trimming are improved.



(b)



Weapon aiming accuracy is improved including the elimination of fixed bias errors.



(c)



Post flight analysis of the navigation system and fault detection can be carried out.



(d)



An estimate of system accuracy can be continuously displayed to the crew.



Employment of Kalman Filter, (a)



Kalman Filtering is employed in the following operations:



Alignment and Gyro Drift Trimming.



A Kalman Filter can be used during



alignment and for drift trimming the gyros. The times for full and rapid alignments can be reduced and the overall accuracy of the process improved. The filter can compensate for aircraft movement such as wind buffeting during ground alignment and also take account of the changing characteristics of components during the warm-up phase. (b)



Weapon Aiming Errors.



The Kalman Filter will directly affect weapon aiming



accuracy because of the improved navigation performance. It can also take account of fixed bias errors and in particular harmonization and windscreen distortion. By calculating the
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errors in the delivery of practice weapons in training sorties the aircraft can be calibrated and the filter programmed to eliminate these fixed bias errors. Kalman Filtering also improves the height and vertical velocity outputs which are essential for accurate weapon aiming. (c)



Post Flight Analysis and Fault Detection.



An important secondary application of



Kalman Filtering is the post flight analysis of the navigation system. During flight all reference data can be recorded and subsequently fed into a computer containing a much more comprehensive error model than it is possible to accommodate in an airborne computer. The method of using the data is the same as in flight but as the error model is more complete maximum use can be made of data which was previously unused. This post flight analysis highlights shortcomings in the airborne filter which may then be amended. By the use of post flight analysis data can be used to show when any sensor is not presenting navigation information within the expected variance due perhaps to progressive deterioration of components or incipient failure. Such a facility enables the thorough testing of the sensor to be carried out at an earlier stage than might otherwise have been possible. (d)



Estimate of System Accuracy.



When using statistical filtering an estimate of the



navigation system accuracy is continuously available. This information may be displayed to the crew directly as a figure of merit reflecting the accuracy of the navigation outputs. Alternatively the filter can automatically reject input data that is in error by more than 3 or 4 standard deviations and an indication given to the crew. 83.



A navigation system using a Kalman Filtering technique is far more flexible and accurate than



a more conventional system and has several secondary benefits. The advantages obtained from Kalman Filtering are limited only by the ability to accurately model the system parameters and the likely errors, within the computer time and space available.



RING LASER GYROSCOPES



Introduction 84.



A Ring Laser Gyro (RLG) is neither a ring, nor is it a gyro. It does not possess the essential



characteristics of a gyro, namely rigidity in space and precession. A ring laser gyro (RLG) is, in fact, a rate sensor -one with an extremely wide dynamic range and extraordinary reliability.



Basic Principle 85.



A ring laser gyro begins life as a block of thermally stable Zerodur glass, into which is drilled a



cavity, or path, which is filled with a lasing medium, usually helium-neon. Two laser beams travel around this path in opposite directions. When the gyro rotates about its axis, one beam, takes slightly
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longer to complete its journey, the other slightly less. When the two beams are combined an interference pattern results. An optical sensor measures it and delivers a digital readout proportional to the rate of rotation. 86.



The accuracy of a ring laser gyro is proportional to the area enclosed by the laser path. A



circle would provide the ideal ratio of minimum path length to maximum area enclosed, but laser beams travel in straight lines, and mirrors are required to fold the beams. Some manufacturers have produced square RLGs, but the majorities have opted for triangular gyros, accepting a longer path length, and therefore larger gyro, as the consequence of using only three mirrors. 87.



For a given path length, the quality of the mirrors determines the accuracy of a ring laser gyro.



Reflectivity’s in excess of 99.9 per cent are required, and do not come cheaply. With three such mirrors instead of four, a triangular gyro should be less expensive to produce than a square one.



Lasing Action 88.



Fig 17-15 shows a simple



gas ring laser, consisting of a triangular



cavity



containing



a



mixture of helium and neon at low pressure through which is passed a current from an excitation voltage. A high reflectivity mirror is mounted at each corner of the triangle. Fig 17-15: A Basic RLG 89.



The supply voltage ionizes



the gas, producing a glow discharge, which excites the helium atoms to collide with and transfer energy to neon atoms, thus raising them to a high-energy or inversion state. The spontaneous return of the neon atom to a lower energy state produces a photon characterized by the energy level change, which is at a wavelength of 0.633 µm. This photon, if it strikes a nearby excited neon atom, stimulates a similar emission producing a cascade of photons along the length of the discharge. If, after losses round the ring cavity, at the surface of the mirrors and at the output, the gain is such that there remain one or more photons in phase with the original photon then a sustained oscillation can occur. Oscillation in, the clockwise and counter-clockwise direction can be maintained in the same space at the same time. The wavelength,λ of the oscillation is a function of the gas conditions and cavity design. 90.



The frequency difference between the clockwise and anti-clockwise oscillations can be



detected by the use of beam-combining optics followed by photocells
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Error Sources 91.



RLGs are subject to a number of errors, in particular null shift, scale factor variation, lock-in



effect and axis misalignment. (a)



Null shift arises due to differences in the cavity length as seen by the



Null Shift.



two opposite oscillations when there is no turn (input is zero), thus producing an unwanted output. (b)



Scale Factor.



In the derivation of the basic equation for a RLG the assumed



velocity of light is that for free space, but in practice the effect of the medium introduces a gain-dependent correction to the scale factor. For a stable gain the laser cavity conditions should be kept constant. Therefore for a constant scale factor



the path length must be



maintained constant. (c)



Lock-In.



One of the most serious problems associated with present-day laser gyros



results from the phenomenon of lock-in. When the rotation rate of the gyro is reduced below some critical value, the frequency difference between the clockwise and counterclockwise oscillations drops to zero. This arises from the scattering of energy from one beam into the other within the cavity. Careful design of the cavity and its components will reduce the effect but lock-in levels of the order of 5000/hour are typical, whereas a strapped-down navigation system requires the measurement of inputs down to 0.01 °/hour. There are several techniques available to overcome the effects of lock-in, one of which is to apply a sinusoidal dither movement to the laser gyro, which makes it possible to pass rapidly through the lock-in area and linearise the response.



Advantages and Applications 92.



The RLG is an ideal candidate for many navigation, guidance and attitude-heading reference,



applications including aircraft IN systems, missile guidance systems, shipboard stabilised platforms and space platforms. Its major advantage over conventional gyros is the lack of moving parts. This gives the gyro a reliability, which far exceeds conventional gyros. While the initial cost of an RLG is about the same as a conventional gyro, the high reliability and the simplicity of the parts result in a much lower life-cycle cost. In addition to these major items, the RLG also has the following advantages: (a)



Extremely low "g" sensitivity.



(b)



No warm up time is required enabling rapid reaction.



(c)



Digital output eases interfacing to computer.



(d)



Accuracy is largely independent of cost.



(e)



The RLG uses a constant, low level of power regardless of input rate.
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Because it is not a gyro, an RLG cannot be used in a conventional inertial navigation system, in which the aircraft rotates about a gimballed platform held rigid in space by spinning-mass gyros. The RLG has to be used in a strap down system, one in which the inertial platform rotates with the aircraft. Outputs from the gyros must therefore be processed to extract aircraft attitude to resolve body axis accelerations into navigation axis displacements.



FIBRE OPTIC GYROS



Introduction 93.



The FOG is a more recent development than the RLG, but is still based on the same



interference principle. The basic concept is that light from a single source, typically a laser, is split and one-half is injected into a coil of optical fibre and circulates in a clockwise direction while the other half is injected at the opposite end and circulates in the opposite direction. If the coil of optical fibre is stationary, when the light beams emerging from opposite ends are compared, they should have the same phase since both travelled the same distance through a common medium. 94.



When the fibre optic coil is rotated about an axis at the centre of the coil, there will be a



change in the relative phase of the beams emerging from the two ends. The amplitude of the phase shift will be proportional to the coil's angular velocity and the direction of the phase shift will indicate the direction of rotation. 95.



The phase shift in this device is therefore linearly related to the input rate and the scale factor



is determined by the length of the fibre. To allow the FOG to be packaged as an aircraft sensor the radius of the coil would need to be approximately 9 cm. Assuming we can measure phase difference to an accuracy of 0.3 radians then the smallest rotation rate we could measure with a fibre length of 1 Km would be 0.0 1 radians/sec. This is not an acceptable performance for inertial grade gyros, but is ample for missiles. In fact, the prime requirements for a missile gyro are that it is cheap and can handle rotation rates up to 1000 degrees / sec. The FOG shows promise of fulfilling both these requirements. To reach inertial grade performance, we need to make the optical path longer or improve the accuracy with which we measure the phase difference.
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SECONDARY SURVEILLANCE RADAR Introduction



1.



During the Second World War, the military forces using primary radar found they were unable



to distinguish between friendly and enemy targets on a radar screen.



To reduce the risk of



intercepting and perhaps destroying friendly aircraft, a system of 'identification friend or foe' (IFF) was developed. When a friendly target received a radar signal, it would broadcast its own signal, which could be received by the originating radar receiver. By coding this 'secondary' signal, the aircraft equipment could indicate to the operator of the originating radar that it was friendly.



2.



An advantage of this system was that the re-broadcasting or 'transponding' (transmitting



responding) targets could be detected at longer ranges. As described earlier in equation 13.3, the strength of reflected signal received at a primary radar antenna is inversely proportional to the fourth power of the range. However, the received signal at the original target is inversely proportional to only the square of the range (equation 13.2), as is the strength of the signal broadcast by the target, which is received at the 'interrogating' radar.



3.



The power requirement to provide adequate returns at long range while using a narrow beam



width and short pulse width for target differentiation led to the development of similar secondary radar techniques for civilian use. The original use of secondary radar, that of identification friend or foe (IFF), has been expanded, not only in the military context, but more importantly for civilian air traffic control purposes into Secondary Surveillance Radar (SSR). A transponder signal from an aircraft can now send any information required by ATC, without the crew making a radio call.



That same



information can be displayed either on the radar screen or on a separate screen alongside.



Secondary Radar Principle



4.



A ground radar station, the ‘interrogator’



sends a rotating beam of pulse modulated signal in all directions in a form which the airborne transponder



recognises



as



a



request



for



information. The aircraft equipment decodes the interrogation, delays for a fixed short time, and then sends back, 'transponds', an omni directional signal with the requested information on a different frequency.



The ground receiver decodes the



information, which may be combined with a



Fig 18-1: Secondary Identification and Primary Radar Systems
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primary response from a co-located primary radar on the primary PPI display, or be shown on a discrete display of its own (Fig 18-1).



Ground Equipment



5.



A typical SSR ground antenna is



shown installed on a parabolic primary radar antenna in Fig 18-1. It consists of a rotating slotted array which transmits a narrow beam in the horizontal plane. It may be mounted, as shown, on top of a standard parabolic primary radar aerial, or be totally independent. Fig 18-2: SSR Ground Antenna on Radar Antenna Interrogation Signal



6.



The basic interrogation signal is transmitted at a frequency of 1030 MHz and consists of a



pair of pulses, each pulse having a width of 0.85 µs. The separation of the pulses determines the mode of interrogation as shown in Table 18-1.



Mode



Pulse Pair Spacing (µs)



1



3



2



5



3/A



8



B



17



C



21



D



25



S



Multiple Pulses



Table 18-1: Interrogation Signal Formats



7.



Side Lobe Suppression.



Every radar transmission suffers from 'side lobes’, which send



energy out in directions other than that of the main beam. It would be possible for an aircraft to receive one of these side lobes and respond to that signal, interfering with other responses. These side lobes must be suppressed, and this is achieved by using an extra aerial, which in a Mode 'A' or 'C' transmission sends an additional 'control' pulse 2µs after the first interrogation pulse. This control pulse is weaker than the interrogation pulse, in fact the control aerial polar diagram actually reduces the strength of the control pulse in the direction of the interrogation signal, forming a similar pattern to the limacon of a VOR station. The target actually receives three pulses. If the second (the P2 pulse) is weaker than the first (the P1 pulse), it knows it is receiving the main interrogation beam, and
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responds. If the second is stronger, it knows it is outside the main beam, and does not respond. A representation of the two polar diagrams is at Fig 18-3. In a Mode 'S' interrogation, the control pulse is sent before the interrogator. This means that aircraft without Mode 'S' will not reply.



Identification Replies



8.



Normal Replies.



If the transponder has been



set to LOW or NORM, it will reply to an interrogation signal provided that the appropriate mode has been selected. A normal reply is transmitted on a frequency of 1090 MHz and consists of a pair of pulses (known as the framing pulses) separated by 20.3 µs, with up to twelve information pulses in between.



The framing



Fig 18-3: Side Lobe Suppression



pulses are referred to as F1 and F2, while the twelve information pulses are in four groups of three designated A, B, C and D. Within a group, the pulses are annotated 1, 2, and 4, (A1, A2, A4, B1, B2, B4 etc), each pulse representing one digit of a three digit binary number. In this way the presence or absence of pulses allows each group to represent a decimal number from 0



to 7. For example in



group A: A4



A2



A1



0



0



0



=



No A pulse



=



0



0



0



1



=



A1 pulse only



=



1



0



1



0



=



A2 pulse only



=



2



0



1



1



=



A2 + A1



=



3



1



0



0



=



A4 pulse only



=



4



1



0



1



=



A4 + A1



=



5



1



1



0



=



A4 + A2



=



6



1



1



1



=



A4 + A2 + A1



=



7



The presence or absence of 12 information pulses make a specific pattern through which it is possible to transmit 212 (4096) codes, the code being set on the controller. For example to transmit a code of 4167 the transmitted pulses would be: A4 4



B1 1



C2 + C4 6



D1 + D2 + D4 7



The transmitted code is displayed on a digital indicator alongside the PPI radar display.
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9.



Civil Ident Reply.



Identification replies are initiated by a switch on the control panel and



consist of the normal code followed by a pulse or pulses, which are transmitted for 20 seconds after operation of the switch. The switch is spring-loaded to the off position and is normally marked I/P or IDENT. Transmission of the signal allows the ground controller to identify rapidly a particular aircraft among the many, which may appear on the display operating in the same mode.



10.



Military Ident Reply.



This reply is given only on military Mode 1 when the I/P switch is



operated. It consists of the selected information pulse train followed by a second identical pulse train with the second F1 pulse 4.35 µs after the first F2 pulse.



Current Modes And Codes



11.



There are a total of seven normal reply modes: (a)



Military Mode 1.



Military Mode 1 replies comprise the framing pulses and the



information pulses reflecting the Mode 1 code set on the cockpit control panel.



(b)



Military Mode 2.



Military Mode 2 has the same form as Mode 1, however the code



is not selectable in flight, but is preset on the transponder unit.



(c)



Common Mode 3/A.



Mode 3/A has the same form as Mode 1, but the controller



has a separate set of code selection switches so that replies can be made to Mode 1 and Mode 3/A simultaneously. Mode 3/A is the mode normally used by ATC agencies to establish and maintain the identity of an aircraft, to assist in the transfer of control between agencies and to supplement primary radar information.



(d)



Civil Mode 'B'.



Mode ‘B’ is available as a 'spare' for Mode 'A' transmissions. The



pulse interval is 17µs. However, it is not used, being superseded by the imminent arrival of Mode 'S'.



(e)



Civil Mode ‘C’.



Mode ‘C’ is used for the automatic reporting of altitude. The



transponder, in association with an encoding altimeter, replies with a code train indicating the aircraft’s height relative to a 1013.25 mb pressure datum.



The code uses 11 of the 12



information pulses and a change occurs every 100 ft. To allow for small inaccuracies in different altimeter equipments, the pressure altitude shown on the controller's radar screen must be within ± 200 ft of the pilot's display. Mode C is used by air traffic controllers to confirm that aircraft are maintaining, vacating, reaching, or passing assigned flight levels, and to monitor the vertical separation between transponding aircraft, without recourse to ground/air communication.



(f)



Civil Mode ‘D’.



Mode ‘D’ is not currently used.
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(g)



Mode 'S'.
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Mode 'S' is intended to provide a data link of information between aircraft



and ATC, reducing the need for verbal communication. In order to allow slow transition between the systems, a Mode 'S' interrogator also sends interrogations and can interpret responses in Modes 'A' and 'C'.



Mode ‘S’ Transmissions



12.



In a Mode 'S' interrogation, the initial two pulses are followed by a long pulse consisting of a



string of up to 112 bits (Binary digits). The bits are transmitted by making phase reversals in the long pulse. This string of bits forms a message, the first 24 bits of which is a unique address for the aircraft it wishes to interrogate.



The combination of these 24 bits provides over 16 million possible



addresses.



13.



This addressing system means that only the aircraft, which is addressed, will respond to the



interrogation, removing the problems of 'fruiting', 'garbling' and 'over-interrogation' (see paragraphs 22 to 24). The transponding aircraft will reply with the information requested, coded in a similar phase modulated pulse. Either 112 bits or 56 bits may be sent, depending on what the interrogation has asked for.



14.



The Mode 'S' normal transmission is the 'selective calling'.



It can also make broadcast



transmissions of information to all Mode 'S' aircraft, without needing a reply.



However, if the



interrogator does not know that a particular aircraft in its area is equipped with Mode 'S', it will never use its individual address to interrogate it. The controller will not know its details, although it will be responding to the Mode' A' and 'C' interrogations which are sent out from the interrogating station simultaneously. The interrogator therefore sends out an occasional 'all call' message, which contains an extra pulse.



A Mode 'S' transponder recognises this pulse as a request for every Mode 'S'



equipped aircraft to respond with its address and basic information.



15.



This basic information consists of the flight call sign, the capability of the transponder, and an



altitude report in 25 ft intervals. The capability of the transponder is described in 'levels'. Level 1 has no data link capability but recognises its individual address, effectively a Mode 'C' transponder with selective calling. Level 2 permits standard data link communication between the aircraft and ground station in both directions, and is the minimum standard for future international flights. Levels 3, 4 and 5 increase the data link capabilities beyond the standard flight information. This flight information includes magnetic heading, speed, roll angle, and change in track angle, rate of climb or descent, and true track and groundspeed.



16.



Mode 'S' has many advantages over the other modes. The advantages of Mode ‘S’ are: (a)



Increased capacity (999 tracks can be followed by the interrogator, as against 400



with Mode 'A').
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(b)



More accuracy in altitude reporting (25 ft intervals instead of 100 ft).



(c)



Elimination of 'garbling', 'fruiting' and 'over-interrogation'.



(d)



Improved surveillance accuracy.



(e)



Possible use with future automated air traffic control systems.



(f)



Information can go both ways - can integrate with a flight management computer.



(g)



Data link will relieve voice communication channels.



(h)



It forms a major part of an ACAS system.



Aircraft Aerial



17.



An SSR antenna is used only for two very close frequencies in the UHF band. It is a small



antenna, and often in the shape of a 'shark's fin', as in Fig 18-4, situated on the aircraft's underside. It receives and transmits omni directionally, so its polar diagram is a circle. It has been found that some signals may be blanked from this antenna by a wing when the aircraft is banked. Mode 'S' antennas are fitted on both top and bottom aircraft surfaces to Fig 18-4: SSR Aircraft Antenna



reduce this.



Cockpit Control Unit



18.



Most



SSR



equipment



includes a control unit similar to that in Fig 18-5, which represents a unit transponding on Modes' A' and 'C'. The code numbers are usually



Fig 18-5: SSR control unit



rotated by finger or thumb, but may be selected by push-buttons. The switch positions as shown have the following meanings: OFF



Power switched off.



STBY Standby - power available to the transponder, but no transmissions possible. ON



Equipment responds to Mode' A' signals with the selected code.



ALT



Equipment responds as above, and to Mode 'C' signals with the aircraft's flight level.



TST



Equipment runs through a built-in test sequence to check itself.



A light is provided to indicate that the equipment is replying to an interrogation. This light will also illuminate on completion of a successful TEST. There is also an I/P IDENT or SPI (special position identification) button or switch. Selection of this sends an extra pulse 4.35 µs after the Mode 'A' code, and continues for approximately 20s. This should be selected when ATC asks the pilot to 'squawk ident'. ATC will be able to identify the response by a double blip on the radar display.
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Ground Display



19.



An SSR display usually shows a dot rather than the normal



radar 'blip' at the position of the target, and weaker dots showing the position of previous returns. These dots give an indication of the aircraft's track and groundspeed. The current position will have a mark to emphasise it and designate the controller responsible for it, and beside that, will be displayed a 'label' including either the Mode' A' code, or the flight number or aircraft call sign as shown in



Fig 18-6: SSR Label



Fig 18-6. Under that call sign is the Mode 'C' flight level, with an arrow if climbing or descending. Below that is the wake turbulence category, followed by the computed groundspeed. After that is space for other desired information to be displayed, such as the flight level to which the aircraft is cleared, or its destination. The label will flash if the crew selects an emergency code.



RT Terminology



20.



By tradition, and as a consequence of the military origins of transponders and their codes



associated with that, the use of SSR is referred to by voice transmissions using the word 'squawk'. ATC will use the following expressions to request the pilot to make certain selections on the control unit.



Phrase Squawk



Meaning Operate transponder, or check its operating condition (with IFF set master control to ‘Normal’).



Squawk xxxx (numbers) Or Squawk Three Code Squawk Ident



Operate the I/P switch, retaining present code.



Squawk Mayday



Select 7700 and mode ‘A’.



Squawk Standby



Switch to ‘Standby’, retaining present Mode (stop transmitting Modes ‘A’



Select the requested Code No. and Mode ‘A’ (i.e. Mode ‘A’ for SSR equipped aircraft and Mode ‘3’ for IFF equipped aircraft).



& ‘C’). Squawk CHARLIE



Switch on altitude reporting facility (Mode ‘C’).



Stop Altimeter squawk



Switch off altitude reporting facility (Mode ‘C’).



Stop Squawk Three



Switch off Mode ‘3’ (used with military aircraft only).



Codes with Specific Meanings



21.



Several Modes 'A' codes have specific meanings when selected by the pilot. The ICAO



recognised codes are as follows:
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7700



The aircraft is in a state of distress (Mayday).



7600



The aircraft cannot receive radio signals (radio failure).



7500



The aircraft is suffering from unlawful interference (hijack).



2000



The aircraft has had no code allocated by ATC.



Advantages of SSR



22.



SSR has several advantages over primary radar. These are: (a)



Because a primary radar signal is reflected by the target, its maximum range depends



on the fourth root of the power available in the signal. A SSR transmission only has to travel in one direction and be received by the aircraft, so the maximum range of the interrogation depends on the square root of the signal power. The maximum range of the transponded signal depends also on the square root of the power of the signal from the aircraft. This means that for a given range, a secondary radar requires less power, or for a given power output a secondary radar has greater range. Of course, the maximum range is governed by the UHF formula.



(b)



Because the signal received at the ground station is on a different frequency to that



transmitted, there is no reflected ground return. In fact, the only returns are those from transponding aircraft, so all false returns are avoided. The display is uncluttered unless it is combined with a primary radar.



(c)



Because the transponded message is coded, specific information requested by ATC



can be received and displayed. A primary radar only indicates the target's position.



(d)



No manoeuvres are required from the aircraft to assist the control in identification -



the SSR can provide all the identification needed.



(e)



No verbal communication is required other than to inform the aircraft of the correct



code. Communications frequencies are left relatively quiet for other messages.



Disadvantages of SSR



23.



The SSR system has the disadvantage compared with primary radar that the aircraft must be



equipped with the correct transponder. Many small aircraft are not so equipped. There are also some problems to which Mode' A' and Mode 'C' are subject, and, as seen earlier, Mode 'S' is designed to reduce these. The disadvantages of SSR are: (a)



Because all equipments use the same frequencies, a transponder will reply to any



interrogation signals, including those from interrogators whose operators are not in
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communication with the pilot. These replies may appear at different times and in different positions on the controller's screen. This is called 'fruiting', and can be reduced by allocating neighbouring radars different PRFs and disregarding a sequence of returns at the wrong PRF.



(b)



If two aircraft are in the interrogating beam at the same time, and close to each other



so that their transponder signals may overlap at the receiver, it causes interference called 'garbling'. This will occur if the aircraft are less than about 1.7 nm apart. Manufacturers advertise 'killer circuits' in the receiver to separate the returns and reduce' garbling'.



(c)



If an aircraft is being interrogated by several ground stations at once ('over-



interrogation'), the transponder may suffer from a similar problem to the fruiting experienced at interrogators. The aircraft equipment may not be able to recognise the combination of individual signals as requests for information, and may not reply to one or more of them.



SYSTEM REFINEMENTS



24.



Since all IFF / SSR equipments work on the same transmit and receive



Defruiting.



frequencies, any interrogator can trigger any transponder which is within range and selected to the appropriate mode. Thus any ground station can receive replies from transponders interrogated by other nearby ground stations. These unwanted replies appear as interference or ‘fruit’. Defruiting is the process whereby this interference is removed. Adjacent interrogators are operated at different pulse recurrence frequencies (PRF) and comparator circuits only pass replies at the correct home station PRF.



25.



Garbling.



Because the length of a transponder code train is about 20 µs it is not always



possible to decipher replies from aircraft closer than 2-3 miles of each other on a radial from the interrogator. The reply signals may garble and the decoder equipment can cause the generation of false targets between the aircraft or cause cancellation of all or part of either or both actual returns. False targets or cancellation may occur even though altitude separation between aircraft exists. Circuits in the decoder equipment are used to cancel garbled replies, and controllers will often ensure that only one aircraft within a formation has a transponder operating.



26.



Mode Interlacing.



In order to use the different modes for various functions, it is necessary



for them to be transmitted separately from each other and on a sequential basis. The mixing of the mode transmissions is known as mode interlacing. Each mode is selected at its PRF rate, and each mode sequence is selected at aerial rotation rate. Generally speaking, the use of more than threemode interlace is not satisfactory operationally, since the number of hits per scan for each mode transmitted falls to a non-effective level, however, the interlacing of four or five modes can be achieved if necessary.
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Automatic Data Surveillance



27.



An alternative to the Mode 'S' transponder system which ICAO intends to bring into service,



some manufacturers and countries have supported a different system using similar technology, but requiring no interrogation from the ground station. This 'automatic data surveillance' or ADS relies on the aircraft transmitting the information normally requested by Mode 'S', and other information also, as a broadcast to the ground station and to other aircraft.



28.



The accuracy possible from satellite and other modem navigation systems means that the



pilot of an aircraft, or at least his navigation computer, knows where it is in three dimensions at all times. A function of that navigation computer can automatically encode that position, and broadcast the data on a suitable frequency. Ground equipment can decode the information and plot it on a screen for a controller. The advantage is that the aircraft does not need to be in radar coverage, and potentially can provide information from the centre of oceans, using satellite communications.



29.



Not only ground controllers find such an ADS broadcast (ADS-B) useful. Computers in other



aircraft can receive the transmissions and compare them with their own. That comparison can be processed to provide collision avoiding action in the event of possible conflictions. The information would be displayed on a standard CDU.
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CHAPTER 19



DME AND TACAN Introduction 1.



The basic theory of secondary radar has been explained in chapter on Secondary Surveillance



Radar. The same principle is used for Distance Measuring Equipment (DME), which we shall discuss in this chapter.



DME



Overview 2.



Transponders are placed at ground stations, which are usually co-located with VOR beacons.



Each station has a unique (within the UHF line-of-sight receiving area) receiving frequency in the UHF band between 962 and 1213 MHz. The pilot of an aircraft wishing to find its range from the station must select that frequency on his airborne equipment, which will send a series of pairs of pulses at random time intervals on that frequency to the station. The station transponder replies to every pulse it receives (after a fixed delay of 50 µs) with another pulse at a frequency 63 MHz removed from the received signal. Each pair of pulses is separated by 12 µs. The emission pattern of both signals is designated PON. 3.



The aircraft transmitter 'remembers' the sequence of differing time differences between its



transmitted pulse pairs and awaits a corresponding pattern of transponded pulse pairs on the different frequency. Once the pattern has been received, the computer in the airborne equipment measures the time from transmission to reception, and calculates the range. In fact, the frequency on which the equipment operates is not usually published as such. It is either identified as a channel number, such as 46X, or more commonly the VHF frequency which is, or would be, used by a co-located VOR beacon.



Ground Equipment 4.



The transponder is constantly replying to whatever signals it detects. If there are no genuine



aircraft generated signals, it replies to random noise. The transponder filters the received signals and replies to the strongest it receives, whether generated by an aircraft or by noise. In theory, the closest interrogating aircraft will have their signals replied to.



The transponder is able to respond to



approximately 2700 pulse pairs every second. 5.



Because the transponding must be omni-directional, the DME ground aerial is a single pole



antenna, cut to the ideal length for 1090 MHz. When co-located with VOR, it is placed on top of the VOR



 234



FIS Book 2: Avionics antenna, as in Fig 19-1. DME ground equipments are designated as 'X' or 'Y' channels. 'X' channels are the most



common



and



have



the



characteristics described above. The transponded signal is 63 MHz higher than the received signal. 'Y' stations reply at 63 MHz below the received signal, and the pulse pairs are differently spaced. 'X' stations are



Fig 19-1: DME Antenna on a Conventional VOR Antenna



paired with VOR beacon frequencies with whole number decimals (e.g. 114.30), whereas 'Y' beacons are paired with frequencies using halved decimals (e.g. 114.35).



Identification 6.



The ground station also transmits an identification signal on the same frequency, approximately



every 30 seconds. During the identification period, the transponded pulses are replaced by regularly spaced pulses, keyed with the beacon identification letters.



Symbology 7.



On aviation charts, the stations are represented as follows: DME station TACAN station Co-located VOR beacon and DME station VORTAC (co-located VOR and TACAN)



Airborne Equipment 8.



In fact the airborne equipment automatically and progressively 'scans' the timebase of its own



radar receiver from a zero range time delay to its normal maximum range of 200 nm. It is looking for its own random PRF pattern which it is transmitting at 150 pulses per second (pps). Once it finds that pattern, it 'locks on' to that time delay, and displays it as a range. 9.



Drum mechanisms on older equipment may be seen rotating in accordance with that scanning



until the signal is locked on. Once locked on, the transmission rate drops to between 24 and 30 pps. Small changes in range caused by the aircraft's movement are followed by the equipment. An 'echo
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protection' circuit prevents reflections from confusing the equipment by only accepting the first signal at the receiver, which will have travelled by the shortest path and therefore will not have been reflected. 10.



The equipment has a memory circuit which continues to indicate the range even if the signal is



not received. In older equipment, this continues for up to 10 secs. After that time the search pattern is resumed. This memory is designed to allow for times when the aircraft antenna is masked by the structure during turns. More recent equipment may have a longer memory.



Beacon Saturation 11.



Theoretically 126 aircraft can use each station at one time, if none of them are scanning at the



high rate. On an average, however, we assume that some aircraft will be attempting to 'lock on', so a figure of 100 aircraft is commonly accepted as the average number which can use each station simultaneously. However, some RNAV systems alternate their DME interrogations between several stations, requiring to re-Iock every minute or so, which means that they are interrogating at the high rate for a considerable period of the time. The ground stations will only reply to the 2700 strongest signals every second, so a large number of high-rate interrogations mean fewer aircraft can use each station. 12.



Another complication is that some modern airborne equipment also transmits at higher power,



not only 'swamping' the station but 'pushing out' some older, closer, airborne equipment which has a lower transmitter power. 'Beacon saturation' is the name given to the apparent error caused by stronger signals preventing an aircraft receiving a range.



Range Measurement 13.



The airborne equipment subtracts the 50 µs delay from the time between transmission and



reception and displays that time as an equivalent range. This can be calculated by dividing the time by 2 and multiplying by the speed of radio wave propagation C. The DME indicator shows the aircraft range from the station, so the pilot knows his aircraft is somewhere on the circumference of a circle with the beacon at the centre and the indicated range as its radius. DME therefore gives a circular position line, which can be combined with one or more other position lines to give a navigational fix. 14.



The accuracy of a position line, as required by ICAO at least 95% of the time, is ± 0.5 nm, or



± 3% of the aircraft's range if greater. In fact, DME is the most accurate of the 'classic' navigation aids, which makes it the preferred input to area navigation systems. Assuming there is no beacon saturation, the maximum range is limited by the UHF formula. Most airborne equipment indicates a maximum of 200 nm, but some continue out to 300 nm. As readers can calculate, at that range the interrogating aircraft would need to be at an altitude of about 56,000 ft. Concorde was the only commercial aircraft type capable of cruising at such altitudes.
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Slant Range 15.



The ranges calculated are line-of-sight



ranges, or 'slant' ranges. As the ground range may be considerably less than the indicated range, Pythagoras theorem can be used to calculate the actual ground range if the aircraft height and indicated ranges are available. For practical purposes, at short ranges, it is worth remembering



the



proportions



of



classic



right-angle triangles such as 3:4:5 or 5:12:13 in miles, as shown in Fig 19-2.



Fig 19-2: Slant Range



An example to



illustrate the same is as follows: Example:



An aircraft at 40 000 feet reads a DME distance of 80 nm to the station. What is



its ground distance from the station? Solution



As the distance required is in nautical miles, we must convert 40 000 ft into



nautical miles before applying it to the Pythagoras formula. (Ground distance)2



Ground distance



16.



=



(slant range) 2



-



ht2



=



802



-



400002 6080



=



802



-



6.582 (approx.)



=



6400



-



43 (approx.)



=



6357



=



√(6357)



=



79.7 nm



The actual ranges available depend on:(a)



The aircraft height.



(b)



The transmitter height.



(c)



Any intervening high ground; this will cut off the signals and reduce the range in that



direction. 17.



The maximum ranges for various heights are worked out using the VHF formula: Range =



1.25 √HR + 1.25 √HT. Use Of Dme 18.



DME can be utilized for the following:
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It provides a circular position line when a single DME is used. Fixes are obtained when



it is used in conjunction with VOR or other DME stations. (b)



Its range indication is very useful when carrying out an instrument approach.



(c)



It eases the task of the ATC in identifying on a radar when an aircraft reports its



position in terms of range and bearing from a VOR/DME station. (d)



When two aircraft are using DME and flying on the same track, the positive ranges



from these aircraft enables the ATC to maintain accurate separation. (e)



Accurate ranges to touch-down are read off when a transponder is operating in



conjunction with ILS. (f)



It provides a basis for more accurate holding patterns.



(g)



With an additional computer, area navigation may be carried out with accuracy.



Co-Located VOR and DME 19.



Most DME stations are co-located, or 'paired' with VOR beacons, as in Fig 19-1. These can be



identified because they both have the same published VHF frequency and identification signal. In this case, using the VOR and DME together will produce a pair of position lines (the radius and circumference of the circle centred at the station) which meet at right angles and give simultaneous range and bearing navigation information from the combined VOR/DME station. 20.



Other DME stations may be located close to VOR beacons, but not co-located. These can be



recognised by having the same published frequency, but a slightly different identification, in that the DME identification will end in 'Z' instead of the last letter of the nearby VOR beacon's identification. Because the two are not co-located, care must be taken when plotting navigation position lines. At long ranges, however, the information can be regarded for practical purposes as coming from a common source. 21.



ILS Paired DME.



A DME which is 'paired' with an ILS is designed to give accurate ranges



from touchdown along the ILS centreline. The DME station of course cannot be situated at the touchdown point itself. The desired result is achieved by altering the transponder fixed delay so that the airborne equipment indicates an incorrect range from the actual station, but the correct distance along the centreline from touchdown. This means that a DME paired with an ILS will give incorrect ranges in any other direction. The DME published VHF frequency is usually the ILS frequency.
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Use of the Equipment.



The pilot must first tune his airborne equipment at the control unit to



the designated VHF frequency published for the DME station, then identify the station aurally. Thereafter he need only read the range as indicated on the display.



Some equipments



offer the ability to select a groundspeed function.



This will only work correctly if the



station is below the aircraft's track or intended track, in other words if the aircraft is flying towards or away from the station. An extension



Fig 19-3: DME Display



of that is a time function, which computes and displays the elapsed time to the station if the current groundspeed is maintained. A stand-alone DME display unit is shown at Fig 19-3. 23. be



Range Arc Tracking. used



in



certain



The DME can



instrument



approach



procedures which include a portion of 'arcing'. This involves following a DME arc at the nominated range until arriving on a VOR radial (Fig 19-4).



Fig 19-4: Range Arc Tracking TACAN



24.



The range function of both TACAN and DME beacons is identical in operation, and is based on



the transponder principle, but the bearing information of a TACAN beacon is in the form of a continuous transmission.



Bearing Measurement by TACAN 25.



The pulses produced initially by the beacon,



whatever their origin, are of constant shape and amplitude.



However, in order to convey bearing



information they are amplitude modulated by the aerial system. As the beacon transmits 2,700 pulse pairs per sec, the modulation is carried as accurately as if a CW bearer was used. 26.



The beacon's aerial system comprises a



central vertical aerial around which two concentric fibre glass cylinders rotate at 15 revolutions per



Fig 19-5: TACAN Ground Beacon Aerial System



 239



DME and TACAN



second. Embodied in the surface of the inner and outer cylinders respectively, are one vertical reflector and nine equally-spaced directors (Fig 19-5). 27.



The polar diagram produced by the fixed aerial and



vertical reflector is shown at Fig 19-6. As the reflector is rotating, the polar diagram will also rotate at the same rate of 15 revolutions per second.



Any airborne equipment



receiving a signal from this combination would find that the pulse amplitudes varied through one sinusoidal cycle for each rotation of the polar diagram, Fig 19-7. Therefore the transmissions are amplitude modulated at 15 Hz.



The



phase of the modulation received by each aircraft would



Fig 19-6: Polar Diagram for Fixed Aerial and Reflector



vary with the airborne equipment's position relative to the beacon. This can be seen in Fig 19-7 by comparing the



signals



received



to



the



North-South of the beacon. 28.



A reference is required to



measure the phase of the signal and therefore the bearing of the airborne equipment to the beacon.



This



Fig 19-7: Amplitude Modulation due to Aerial Rotation



reference is supplied by the beacon transmitting a short train of 12 even-spaced 12 µs pulse pairs each time the maximum of the polar-diagram passes through magnetic East. A priority circuit ensures that the reference signal is transmitted at the correct instant, irrespective of the trigger circuit output at that time. 29.



The



airborne



receiver



will



recognize this distinctive pulse train, known as the Main Reference Burst (MRB), and will measure the phase of the modulated signal relative to this and compute the bearing. Therefore if the reference signal coincides with the peak of the modulated signals, the aircraft is to the East of the beacon. In practice it is easier, and it does not alter the principle, to compare the position of the reference signal relative to the zero point on the modulated



Fig 19.8: Determination of Bearing by Phase Comparison
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signal. Fig 19-8 illustrates the relative position of the two signals for aircraft on the cardinal bearings from the beacon. It should be noted that 1° of phase difference corresponds to 1° of bearing. 30.



The 1:1 relationship between the aircraft bearing and the phase of the received signal makes



such a system susceptible to error. It would require a very accurate measurement of phase difference and reflections could cause a phase shift in the received signals with a similar change in the computed bearings. 31.



The nine directors in the aerial outer



rotating



cylinder



overcome



these



disadvantages by providing a fine bearing facility. The polar diagram for the complete aerial system has nine lobes as shown at Fig 19-9. When this complete aerial system is rotated 15 times per second a further 135 (9 x 15) Hz modulation as shown in Fig 19-10 is Fig 19-9: TACAN Aerial Polar Diagram



achieved. 32.



A 360° phase change in the



135 Hz component corresponds to 40° phase change in the 15 Hz component, i.e.



40°



change



in



the



airborne



equipment's bearing. A 1:9 relationship therefore exists between the aircraft's



Fig 19-10: Modulation Envelope



bearing and the phase of the received signal; a change of 1° in phase representing only 1/9° bearing change. Thus the effect of any distortion in the phase of the received signal upon the bearing is reduced. 33.



A secondary reference signal, of six 12 µs pulse pairs, is transmitted when each of the nine



maxima of the complete polar diagram passes through magnetic East and is known as the Auxiliary Reference Burst (ARB).



These are used to determine the aircraft's bearing from the 135 Hz



components, for the position of the 135 Hz component relative to the reference signals is also a measure of the aircraft's bearing. 34.



However, since the phase of the 135 Hz component changes through 360° for a 40° change of



bearing, the same phase difference could occur in any one of the nine 40° sectors around the beacon. This ambiguity is resolved by the bearing obtained from the 15 Hz component. The phase of the 135 Hz component is measured by selecting the mean of the displacement of the nine zero points from the respective reference markers. This is more accurate than relying upon one measurement, though the measurement is not too critical because of the 1: 9 relationships between bearing and phase. Since the
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depth of modulation is never greater than 50%, the airborne receiver can extract the pulses it requires even if they are in the trough of the modulated signal.



Beacon Identification 35.



Coded pulses, giving a two or three-letter aural call sign in Morse code, are transmitted every



37.5 sec to identify the beacon. 36.



Unreliability Coding.



When an unserviceable beacon is required to transmit, e.g. for



calibration, the aural identification signal is followed by a series of dots. The number of dots varies between 9 and 15 depending on whether the beacon has a two or three-letter identification code. Information from a beacon coding in this manner should be regarded as unreliable.



Use of TACAN 37.



The maximum range of TACAN primarily depends on the aircraft height since radio waves in



the 1,000 MHz band are quasi-optical in character. A TACAN ground beacon has a 70° cone above it in which the bearing function is inoperative. It should be remembered that the distance shown on the airborne equipment is slant range, not ground range, from the beacon. 38.



When TACAN bearing information is used it must be remembered that the arrowhead of the



needle points towards the beacon. Therefore, when plotting a position from the beacon the tail end of the needle gives the required magnetic bearing.



Accuracy 39.



Bearing indications should be accurate to ± 0.5° and distance measurement accurate to ±0.1



nm or ± 1% of the distance, whichever is the greater.



AIR-TO-AIR TACAN



General 40.



Air-to-air TACAN enables suitably equipped aircraft to measure the range between each other,



up to a maximum of 195 nm but the bearing information is not available. The changeover between air-to-ground and air-to-air operation is controlled by a selector switch on the airborne equipment. 41.



The maximum number of interrogating aircraft to which one responder can reply simultaneously



is theoretically 33. However, in order to remain locked-on an aircraft must receive replies to 90% of its transmissions. If 33 were locked-on and a further interrogation was attempted, the responder would
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reply to this interrogation, but this would mean that one or more of the aircraft would receive replies to less than 90% of its transmissions and lock would be lost. In addition, the responder's gain is set by the amplitude of the strongest signal seen and if there is a large difference between the signal strength received from different aircraft it may be the case that the weaker signals are not seen. It is thus impossible to state precisely the maximum number of aircraft that can lock-on simultaneously.



TACAN OFFSET COMPUTER



General 42.



The addition of a TACAN offset computer to an airborne installation enables bearings and



distances to be obtained from a point offset from the TACAN beacon. 43.



The range and bearing of the offset point relative to the TACAN beacon are manually set on the



computer control. The computer then converts the range and bearing into electrical signals and transmits them to the navigation display where they are added to the direct TACAN signals. The combination of signals causes the display to indicate the range and bearing of the offset point instead of the TACAN beacon.
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GLOBAL NAVIGATION SATELLITE SYSTEMS Introduction



1.



In recent years, satellite navigation systems have revolutionised the concept of instrument



navigation. Developed as a military system by the United States and the Soviet Union, coupled with the computer systems which have developed at the same time, they allow much more accurate and available position fixing for aircrew. ICAO refers to them as 'global navigation satellite systems' or 'GNSS'. The planned European augmentation system for GNSS-I, known as the European Geostationary Navigation Overlay Service (EGNOS), will provide differential positioning over wide areas. In addition, the European Commission is working towards the development of a second generation regional GNSS, called Galileo.



2.



The NAVSTAR Global Positioning System (GPS) is a space based radio positioning system,



using a constellation of satellites to provide highly accurate position, velocity, and time (PVT) data. There are three major segments to the system viz. Space, Control and User. The system is available globally, continuously, and under all weather conditions to users at or near the Earth’s surface. As the receivers operate passively there can be an unlimited number of simultaneous users. GPS has features designed to deny an accurate service to unauthorized users, prevent spoofing and to reduce receiver susceptibility to jamming.



3.



Each satellite broadcasts radio frequency ranging codes and a navigational data message.



The GPS receiver measures the transit time of the signals and can thereby determine its range from a satellite. The data message enables the receiver to determine the position of the satellite at the time of transmission, and thus by ranging from 3 or more satellites a fix can be obtained.



Basic Principle



4.



Basically, all satellite navigation systems use the same principle as the DME. The receivers



measure the time it takes for a radio signal to travel from a transmitter in a satellite at a known point in space. Knowing the time and the speed of propagation of the waves, a distance can be calculated by the receiver's computer. The receiver then measures the time for a signal from another satellite at a known position to reach it and calculates that distance.



5.



The possible positions from the first satellite can



be plotted as a sphere, cantered on the satellite, whose



Fig 20-1: Position Spheres
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radius is the calculated distance. The same applies to the distance from the second satellite, and where the two spheres touch provide the possible positions of the receiver. The two spheres touch along a circle in space, as in Fig 20-1.



6.



A third satellite can provide a further sphere. The possible positions lie on the circle joining



spheres 1 and 2, that joining 1 and 3, and also that joining 2 and 3. These three circles meet at only two points in space. One of these is so far removed from the earth that the other must be the correct position of the receiver. The computer in the receiver makes all these calculations and displays the result as a three-dimensional point in space related to fixed features on the earth, commonly the lines of latitude and longitude for horizontal, and the centre of the earth for vertical reference.



7.



Even with only two satellites providing ranges, an observer at a known altitude could feed that



altitude into his receiver's computer. That altitude is another sphere in space, so where the two spheres from the satellites touch that altitude sphere, is his position. There are of course two possible positions, but if the observer can give his receiver a rough position it will discard the obvious false one. This facility has limited use in aviation, because fortunately there are enough satellites to provide sufficient spheres for three-dimensional position fixing over the whole of the earth for most of the time.



Detailed Principle



8.



This simplistic view of the principle of operation has skated over the massive problems of



providing the positions of the satellites and the time of transmission of the signals. In order to provide cover over the whole world, the satellites must orbit at an angle to the equator, and so must move quickly in relation to the earth. The transmission from every satellite includes the orbit that each satellite is following, and its position in the orbit, as an 'almanac'. The receiving computer uses that almanac to calculate where each satellite should be in its orbit, so it knows which ones will be in view and what approximate range to expect from each one. This allows faster acquisition of each satellite's signal, and selection of the most appropriate satellites for accurate fixing.



9.



In fact, the ranges as received at the receivers are not exactly accurate. They are called



'pseudo-ranges', and more calculations must be made to measure the true range from each satellite. The satellite transmits its own exact position and path, called the 'ephemeris', to provide the exact spot from which the ranges must be measured.



10.



To provide correct timing, each satellite



carries a very accurate atomic clock. It also transmits, as part of the ephemeris, the corrections which its own clock requires to bring it into line with UTC. To reduce cost, the clocks in the receivers are



Fig 20-2: Position Fixing
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less accurate. However, by using four satellite signals to compute its position, a receiver will find that the calculated positions between each group of three do not match, as in the complex diagram at Fig 20-2. The error is in the timing, and the receiver computer makes changes to its clock to bring all the computed solutions together. When that happens, its clock is in agreement with those in the satellites. It can then measure true ranges from the satellites instead of pseudo-ranges.



11.



These ranges can be plotted (or computed) to find the receiver's position in relation to the



centre of the earth, as Cartesian x, y, and z co-ordinates from that central point. However, navigators traditionally need to know their position in relation to the surface of the earth. The earth is not a sphere, in fact not even a regular spheroid, so the Cartesian positions are compared using mathematical formulae to a theoretical computer model (ellipsoid) which fairly closely resembles the actual surface of the earth. This allows the receiver's three-dimensional position to be presented in latitude, longitude, and altitude relative to that ellipsoid.



12.



The satellites are supported by ground stations, which receive signals from all the satellites in



turn as they pass overhead. The ground stations monitor the signals, and amend the almanac and ephemeris messages transmitted from the satellites.



GLOBAL POSITIONING SYSTEM



Space Segment



13.



The American Global Positioning System (GPS), also called NAVSTAR, uses 24 satellites,



with three or more spares in orbit at anyone time. The satellites 'fly' in six different orbits, 20200 km (10900



nm)



above



the



earth's



surface, taking 12 hours for each orbit (Fig 20-3). The orbits are at 55° to the earth's spin axis, to give the best combination of good coverage, constantly varying geometry, and ease of orbital insertion. All these satellites



transmit



navigation



information on the same frequencies consecutively, in one of 40 time segments or PRNs (pseudo-random noise numbers as allotted to them), but each sends a different code at the start of its transmission. The satellites are usually referred to by the PRN which they use.



Fig 20-3: NAVSTAR Constellation
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At the time of writing, there are two frequencies used, both in the 'L' radar band of the UHF



band, but a third frequency is expected to be available for civilian use from 2015. Information between satellites is transmitted on a different frequency, and a ‘S’ band link carries information from the ground stations (control segment).



15.



Because the satellites are moving, the Doppler effect changes the received frequencies. The



receiver computers compensate for this by altering their receiver frequencies, using the satellite ephemeris to make the calculations.



16.



The first frequency (L1), transmitted at 1575.42 MHz, carries the 'coarse acquisition' or 'CA'



code, which can be received and interpreted by all receivers. Information carried by the CA code provides the 'standard positioning service', or SPS. The frequency also carries, at 90° phase difference, a 'precision guidance', or 'P' code, which can only be interpreted by authorised military receivers. This 'P' code is also carried on a second frequency (L2) of 1227.6 MHz, providing the 'precise positioning service' or PPS. The 'P' code can also be 'encrypted' to prevent unauthorised receivers from using it, and when that happens it is referred to as 'Y' code. The third civilian frequency will be called Ls, and will also carry the CA code.



17.



Each satellite carries four clocks, which can be compared internally with each other to provide



an average time with a high probability of accuracy. Each one is capable of nanosecond (10-9 second) accuracy. However, if one clock is noticeably different from the rest, the satellite can discard that and average the other three. The satellites also carry solar panels and batteries to provide power for their transmitters and receivers, and a system of spinning reaction wheels to keep them pointing at the earth.



18.



GPS satellites have improved progressively. They must be replaced periodically, about every



10 years. Block II R satellites can provide navigational data without uploads from the ground segment for 180 days, as against the 14 days for the original satellites.



Control Segment



19.



The control segment consists of the ground stations. The master control station (MCS)



together with the monitoring stations does all the calculations, and the other ground stations provide communications between the satellites and the master station. The master station, with its extremely accurate atomic clock, compares each satellite's average clock time with its own.



The monitor



stations passively track all GPS satellites in view, collecting ranging data which is passed to the MCS where each satellite ephemeris and clock parameters are estimated and predicted.



The MCS



periodically uploads this data to each satellite for re-transmission in the NAV-msg, also called its ephemeris message. The master station can also transmit necessary corrections to the satellite's onboard computer.
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If any satellite is transmitting false information, or is in the wrong orbit, the master station tells



every satellite that that particular one is unserviceable. Each satellite's transmissions contain information about its own and every other's health, clock corrections, and ephemeris, so the unserviceability will be re-transmitted in that message. However, it may take several orbits for the unserviceable satellite to fly over the master station after its failure, and the other satellites also have to pass over the master for the information to reach them.



21.



The United States system, called 'Global Positioning System', or GPS, is the most commonly



available. However, the Soviet, now Russian, 'GLONASS' system is also commercially available with suitable receiver equipment. Receivers have been produced which can accept signals from both systems, and other countries are considering developing new systems either on their own or in conjunction with others.



User Segment



22.



The user segment comprises a wide variety of military and civilian GPS receivers which can



decode and process the satellite signals.



The receivers may be ‘stand alone’ sets, or part of



integrated systems, and can serve a variety of applications such as navigation and surveying. Receivers for different applications can vary significantly in their design and function.



Level of Service



23.



Two levels of navigation accuracy are provided by the GPS viz. the Precise Positioning



Service (PPS) and the Standard Positioning Service (SPS). The PPS is a highly accurate positioning, velocity, and timing service which is made available only to authorized users, whereas the SPS is a less accurate service available to all GPS users.



24.



Precise Positioning Service (PPS).



The PPS is primarily intended for military users and



the authorization for use is decided by the US Department of Defense. Authorized users include the US, NATO military and the Australian Defence Forces. The PPS is specified to provide a 16 metre Spherical Error Probable (SEP) positioning accuracy and 100 nanosecond (1σ) UTC time transfer accuracy. At the 2σ level this equates to approximately 37 metres and 180 nanoseconds. Depending on receiver design it is possible to obtain a 3-D velocity accuracy of 0.2 m/s. A selective availability (SA) feature is used to reduce the GPS Position, Velocity and Time (PVT) accuracy to unauthorized users by introducing controlled errors into the signals. The level of degradation can be varied and might, for example, be increased in time of crisis or war to deny accuracy to a potential enemy. An anti-spoofing (A-S) feature is invoked at random times, without warning, to negate potential hostile imitation of PPS signals. The technique alters the P code cryptographically into a code denoted as Y code. Encryption keys and techniques are provided to PPS users which allow them to remove the effects of the SA and A-S features. PPS receivers can use either the P(Y) or the C/A code or both.
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Maximum accuracy is obtained using the P(Y) code on both L1 and L2. The difference in propagation delay between the two frequencies is used to calculate ionospheric corrections.



P(Y) capable



receivers commonly use the C/A code initially to acquire GPS satellites and determine the approximate P(Y) code phase although some P(Y) receivers are able to acquire the P(Y) code directly by using a precise clock. Some PPS receivers use only one frequency L1 and in this case they use an ionospheric model to calculate corrections. Typically this will result in less positioning accuracy than dual frequency P(Y) receivers (approximately 65 metres 3-D accuracy at the 2σ level).



25.



Standard Positioning Service (SPS).



The SPS is primarily intended for civilian use and is



specified to provide a 100 metre (2σ) horizontal positioning accuracy to any GPS user in peacetime. The horizontal accuracy specification includes the peacetime degradation of SA which is the dominant source of error. SPS users do not have access to the Y code and therefore cannot rely on the P(Y) code to measure the propagation delays of L1 and L2 signals in order to determine ionospheric corrections. Typically therefore a SPS receiver uses only the C/A code and an ionospheric model to calculate corrections, which is a less accurate technique than measuring dual frequency propagation delays. The accuracy specification also includes this modelling error source.



Receiver Operation



26.



In order for the GPS receiver to navigate it has to acquire and track satellite signals to make



range and velocity measurements, and to collect the NAV-msg data. Because the clocks in the GPS receivers are not synchronized with system time there is a bias in the ranges actually measured and they are termed pseudo-ranges.



27.



Satellite Signal Acquisition.



The satellite signal level near the Earth is less than the



background noise and correlation techniques are used by the GPS receiver to obtain the navigation signals. A typical satellite tracking sequence begins with the receiver determining which satellites are visible for it to track. Satellite visibility is based on the user-entered estimates of present PVT and stored satellite almanac information. If no stored data exists or if only very poor estimates of position and time are available, the receiver must search the sky in an attempt to locate randomly and lock on to any satellite in view. If the receiver can estimate satellite availability it will target a satellite to track. Once one satellite has been acquired and tracked the receiver can demodulate the NAV-msg and read almanac information about all of the other satellites in the constellation. The receiver has a carrier tracking loop which is used to track the carrier frequency and a code tracking loop which tracks the C/A and P code signals. The two tracking loops work together in an iterative process in order to acquire and track the satellite signals.



28.



Carrier Tracking.



The receiver’s carrier tracking loop generates an L1 carrier frequency



which differs from the received carrier signal due to a Doppler shift. This Doppler offset is proportional to the relative velocity along the line of sight between the satellite and the receiver, plus a residual
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bias in the receiver frequency standard. The carrier signal strength is lower than the background and so has to be code correlated by the code tracking loop in order to be seen through the noise. The carrier tracking loop adjusts the frequency of the receiver generated carrier until it matches the incoming carrier frequency and thereby determines the relative velocity between the receiver and the satellite being tracked. The receiver uses the velocity relative to four satellites being tracked to determine its velocity in the navigation reference frame. The velocity output of the carrier tracking loop is used to aid the code tracking loop.



29.



Code Tracking.



The code tracking loop is used to make pseudo-range measurements



between the receiver and satellites. The receiver’s code tracking loop generates a replica of the targeted satellite’s C/A code with estimated ranging delay. The phase of the replica code is compared with the phase of the received signal code and the difference is directly proportional to the pseudorange between the receiver and satellite. In general, prior to tracking, the receiver generated code will not correlate with the received code due to the time taken for the satellite signal to reach the receiver and the receiver’s clock bias error. The receiver will therefore slew its generated code through a one millisecond cycle search window to achieve C/A code tracking. However, in the case of the P code, every week each satellite is allocated a different 7 day portion of a 267 day long code and an approximate P code phase must therefore be known in order to obtain signal lock. Information on the P code phase is contained in the NAV-msg and the receiver uses this data, together with the C/A code derived pseudo-range to minimize the P code search window. It is feasible for a P code receiver to acquire the P code without first acquiring the C/A code, but this requires a good knowledge of the receiver position and a very good knowledge of the GPS time for which an external atomic clock would usually be required



30.



Navigation.



When the receiver has acquired the satellite signals from four GPS satellites,



achieved carrier and code tracking, and has read the NAV-msg, the GPS receiver is ready to start navigating. The GPS receiver normally updates its pseudo-range and relative velocities once every second. The next step is to calculate the receiver position, velocity, and GPS system time. Each satellite signal includes its time of transmission in GPS time, and the receiver must determine system time very accurately in order to measure the reception of signals in the same time reference. The difference in these times is directly proportional to the actual range between receiver and satellite. However, it is not necessary for the receiver to have a highly accurate clock such as an atomic time standard. Instead a crystal oscillator is used and the receiver computes its offset from GPS system time by making four pseudo-range measurements which are used to solve four simultaneous equations with four unknowns. Once solved the receiver has estimates of its position and GPS system time. The receiver velocity is calculated using similar equations with relative velocities instead of pseudo-ranges. GPS receivers perform most calculations using an Earth centered, Earth fixed coordinate system which is subsequently converted to a geographic co-ordinate system using an Earth model (e.g. World Geodetic System 1984 - WGS84, Everest etc.). During periods of high jamming the receiver may not be able to maintain both code and carrier tracking, although it will normally be
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able to maintain code tracking even when carrier tracking is not possible. If this is the case the receiver will slew the locally generated carrier and code signals based on predicted rather than measured Doppler shifts. These predictions are performed by the navigation processor which may have additional PVT information from other sources.



Types of GPS Receiver



31.



There are three types of GPS receiver: sequential tracking, continuous tracking and multiplex.



The following descriptions apply to P code receivers which use dual frequency measurements to determine ionospheric corrections. C/A code receivers are essentially the same except that they use a model of the ionosphere to determine corrections.



32.



Sequential Tracking Receivers.



A sequential receiver tracks the necessary satellites by



using one or two hardware channels. The set will track one satellite at a time and combine all the four pseudo-range measurements once they have been made.



These receivers are amongst the



cheapest available but cannot operate under high dynamics situations and have the slowest time to first fix.



33.



A P code one-channel sequential receiver makes four pseudo-range measurements on both



the L1 and L2 frequencies in order to determine a position and compensate for ionospheric delay. The search for a satellite, code correlation, NAV-msg reading, data demodulation and ionospheric measurement is accomplished for each satellite in turn and the four pseudo-ranges must be corrected to a common time before a navigation solution can be achieved. Any movement of the vehicle during the time taken by the receiver to collect the pseudo-ranges will result in a degradation of the navigation solution. The use of one-channel sequential receivers is therefore limited to low dynamic or stationary applications.



34.



Two-channel sequential receivers have been developed for use on medium dynamic vehicles



such as helicopters. During the initial power-up each channel operates like a one-channel sequential receiver. Once four satellites have been acquired one channel is dedicated to navigation while the other reads the NAV-msg from each satellite. Both channels are used to perform dual frequency measurements to compensate for ionospheric delay. Two-channel sequential receivers decrease the time it takes to start navigating by better than one minute compared to one-channel sequential receivers.



35.



Continuous Tracking Receivers.



A continuous tracking receiver must have at least four



hardware channels in order to track four satellites simultaneously. GPS receivers are available with up to 12 channels, but due to their greater complexity multiple channel sets involve proportionally higher costs.



Four and five channel sets offer suitable performance and versatility, tracking 4



satellites simultaneously; a five-channel receiver uses the fifth channel to read the NAV-msg of the
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next satellite to be used when the receiver changes the satellite selections. The fifth channel is also used in conjunction with each of the other four for dual frequency measurements. A continuous tracking receiver is the best for high dynamic vehicles such as fighter aircraft and those requiring a short time to first fix such as submarines. It also exhibits a good anti-jamming performance.



36.



Multiplex Receivers.



A multiplex receiver switches at a fast rate (typically 50 Hz) between



the satellites being tracked, continuously collecting sampled data to maintain two to eight signal processing algorithms in software. The NAV-msg data is read continuously from all the satellites. For a receiver tracking four satellites this results in the equivalent of eight channels delivering 20 parameters continuously; four L1 code phases, four L2 code phases, four L1 carrier phases, four L2 carrier phases, and four NAV-msgs. Four pseudo-ranges, four velocities and the ionospheric delay can be derived from these twenty parameters.



37.



'All-in View' Receivers.



GPS receivers traditionally choose the four satellites of those



available which give the best geometry to perform a position fix. However, in situations where one or more of the satellites are temporarily obscured from the antenna’s view, the receiver will have to acquire additional satellite signals to generate a PVT solution. The solution will be degraded until the new satellite is acquired. In order to overcome this problem a receiver can be designed to use all available satellites in view, typically six or seven, to generate the solution. If one or two satellites are then lost from view there will be little or no loss of accuracy. The receiver will need a channel for each satellite or will have to use a multiplex technique with the attendant penalties of increased hardware, weight, power consumption and cost.



GPS Errors



38.



Having seen the principle of operation of a GNSS, let us look at the errors of this system. A



few of the errors are deliberately introduced to degrade the system performance of unauthorized users while other errors are present for all users.



39.



Selective Availability.



The 'CA' code provides accuracy in the region of 30 m. However,



the US military considered that accuracy too great for use by possibly unfriendly nations. They have the facility to place an irregular (but known to them) time delay in the transmissions. This is called 'selective availability', and historically reduced the 95% accuracy of a GPS fix to 100 m. When GPS was originally made available for civilian use, selective availability was permanently in force, but in May 2000 it was discontinued. The US government has, however, reserved the right to re-impose it for national security, and also to switch off or even jam the signals if it so wishes.



40.



Satellite Position Error.



The orbit of each satellite, and its position in that orbit, is affected



by gravity. The gravitational pull comes not only from the earth, but also from the moon, the sun, and the planets. All of these are predictable, and computer calculations to correct these have all been
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made, but other objects may also have an effect. Other satellites, space debris, and even passing asteroids will all affect the ephemeris to some small degree. Minor malfunctions in the satellites themselves may produce changes in either the orbit or the clocks. As mentioned before, there is a delay before the master ground station can correct, or broadcast the errors in, satellites' ephemeris. Receivers may therefore be calculating positions from incorrect data. The error so introduced is called satellite position or ephemeris error.



41.



Satellite Clock Error.



The accuracy of the satellite clocks has been mentioned earlier in



the chapter. However, even the tiny errors which the satellite clocks suffer, despite their regular updates from the master station, can affect the calculated position by about 1.5 metres.



42.



NOTAMS.



If a satellite is taken out of service, for example for servicing, a GPS NOTAM will



be issued. That will refer to the particular satellite by its pseudo-random noise (PRN) number, then give the date and times between which it is unusable. During these times, pilots should deselect the particular satellite from their navigation computers if that function is available, in order to minimize time wasted by the equipment searching for a non-existent or useless signal.



43.



Ionospheric Refraction.



UHF



signals are not normally regarded as being refracted



by



the



ionosphere,



but



such



accuracy is required that even the very small amount of refraction they suffer increases the time taken for the signal to reach the receiver



Fig 20-5: Ionospheric Refraction



as it bends through a shallow angle. This can be seen in Fig 20-5. The total distance covered by the signal along the red line in the figure is greater than the correct path shown by the green line. It is especially noticeable when the signals pass through the layers of the ionosphere at a shallow angle, and is less of a problem when the satellite is overhead the receiver. The signal is also subject to attenuation as it passes through the layer of ions, which is effectively thicker and therefore has more effect at a shallow angle.



44.



The combined error is called the 'ionospheric group delay' which when combined with the



delay from other satellites produces a total position error in the order of five metres. In fact, ionospheric group delay is inversely proportional to the square of the frequency, so if the receiver receives two frequencies, as the military ones do, the computer can calculate the correct ranges from the two different ones received.



45.



Tropospheric Refraction.



Refraction and attenuation also takes place in the troposphere,



producing a 'tropospheric group delay'. However, this is small and regarded as an acceptable error for most applications.
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The ionosphere and the earth's magnetic field protect the surface,



and the troposphere, from damaging radiation. However, satellites fly well above the earth's surface and away from that protection. The 'solar wind' carries that radiation, which includes electromagnetic disturbances and particles, as a stream of energy which can cause 'perturbations' to the satellites' orbits, and in extreme cases cause damage to the satellites themselves. Work is being carried out to detect changes in the solar wind before they reach the earth, by positioning warning satellites in orbit between the earth and the sun.



47.



Receiver Measurement Errors.



Like any man-made object, the receivers have small



inaccuracies in their construction which give rise to errors in the position calculated. These are very small, in the order of 0.3 metres.



48.



Geometric Dilution of Position (GDOP).



Geometry requires that the satellites used for



position calculation must be in different parts of the sky. The spheres of constant range described earlier must cut each other 'cleanly', at an angle approximating to an ideal 60° (Fig 20-6). Receiver computers will use the almanac to decide which are the most advantageous satellites, and use the signals



from



those



only.



However, at certain times it may not be possible to find enough satellites giving that clean cut, perhaps



because



of



unserviceability or maintenance. GDOP



has



been



known



to



produce a large error for about



Fig 20-6: Geometric Dilution of Position



20 min in any one day.



49.



Multi-Path Errors.



UHF signals are subject to reflection from many surfaces, and a



reflected signal will arrive at the receiver later than the direct wave. Usually, the reflected signal will be weaker than the direct wave and the receiver computer can reject it, but where the direct wave is 'masked' by some object in its direct path, the reflected signal may be accepted as the true signal, giving a range error and therefore a position error. Receiver antenna design can reduce multi-path errors by discarding signals which arrive from unusual angles. For example, any signal received from the ground beneath the aircraft, or from the direction of the aircraft's fin structure, should be disregarded. On average, multi-path signals produce a final position error of about 0.6 metres.



50.



Interference.



The GPS signals, being broadcast from such a high altitude, are very weak



when received. The signal to noise ratio is actually less than one, so the receiver has to identify the weak signal within the noise by its characteristics, As the electromagnetic spectrum becomes more crowded, harmonic interference from other transmissions, perhaps satellite communications transmissions from a nearby transmitter or the aircraft itself, may be relatively strong enough to cause
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interference. Deliberate interference can be produced in the form of 'jamming' from quite a weak transmitter close to the target receiver, and such jamming equipment has been made available for sale commercially in recent years.



Automatic Dependent Surveillance (ADS)



51.



The incorporation of a datalink with a GPS receiver enables the transmission of aircraft



location to other aircraft or air traffic control. This function, called ADS, is in use in some Oceanic regions. The key benefit is to enable ATC monitoring in regions where radar services are not available. ADS has potential use in many other monitoring situations, including ground control of aircraft and vehicles at airfields.



GPS Accuracy and Integrity



52.



Accuracy.



The CA signal (unless subject to selective availability) is assumed to be



accurate in the horizontal plane to within 30 m for 95% of the time. It is considered accurate to within 300 m for 99.99% of the time. Because the receiver uses satellites which are high in the sky, the computed vertical position is less accurate. The 95% position should be within 156 m (500 ft) vertically, and the 99.99% position within 500 m (1600 ft).



53.



Carrier Wave Measurement.



Very small changes in position, in the order of centimeters,



can be measured by comparing the phase changes of the signal carrier waves. If the satellites were geostationary (in a fixed position above a point on the earth), the changes in phase would equate to movement on the surface of the earth, but the moving satellites require major calculations from the satellite ephemeris to compare the actual phase changes with the changes to be expected from the satellites' orbits. This method is used successfully in survey work. However, at the time of writing, carrier wave measurement is not in use for aviation purposes, although it has been suggested that it could become a source for velocity calculations in the future.



Remote Autonomous Integrity Monitoring (RAIM)



54.



Because of the possible errors in the system, regulating authorities demand that, before it can



be used as a primary navigation aid, a GPS receiver must be able to detect when its information is unreliable. In other words, it must monitor its own 'integrity'. Using more satellites, this can be achieved. Four signals allow timing corrections, and five signals allow the receiver to detect that one of the signals is incorrect. This is known as 'remote autonomous integrity monitoring', or RAIM. Six signals allow the receiver computer to use a 'failure detection and exclusion, or FDE' algorithm to determine which is the incorrect signal and discard it.



55.



A satellite system used for 'stand-alone' navigation and especially precision approach
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guidance must be capable of monitoring its signals well enough to prevent errors affecting its accuracy. It must also warn the crew of any errors which might affect that accuracy. To do that, it needs to know when the required six satellites will be 'in view' or available for reception. The system therefore must predict that availability, and warn the crew in advance of any time when insufficient signals will be available. This is referred to as predicted RAIM (P-RAIM). It is feasible that the receiver computer can use barometric altitude information to act as one of the positioning spheres (in fact an ellipsoid) to allow RAIM with only four satellite signals, or FDE with five.



Other Satellite Systems



56.



GLONASS.



The Russian satellite navigation system is called GLONASS (Globalnaya



Navigatsionnaya Sputnikovaya Sistema). GLONASS is similar in concept to the US GPS, but differs in several major technical aspects. Furthermore, whereas GPS works on the WGS 84 datum, GLONASS works on the PZ-90 datum. The difference between the two geodetic datum systems must be considered (typically, 5 - 15 metres).The GLONASS uses separate frequencies for each of its 21 active satellites (which use a slightly different orbit at 60° as compared to the GPS satellites' 55°) to transmit navigational data. There is no selective availability facility in the system. All GLONASS satellites orbit the earth every 12 hours at an altitude of around 19 000 km.



57.



European GNSS.



The states of the European Union have been working on a system of



their own to provide satellite navigation information independent of the United States GPS system. At the time of writing, it is still at the proposal stage. It is intended to use geo stationary communications satellites over the equator to relay signals from ground stations which can be received as if they were satellite generated, but using a ground atomic clock for accuracy. The ground stations which generate the signals are known as 'pseudo-lites'.



58.



It is proposed to use the pseudo-lites in conjunction with normal navigation satellites,



GLONASS, GPS or independent. The higher orbital the geostationary communication satellites which would relay the pseudolite signals, coupled with the extra distance the signal would have to travel from the ground station to the relaying satellite, results in a very long delay from transmission to reception of the pseudo-lite signal, which must be taken into consideration by the receiver computer.



Differential GPS



59.



GPS provides a worldwide navigational facility which is extremely accurate when compared to



systems previously available to the aviator. However, it remains subject to system errors which will affect the precision at user level. These errors include: (a)



Selective Availability.



(b)



Ionospheric delay to signal propagation, as a result of solar activity (this is also a



function of time of day).
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(c)



Tropospheric delay to signal propagation, caused by moisture in the lower



atmosphere. (d)



Satellite ephemeris error, which is the difference between actual and predicted



satellite location. (e)



60.



Satellite Clock Error.



The method chosen to minimize some of these errors is through 'differencing'. This concept



requires



use



of



a



ground



reference station, surveyed to a high level of accuracy. The reference station receives the GPS signals, and calculates the difference between GPS and surveyed positions (Fig 208). The reference station then computes



corrections



and



transmits them to the user via UHF



or



data



link.



The



corrections are applied to the GPS



signal



at



the



user



Fig 20-8: Differential GPS



receiver.



61.



Where a single reference site is used, the improved user accuracy will degrade with range



from that reference station. DGPS systems can compensate for accuracy degradations over large areas by employing a network of coordinated reference receivers.



62.



In addition to the permanent stations, DGPS reference stations can be portable, and thus



transported to operational areas. Outside of DGPS cover user equipment usually reverts to working as a 'normal' GPS receiver. DGPS signals may also be obtained from modified LORAN-C stations where such cover is available.



63.



The DGPS It is ultimately intended to also provide category I approach facilities. LAAS (local



area augmentation system) has been developed to give accuracy in approach procedures initially to category I but ultimately to category III standard.



64.



In Europe, EGNOS (European Geostationary Navigation Overlay Service) is the differential



part of the European GNSS. EGNOS intends to use the geostationary communications satellites to retransmit signals from ground master stations giving the differential corrections required at the same time as they transmit the pseudo-lite signals themselves.
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Integrated Navigation Systems



65.



Although extremely accurate, GPS cannot, at present, be regarded as a perfect stand-alone



navigation system. The aviator who relies solely on GPS is putting himself in potential danger, therefore traditional crosschecking of position is essential. However, if GPS is integrated with another navigation system, such as an inertial equipment or LORAN, then some element of back-up facility is provided.



GPS Geodetic Datum



66.



The GPS works on the default or selected geodetic datum, as mentioned in paragraph 32.



Users must be aware that plotting positions obtained from a GPS receiver on a map based on any coordinate system other than that selected will introduce errors of varying magnitude.



USE OF GNSS



En-Route Procedures



67.



GNSS equipment is often part of an area navigation system. If used in a stand-alone mode,



its presentation is either similar to that for an area navigation system, or often that of a moving map. In all cases, the receiver computer is the heart of the airborne equipment. It can display the aircraft's position either as latitude and longitude, or distance and bearing to or from selected waypoints. It can also calculate and display track and groundspeed, and the heading and time to the next waypoint. If the computer's database includes information from the FLlP and current amendments, it can provide information on controlled and restricted airspace, and suggested avoiding action. Most moving maps include such information on their database when installed, and an amended database is usually loaded in by tape or disk every 28 days.



68.



Directions to selected waypoints may be given by the GNSS display unit itself in the form of a



CDI or digitally. If the equipment is integrated into another display system, the directions may be displayed on a flight director or an attitude direction indicator (AD I).



Approach Procedures



69.



GNSS approaches without differential information are regarded as precision approaches. In



countries where GNSS approaches are permitted, various criteria must be satisfied. The equipment computer must be loaded with a database including the waypoints for the intended approach and other information included in the current FLIP and the published amendments to the FLlP. The pilot must consult the NOTAMs to ensure that all necessary satellites are available, and that RAIM can be maintained during his approach. Vertical positioning must be achieved by use of the pressure
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altimeter, and not a GNSS vertical position.



70.



The equipment will present the approach pattern as directions to a series of waypoints along



the procedure. Normal approach procedures include fixes to be overflown in the order i.e. initial approach fix (IAF) to final approach fix (FAF) then to the missed approach point (MAP). If a go-around is required, the pilot must fly the aircraft over the missed approach holding point (MAHP). In GNSS approaches, the fixes to be overflown are designated: initial approach waypoint (IAWP), final approach waypoint (FAWP), missed approach waypoint (MAWP) and missed approach holding waypoint (MAHWP) respectively. Any other points to be overflown are referred to as intermediate waypoints (IWP).



71.



The CDI used for GNSS approaches must change its sensitivity during the approach, either



automatically or, more usually, as selected by the pilot. Before commencing the approach, full-scale deflection on the display represents 5 nm, as in any RNAV equipment. Once the pilot selects ‘approach mode', the full-scale deflection represents 1 nm, and each dot 0.2 nm. Just before the FAWP, the sensitivity changes again, usually progressively, to give a full-scale deflection representing 0.3 nm to one side of the centreline, and some equipment indicates an angular displacement in the same way as ILS or MLS displays.



72.



The use of GPS has been strongly supported by manufacturers and these supporters suggest



that differential GNSS will provide a precision approach system of comparable accuracy to MLS at much less cost. However, precision satellite approaches are still some time in the future. Equipment manufacturers have had to prepare for the arrival of both new systems, and at the same time make improvements to ILS receivers and indicators. At the time of writing, there are multi-mode receivers available which provide the same indications for ILS, MLS, and GPS approaches, and which can be set up in the future for precision approaches using DGPS.



Advantages/Disadvantages



73.



Some of the advantages of GNSS are as follows: (a)



Capable of use worldwide at all operating speeds and attitudes.



(b)



Highly accurate.



(c)



Available throughout the 24 hours with no diminution of accuracy.



(d)



Provides three-dimensional positioning on a continuous basis.



(e)



Unrestricted range.



(f)



Entirely space-based.



(g)



Coupled with inertial navigation systems, can make terrestrial-based aids such as



NDBs, VORs, DMEs, etc., redundant. (h)



When GPS / GLONASS development is complete and all satellites available, the



accuracy of GNSS will enable aircraft separations to be reduced.
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Similarly to (h), GNSS when perfected will be able to supplant MLS and ILS as a



precision approach aid. (k)



For light aircraft, there are light weight, relatively inexpensive and portable models



available.



74 .



A few disadvantages are: (a)



Basically it is a military system which civil aircraft are allowed to use.



(b)



As a military system, the existing GNSS may conceivably be interrupted if a serious



military need develops. (c)



Not as accurate in the civil mode as it is in the military mode (by deliberate policy).



(d)



Present system cannot guarantee the pilot with immediate indication of satellite



malfunction or GNSS degradation. This makes it currently unsuitable as an approach aid for which ICAO requires a failure warning within ten seconds for a non-precision approach and within two seconds for a precision approach. (f)



Only when the satellite constellation is fully civil-funded and controlled, can the full



potential and availability be realised.
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CHAPTER 21



AREA NAVIGATION SYSTEMS (RNAV) Introduction 1.



The historical structure of airways over the world, where aircraft flew from one navigation aid



to another, was adequate while air travel was limited. As business and leisure air travel became more popular, and more aircraft were built to use the airspace, the limitations of a system which channelled all the aircraft with their different speeds along fixed routes became obvious. Fortunately, computer technology was able to provide some solutions to these limitations. 2.



As early as the 1960s, area navigation systems had become available for aircraft. At first,



these were simple mechanical devices which altered the display from the radio navigation aids to simulate the repositioning of the particular aids on to the aircraft's planned track. The pilot could then fly towards these 'offset' navigation aids. Electronic computation made such devices lighter, and expanded the possibilities of the technique. Crews could produce a flight plan which did not have to pass over any radio aids at all, and the navigation computer would guide them along it. 3.



Eventually, the computers in an aircraft developed to a stage when they could reproduce the



aircraft's performance parameters. They could then calculate ideal vertical flight paths for climb and descent to arrive over places at particular altitudes. The Flight Management System (FMS), coupled to the autopilot, can now fly the whole route which the crew have planned in three dimensions. Even the fourth dimension, time, can be controlled by the FMS, as airspeed adjustments can be computed to make required times at certain positions.



VOR / DME RNAV 4.



A simple area navigation system uses the received signals from VOR and DME stations with



a dedicated computer and a Course Deviation Indicator (CDI) or Horizontal Situation Indicator (HSI) to guide the pilot along his planned route in two dimensions. The crew select a series of 'waypoints' which are their planned turning points or timing points. Such waypoints may be referred to as 'phantom stations'. To define these phantom stations, the crew must calculate or copy the ranges and bearings of each waypoint from one or more pairs of VOR or DME stations. The computer then calculates and displays directions on the CDI or HSI to the pilot to keep the aircraft on the track between the last waypoint and the next, as if the phantoms were actual VOR / DME stations. 5.



Inputs.



As suggested by the title, the inputs are from DMEs and VORs, usually two of each.



ADF is not regarded as accurate enough to provide a suitable input to the RNAV computer. The most accurate guidance is provided when the computer is able to fix the aircraft's position using two, or
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ideally more, DME ranges. This is sometimes referred to as a 'rho-rho' (ρ-ρ) fix. Less accurate is a fix using a VOR radial and a DME range, referred to as a ‘rho-theta’ (ρ-θ) fix. Least accurate, but acceptable, is a ‘theta-theta’ (θ-θ) fix from two VOR stations.



Use of RNAV 6.



In a basic system, the pilot must manually select the VOR and DME stations he wants the



computer to use, and identify them as normal. When moving outside the range of each aid, he must select, tune and identify the aids he wishes to continue with. He should also monitor his progress continually, using other aids.



Display 7.



The CDl or HSl displays lateral displacement



(distance to one side) from planned track. When used in this fashion, the display is slightly changed from the basic VOR display. In RNAV mode, the horizontal dots on the instrument face represent not an angular displacement from the VOR radial, as described in the chapter on VOR, but a distance to the side of the track. Each dot represents one nautical mile displacement, so the display in Fig 21-1 indicates that the aircraft is 2 nm to the right of the track of 040°. The DME display indicates distance to go to the next waypoint (25 nm).



Control Unit 8.



Fig 21-1: RNAV Lateral Displacement Display



A control display unit (CDU) incorporates the selectors for the basic system. The pilot must



select the range and bearing of the phantom waypoint from each of the inputs (which he has already identified) on the CDU. The unit in turn will display a digital readout of these ranges and bearings, and in addition usually of the track and range to the selected waypoint. A switch provides the facility to prepare the next waypoint while still providing directions to the present one.



Benefits of RNAV 9.



When using RNAV equipment, aircraft are not constrained to follow the airway system.



Consequently, there are several advantages to be gained by operators of such aircraft. They can plan to fly more direct routes, thereby saving fuel, cost and environmental damage. Fast aircraft may be able to overtake slower ones laterally by changing routes, allowing a smoother flow of traffic. Aircraft departing from aerodromes can be routed away from previous traffic which may be slower or have a lesser rate of climb by directing them to phantom waypoints. Aircraft holding before descent can hold
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at phantom stations at their ideal descent point rather than congested VOR beacons closer to their destination which may involve additional air miles in the descent. 10.



Accuracy, Reliability and Coverage.



Because the system uses actual VOR and DME



stations, the accuracy, reliability and coverage depends on that of the selected real stations. The range of those primary aids defines the cover available. The position accuracy depends not only on the individual accuracies of the basic aids, but also by the geometric positioning of the stations themselves. Accuracy is also affected by the fact that the DME ranges, which are the most accurate and preferred inputs, are slant ranges, and the equipment is not normally set up to make the Pythagoras calculations.



More Advanced Systems 11.



The availability of other inputs, and the improvement in computer processing power, led to the



development of more sophisticated RNAV systems. At the same time, the increased reliability of these other inputs, and of aircraft instruments, have allowed pilots and controllers to reduce separation between aircraft in flight with as much safety as before, or more. That increased instrument reliability, a consequence of fitting air data computers (ADCs), can be coupled with the performance information in the FMS to allow the RNAV equipment to produce directions in the vertical plane (V-NAV) as well as the horizontal, or lateral (L-NAV). 12.



Inputs.



Any accurate navigation aid can provide an input to a RNAV system. However, the



main improvement came with the input from one or more inertial navigation systems (INS). This gives a RNAV system a reliable input even outside the range of DME or VOR stations. Omega was a prime input for a while, and Loran-C may be currently used, as well as DME and VOR. Doppler is available for use as a self-contained aid (requiring no external radio station) with the potential to replace one or more of the inertial navigation systems, and GPS provides a major input to most systems. 13.



Air data inputs are also required by modern systems to provide the V-NAV commands. From



the Air Data Computer (ADC) comes Mach number, airspeed, temperature, pressure altitude and vertical speed information. These allow the performance parameters to be calculated, and can be compared with the position calculations to provide displays of drift and wind velocity if desired. Selfcontained on-board systems, such as inertial navigation systems, are triplicated in most airliners, to increase the accuracy by averaging out the three positions. Triplication also provides back-up in the event of failure of one or two of them. In addition, the outputs from each INS can be compared by computer, and if one is different from the rest the computer can discard its information automatically and display a failure signal to the pilot. 14.



As explained in the relevant chapters on each aid, the errors of self-contained systems, such



as INS or Doppler, are proportional to the distance travelled (an INS position is generally accepted as
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more accurate than a Doppler position). In contrast, the errors of radio navigation aids such as DME and VOR depend mainly on the range from the transmitting stations. These different types of input with their different error characteristics complement each other. Self-contained systems are said to have very good 'short-term stability', in that their errors are small immediately after switching them on. However they have poor ‘long-term stability’, because their errors increase with time and they become progressively more inaccurate. 15.



Inputs from the ground-based radio aids have errors which remain basically constant with



time, depending only on the range from the stations. They have poor short-term stability, but provided that such inputs can be received from new stations when the aircraft has travelled a long distance, the effectively constant error has not changed, so they have good long-term stability. 16.



The accuracy of GPS, especially if updated with differential information and checked with



Remote Autonomous Integrity Monitoring (RAIM), makes it the manufacturers' preferred external input for many modern RNAV systems. However, its limitations mean that many countries do not allow its use as a primary source of navigation information, so other inputs are essential.



RNAV System Components 17.



Navigation Computer Unit.



The navigation computer unit (NCU) is the computer which



takes the inputs from navigation aids to provide the lateral navigation (L-NAV) directions. It compares all the available inputs in a system called 'hybrid navigation', and uses a technique called 'Kalman filtering' (described in the chapter on INS) to arrive at the most probable present position for the aircraft. This Kalman filtering does not just average the various inputs but instead it gives a precalculated 'weighting' to each of them so that the most accurate has more effect on the final position than a less accurate aid. 18.



Most systems separate the position calculated by the self-contained system inputs (either



averaged, filtered, or selected individually) from the position calculated by the NCU. On the display of the CDU the pilot sees the two positions and a vector showing the difference between them. He can then manually accept the NCU position to update the self-contained position if he so desires. 19.



The quality and complexity of the Kalman filtering algorithms have a considerable effect on



the accuracy of the final computed position. Even without external inputs with good long-term stability, a good filter can use previously found errors in the self-contained systems to produce an estimated position with a high probability of accuracy. The NCU compares the computed position with the planned track, and produces an indication of the distance to go to the next waypoint, and the distance off track, as a simple RNAV would do. However, the NCU can also produce a L-NAV command to bring the aircraft back on to track, either at the next waypoint or earlier if preferred. This earlier return to track is needed for flight in all airspace requiring enhanced navigation systems.
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The crew may have made the aircraft deviate from the original plan, for example to avoid



weather or another aircraft. In this case, the NCU will direct the aircraft's return to the original plan either by taking them to the next suitable waypoint or back on to the current track as desired. The output from the NCU can also be fed directly to the autopilot when selected by the pilot. 21.



Flight Data Storage Unit.



The modern systems no longer require the pilot to select the



navigation inputs he wishes to use (although he may if he so wishes). Nor need he dial in the range and bearing of his phantom waypoints. The flight data storage unit (FDSU) contains the position and protected ranges of all navigation aids throughout the world, or at least along the route to be flown. When the pilot selects his phantom waypoint on the CDU the NCU selects the stations which will give the most accurate fix from the FDSU. 22.



The FDSU in current systems also contains a wealth of information about aerodromes and



positions of points on them, Air Traffic Services routes, company routes, standard arrival routes (STARs), and standard instrument departure procedures (SIDs). It contains information on magnetic variation around the globe, and this can be applied by the NCU when selected by the pilot. The database of aerodromes also includes runway threshold and even parking stand positions. This means that the FMS can be set up to the stand position, and automatically updated as the aircraft starts its take-off run. 23.



Information about aerodromes, reference points, navigation aids and procedures, which are



contained in the FLlPs, change and usually requires regular updating. Commercial organisations usually provide the databases with a regular update facility on a computer disk or tape which contains all the changes. The updates are required every 28 days, and the next disk is made available early, so that its information can be stored in advance and exchanged for the old information in the FDSU when it becomes effective. On that date on which the new database becomes valid, the crew changes the database information from old to new by selecting it on the flight management system (FMS). 24.



The FDSU also contains the aircraft's performance details to add to the air data inputs to



provide V-NAV guidance. Such information includes economic performance as well as maximum performance details, and can even take account of differences in fuel pricing between aerodromes!



Control Display Unit 25.



The control display unit (CDU) of a modern system has the same function as that in the



simple RNAV system. It is an interface between the crew and the computer. The display part can give a digital indication of the aircraft's computed position in latitude and longitude. It can also indicate the position of the next selected waypoint, the distance to run to it, the groundspeed made good along track, and the estimated time of arrival at the next waypoint. However, the CDU normally also feeds the navigation display of the Electronic Flight Information System (EFIS) horizontal situation indicator,
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which leaves the CDU screen free to act as a computer



control



screen.



Fig



21-2



shows



a



representation of a typical CDU, although some may use a typewriter keyboard layout for the alphabet keys. 26.



When the aircraft is fitted with a flight



management system (FMS), the NCU forms part of the more extensive flight management computer (FMC). The CDU displays a series of pages of information either provided or required by the FMC. To change the information displayed on one of the data fields on the unit, the pilot writes the details on a 'scratchpad' at the bottom of the CDU screen, then



Fig 21-2: Control Display Unit



transfers it to the particular field to which it refers by pressing the selection key of that field. The scratchpad is also used to write and receive ACARS messages. These FMS pages contain data on the various phases of flight. One page may show the aircraft's initial position by aerodrome and gate with the mass and balance figures. Another will detail the take-off performance parameters. Others will show, for example, the lateral and vertical positions of the ATC departure clearance, the waypoints on the route, the three-dimensional STAR positions and the approach details. 27.



The display unit may also include a complete moving map of the terrain below the aircraft, as



a projected image from information held in the FDSU. It may also show weather from the AWR and/or lightning detector, traffic inputs from ACAS, or terrain warning information from TAWS. The control part of the FMS CDU contains the keypad with which the pilot can insert the desired waypoints or other inputs. This may be an abbreviated keypad similar to a telephone, or a full keypad with numerals and all the letters of the alphabet. The waypoints should be inserted in sequence along the planned track, and are usually loaded before flight. This pre-flight loading may be done either individually by a crew member on the keypad, or as a named route held in the memory of the FDSU and loaded by name. It may also be possible for a datalink system such as ACARS or Mode ‘S’ to send information to the FMS to insert one or more waypoints or select a pre-loaded route from the FDSU. 28.



The CDU also allows the pilot to load navigation aids not already in the FDSU. More



practically, it also allows him to select any navigation aid which he does not want to provide inputs to the Kalman filter algorithm (computer calculation). This is important to prevent a known unreliable aid from affecting what would otherwise be an accurate position. Even an individual satellite can be deselected if it has been notified as unreliable, or the geometric dilution of position (GDOP, explined in the chapter on GNSS) is likely to reduce the accuracy of a fix.
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During a long flight, the inertial or other self-contained navigation position may be different



from the position calculated from the external aids. The CDU may indicate both positions on the navigation map display, and the pilot can decide if and when to re-align the self-contained aid with the computed position.



V-Nav 30.



Using the aircraft performance information stored in the FDSU, possibly as amended by the



engine management system, the NCU can calculate the optimum flight level for the particular phase of flight. As fuel and therefore mass reduces during the cruise, the FMS will indicate the best time to change levels if a cruise climb is not practicable. A display showing the vertical profile of the flight may be selected on an FMS with this facility. 31.



SIDs.



The standard instrument departures (SIDs) from aerodromes are published to ensure



the smooth flow of departures. SIDs for all aerodromes which the aircraft is likely to use on particular routes are stored in the FDSU. L-NAV directions from the NCU can guide the aircraft along these SIDs during its climb, reducing the crew's workload. 32.



However, the V-NAV facility allows more sophisticated guidance along the SID. It will direct



the crew, or the autopilot more likely, along a three-dimensional tube in space to not only fly over the waypoints which are positioned under the SID path, but also to arrive at each waypoint at the desired altitude, in accordance with any ATC clearance. In the future, aircraft will be able to follow any departure procedure required by ATC without reference to SIDs. ATC will be able to tell the pilot what positions they want him to overfly, and at what altitude, and the NCU will take him along that threedimensional route. 33.



STARs.



In a similar fashion, aircraft can be directed to follow standard arrival routes



(STARs) to guide them on to the runway centreline. Again, the V-NAV facility can direct the aircraft's descent path to be overhead the waypoints at the cleared altitudes, and on to the centreline at an ideal height. Again, future developments will allow any three-dimensional path to be followed. Even without MLS, this facility will be able to provide flexibility and efficiency in arrival procedures. 34.



Speed Control.



At present, speed control tends to be limited to providing adjusted climb or



descent parameters. Future developments will allow the equipment to control timing by making speed corrections through the autothrottle. This has been called 'four-dimensional navigation'. The aircraft will be able to maintain desired timing in the cruise or separation on a STAR or SID. This will allow the aircraft to follow precise ATC instructions automatically, effectively giving a controller the power to direct the aircraft as he wishes. 35.



Flight Direction.



The output from the NCU includes not only the display on the CDU and
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the EHSI. It also includes a flight director. In its simplest form, this may be a separate zero reader but is more likely to be included on the attitude indicator (which is then referred to as an attitude director indicator or ADI). The director information on the ADI may be simple crosshairs like the zero reader instructing the pilot to reduce the angle of bank and increase the pitch angle. Alternatively, it may provide something similar to the 'tramline' pitch and bank directions. 36.



Autopilot Flight Director System.



Most commercial aircraft, and certainly all airliners, are



equipped with an autopilot. The NCU can instruct the autopilot to obey its commands through an Autopilot Flight Director System (AFDS). Information from the NCU may be sent independently to the pilot's Flight Director and the AFDS, but usually the same information is required for both, so that the crew can monitor the autopilot's actions. The AFDS controls not only the aircraft's primary flight controls to follow L-NAV commands, but also the engine controls through the auto-throttle to follow VNAV commands. Just as in manual flight, the pilot can also input commands directly to the AFDS if a change of heading or flight level is required which is not pre-programmed in the FMS.



RNAV Designated Airspace 37.



The airspace where RNAV can be used is specifically designated. Inside that airspace,



aircraft are required to carry RNAV equipment which complies with particular specifications. These specifications may be described as 'basic' or 'precision' depending on the accuracy required by the airborne equipment.



Basic RNAV 38.



Equipment complying with the definition of Basic RNAV or B-RNAV must be accurate to



within ± 5 nm in lateral track keeping for 95% of the time. At the time of writing, several B-RNAV routes have been nominated, and on these all aircraft operating at or above FL 100 must carry RNAV equipment which has been proven to meet those standards and approved by their national authority. In addition, they must carry any other navigation aids specified for the route.



Precision RNAV 39.



The accuracies to be expected by Air Traffic Control from Precision RNAV or P-RNAV



equipment are more exacting. The quoted figure is ± 1 nm across the intended track for 95% of the time. RNAV airfield approaches require this P-RNAV accuracy, but at the time of writing, no P-RNAV routes or approaches had been designated.
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COLLISION WARNING SYSTEMS Introduction



1.



It became obvious that if secondary surveillance radar could be used to provide information to a



ground station about the aircraft carrying a transponder, then it might be possible to provide the same information to an airborne station. The vast increase in computer power over the years since SSR came into general use has given that idea reality. It has also allowed systems to be developed which can process the information received from these transponders and give directions to an aircraft fitted with one of them to prevent it colliding with the transponding aircraft.



2.



The generic term for all these systems is 'Airborne Collision Avoidance System' or ACAS. This



includes the systems developed in the United States called 'Traffic Alert and Collision Avoidance System' or TCAS. TCAS is at the time of writing the only system which provides the requirements of ACAS. ICAO defines the requirements for ACAS in Annex 10, and that term will be used throughout for their required equipment. References to TCAS apply to available equipment, references to ACAS apply to the requirements.



Principle of Operation



3.



Basically, the airborne equipment consists of an interrogator (transmitter) and receiver on SSR



frequencies (1030 MHz and 1090 MHz respectively). The transmitter need not have great power, because a pilot is unlikely to be interested in traffic at long ranges. For the same reason, it requires a short PRF and can sweep quite quickly. The system sends an SSR Mode 'S' interrogation (which includes interrogations in Modes' A' and ‘C’ and receives the code from the other aircraft. It uses directional antennas to determine the relative direction of the transponded signal, and calculates the range from the time between transmission and reception (less the normal transponder fixed delay).



ACAS I



4.



The equipment sends out interrogation pulses and awaits replies. When a signal from a Mode



'A' transponder is received, the direction can be determined and range calculated. The information on range and bearing can be displayed on a screen for the pilot, and if the range is below a certain 'trigger distance' an audible and / or visual warning can alert him to the presence, direction and range of the other aircraft. He can then look in that direction and take any avoiding action he deems necessary.



5.



The information from a Mode 'C' transponder can be decoded, and the transponding aircraft's



relative altitude displayed on an instrument. Alerts need not be given about traffic which may be
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conflicting in plan but have adequate vertical separation, although the display will normally still show its position. A system which can display this information and give 'traffic advisories (TAs)' like this is called a TCAS I or ACAS I system. ACAS I gives approximately 40 seconds warning of a possible collision.



6.



Despite being superseded by ACAS II for



international air transport operations, ACAS I equipment is simpler and cheaper to install, and provides TAs which a pilot can use to direct his eyes towards a possible threat. This has been realised as a distinct benefit to aircraft operating under Visual Flight Rules. Helicopters especially have a technical difficulty in using TCAS II equipment, and lightweight ACAS I systems have been developed to warn pilots of approaching aircraft. Fig 22-1 shows the monochrome display of a system which satisfies the requirements of ACAS I.



7.



Fig 22-1: Monochrome Traffic Alerting Display



ACAS systems are an extension of the SSR transponder. They have a sophisticated computer



processor which tracks the relative position of the transponding aircraft in three dimensions. While tracking the transponding aircraft it calculates not only the range and relative altitude, but also the rate of change of both. The processor can then calculate the time to, and the separation at, the closest point between the two aircraft. If the closest point is likely to be within a certain distance, it generates a TA to advise the crew of an aircraft of that fact. It will ignore signals from aircraft outside 10 000 ft of its own altitude.



8.



If the 'intruder' continues to close, the TA symbol changes once the intruder is within 6 nm



horizontally and 1200 ft vertically. This traffic is defined as 'proximate', although there may be no direct threat of collision.



ACAS II



9.



ACAS II requires the system to provide avoiding action if appropriate. if the computer calculates



that the approaching traffic is a potential collision threat, it then calculates the best method of avoiding the confliction, an 'escape manoeuvre'. Because the directional antennas are not particularly accurate, the only safe escape manoeuvres are in the vertical plane, so the directions are to climb or descend at nominated rates. These directions are referred to as 'Resolution Advisories' or 'RAs'.



10.



A RA will give quite exact directions to avoid the collision. A climb or descent if advised should



be entered and continued at set rates, as indicated below. The advisory information will continue, and the advice will change during the manoeuvre, until the confliction is past. If two aircraft equipped with ACAS II appear to be conflicting with each other, their Mode 'S' datalinks can 'talk' to each other,
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passing data in their Mode 'S' transmissions. This will co-ordinate their RAs to optimise their separation and minimise disruption. ACAS II equipment can track up to 45 aircraft, and display up to 30 of them. It can co-ordinate RAs to avoid up to 3 conflicting aircraft.



11.



If an aircraft's ACAS II equipment generates a RA, its Mode 'S' transponder can inform the



ground interrogator of the manoeuvre automatically. Otherwise the crew must inform ATC of any deviation from the flight path which ATC have allocated it. Pilots are expected to make altitude changes to follow RAs, provided they tell ATC immediately, using standard phraseology.



12.



Below 1000 ft above ground level, the ACAS II system will not generate any RAs. Nor will an



ACAS aircraft be given a RA to descend below 1000 ft AGL. Any intruder which has an apparent vertical speed above 10000 ft / min up or down will not generate a RA.



ACAS III



13.



ICAO has issued more advanced specifications for a future system to be called ACAS III. This



will use the Mode 'S' transponded signal from the other aircraft, with the intention of providing horizontal RAs. However, at the time of writing that lies in the future.



14.



ACAS II Functions.



According to ICAO Annex 10, ACAS II is designed to have the following



functions:



15.



16.



(a)



Surveillance and generation of traffic advisories.



(b)



Detection of collision threats and generation of resolution advisories to avoid them.



(c)



Co-ordination with other suitably equipped aircraft.



(d)



Communication with ground stations.



ACAS II Inputs.



To function properly, ACAS II requires the following inputs:



(a)



Aircraft address code.



(b)



Air-air Mode 'S' transmissions received by the Mode 'S' transponder.



(c)



Own aircraft's maximum cruising true airspeed capability.



(d)



Pressure altitude.



(e)



Radio altitude.



Intruder's Requirements. The main problem with ACAS is that it can only detect and alert to



aircraft which have operating transponders. It can only deconflict with aircraft which have operating and serviceable altitude reporting (Mode 'C’) transponders. It is therefore important that all aircraft, even those not receiving a radar service, have their transponders switched on in both Mode ‘A' and Mode 'C’.
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AIRBORNE EQUIPMENT



Antennas



17.



ACAS II uses two antennas, one above and one below the aircraft. The top antenna is a



direction finding one, as is often the bottom one. Several installations may use an omnidirectional receiver antenna on the bottom surface, but no directional information is then available if the transponded signal is not received by the top antenna. These antennas are kept separate from the normal SSR antenna.



Control Unit



18.



A typical TCAS control unit is similar to an SSR controller, with the additional functions of



selecting either Traffic Alert or both Traffic Alert and Resolution Advisory functions.



DISPLAYS



Symbology



19.



There are four different symbols which may appear on the TCAS II cockpit display. These



appear in a position on the display relating to the relative position of the other aircraft, although if the system cannot determine the bearing of that aircraft it will show the relevant symbol in a convenient position with the words 'no bearing'. Manufacturers claim a bearing accuracy of 2°.



20.



The symbol displayed is selected by the equipment depending on the intruder's position and



closing rate. A T A which is not a threat will appear initially as an open white (or sometimes blue) diamond on the display. This means it is more than 6 nm or more than 1200 ft vertically (if a Mode' C' signal is received) away from your aircraft. A solid diamond indicates that the other traffic is within that safe zone (i.e. 'proximate'), but the computer calculates it is still not a threat.



21.



If the computer calculates that the intruder is potentially hazardous, the symbol will change to a



solid yellow circle. A voice TA will be given of 'Traffic Traffic'. About 10-15 seconds later, if the intruder is assessed as an actual collision threat, the symbol will change to a red square, and a voice command will give an indication of the computed RA, which will be displayed exactly on the cockpit display.



22.



If the intruder is transponding with Mode 'C', the symbol will have beside it the relative altitude in



hundreds of feet. If the relative altitude is changing by more than 500 ft/ min a plus or minus sign will also appear. Examples of the symbols are given in Fig 22-2.
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Fig 22-2: TCAS II Symbols RA VSI



23.



The stand-alone cockpit display is on a modified vertical speed indicator. Under the centre of



the instrument is a representation of the ACAS aircraft with a ring of dots at a selected range. The relevant symbol for the 'intruder' is shown in the correct horizontal position in relation to the aircraft symbol and the range ring. When a RA is computed, an outer ring shows two colours, red and green, to indicate the safe and unsafe rates of climb or descent to the pilot. There is a short, fat, green arc wich shows the safe rate of climb and there is a red band, which shows the unsafe area. As the pilot follows the directions, the green arc may move around the rim of the instrument. Other versions use rows of red and green lights to display the same information. In some cases the safe option is to neither climb nor descend, in which case the green arc will appear around the zero mark.



Radar Display



24.



On a radar display, such as an AWR screen, the 'intruder' symbol is shown in the position on the



screen corresponding to its position in relation to the ACAS aircraft. The symbol is made more prominent than any other information. As with other EFIS inputs, the display shows a map of the horizontal situation in relation to the aircraft, and the TCAS symbols appear in their relative positions.



EFIS Vertical Commands



25.



If there is a radar screen in the cockpit,



the RA VSI may not show the horizontal position of the other aircraft. It will appear as a simple VSI with the addition of the green and red lights or bands to indicate the safe and unsafe rates of climb or descent. On an Attitude Director Indicator (ADI) the unsafe and safe bands may be shown as red/ green bands on the VSI marked on the side of the AI. They



Fig 22-3: EFIS RA 'Climb Climb'
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may also be included in the directing marks on the face of the instruments, usually in red. An example of both expanded HSI and ADI parts of an EFIS display is shown in Fig 18-3, indicating a climb command. There is no VSI, but the red 'tram lines' on the ADI display indicate a 5° climb angle required for the initial avoidance. Descent RAs will not be given if the aircraft is below 1000 ft agl, which is why the radio altimeter input is required to the unit.



Aural Advisory Messages



26.



TCAS II has a vocabulary of phrases which it uses to pass its advisory commands to the pilot.



These are listed in Table 18.1 with the actions which the pilot must carry out to avoid the confliction.



Voice Command



Performance Required



Traffic, Traffic



Identify traffic and prepare for possible RA



Maintain Vertical Speed



Maintain existing rate of climb or descent



Maintain Climb, Climb



Climb at 1500ft/min



Descend, Descend



Descent at 1500ft/min



Increase Climb



Climb at 2500ft/min



Increase Descent



Descend at 2500 ft/min



Climb, Climb Now



Initiate change from descent into climb



Descend, Descend Now



Initiate change from climb to descent



Climb, Crossing Climb



Climb at 1500 ft/min through the intruder's altitude



Descend, Crossing Descend



Descend at 1500 ft/min through the intruder's altitude



Adjust Vertical Speed, Adjust



Reduce climb or descent to the rate indicated



Monitor Vertical Speed



No manoeuvre required, keep out of the red area



Maintain Vertical Speed



Maintain rate of climb or descent while passing through the intruder's



Crossing Maintain



altitude



Clear of Conflict



Resume normal flight, return to cleared altitude if under ATC control



Table 18-1: TCAS Messages



Pilot's Actions



27.



The system is designed for the aircraft to follow the exact avoiding action within 5 seconds of an



initial command and 2-3 seconds for subsequent commands. The required manoeuvres are not meant to be violent, a maximum of 0.25' g' is intended. If the commands are followed exactly, including the 'softening' commands issued to reduce rates of climb or descent after the initial command, the system is designed to restrict altitude changes to a maximum of 500 ft. If an ACAS RA is given when an aircraft is under ATC control, the pilot is required to follow the command and inform ATC 'ACAS climb' or 'ACAS descent' as appropriate. Once the danger is past, on receipt of the message 'clear of conflict', he must return to his cleared level as soon as practicable.
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Monitoring System



28.



A system of monitoring both the ACAS transmission power and the necessary inputs is



provided. This monitoring also covers any failure in the equipment which would adversely affect its capacity to provide TAs or RAs. If the monitoring system detects a problem, it switches off the interrogator, warns the crew, and sends a Mode 'S' message to ground interrogators.



ACAS II ERRORS



29.



It is possible, but progressively more unlikely, for false RAs to be generated by other



transmissions on the transponder frequency. These 'parrots' from ships or parked aircraft (those without the Mode 'S' facility of switching the transponder off on the ground) can be minimised by switching the system to a 'TA only' mode at low level. The same action can avoid RAs being given from aircraft on parallel runway approaches.



Light Sensitive Warning System



30.



Realising the benefits of collision warning systems, but attempting to reduce cost for light



aircraft, a system was developed to detect not a radio signal, but high intensity lights, such as are carried by many aircraft as anti-collision beacons. The strobe warning systems has light detectors, similar to solar electricity generating panels, arranged to give coverage around the planform of the aircraft, usually one on each wingtip and one on the tail. The simple display consists of lights at compass points around a representation of the aircraft, which illuminate to indicate the approximate direction of the light which has been detected. No indication of distance can be given, and the range depends on atmospheric conditions, such as dust haze and water droplets in cloud or precipitation.



 FIS Book 2: Avionics



276



 277



CHAPTER 23



RADIO AND RADAR ALTIMETER Introduction



1.



Barometric altimeters provide a standard datum for the safe vertical navigation and separation



of aircraft. However, the nature of certain air operations, such as low level flying over the desert or sea, determines the need for an indication of actual surface clearance and proximity warning, and additionally, many on-board computing system require an accurate input of the instantaneous vertical distance of an aircraft from the earth's surface. These include systems for:



2.



(a)



Terrain following.



(b)



Weapon aiming.



(c)



Navigation.



(d)



Helicopter automatic transitions to and from the hover.



The Radio altimeters (Radalts) are mostly used for low level flying where a high degree of



accuracy is required. They are otherwise unsuitable for level flight since they indicate the height above the ground below, instead of a constant level. When installed, however, they may be used to check the accuracy of a pressure altimeter if the elevation of the ground below is known. In the latest development, they can be used to feed ‘height’ information to an automatic landing system.



3.



As the radalts are designed to give indication of actual height above the ground, they use the



principle of either pulsed radar or continuous wave radar. The pulsed radar altimeters are range finding radar devices mounted to point downwards and measure the distance to the ground directly below the aircraft. Early systems had limited value because minimum range, determined by pulse width, was too great for very low level use. The continuous wave radar altimeter can be used down to zero feet with an accuracy of ± 1.5 ft.



Principle of Operation



4.



Pulse Radar Altimeter.



Radar altimeters use conventional pulse radar techniques. The



time taken for a short pulse to travel to the ground and back is measured and displayed on an indicator.



The display time base is synchronized with the transmitter pulse.



In the pulse radar



altimeter, the main difference from a ‘conventional’ range finding system is that two aerials are used, one for transmission and the other for reception. Due to the very small ranges that have to be measured, very narrow short duration pulses are transmitted at a typical frequency of 4.3 Ghz.
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5.



Continuous Wave Radio Altimeter.



The radio altimeter uses a technique similar to the



Doppler principle. However, instead of sending a fixed frequency and measuring the Doppler shift to obtain the relative speed, it sends a continuously, regularly, changing frequency and measures the time taken between transmission and reception of each frequency.



6.



The carrier frequency, in the SHF band at around 4.3 GHz, is frequency modulated by a



further signal of about 300 Hz to produce varying frequencies between about 4200 MHz and 4400MHz. The reflected signal, having travelled to the ground and back, is received at the instrument at a frequency removed from the one being transmitted at the time. Since the rate of change of frequency is constant, when flying at constant height this difference must be proportional to the time taken, that, is the height of the aircraft, as the speed of the radio propagation is known. Change of freq =



Rate of change of freq



X



Time taken



(23.1)



This frequency difference is measured and the time obtained is registered on the indicator as height.



Indicator



7.



The derived signal can be processed to generate a current to drive a needle on a circular



meter calibrated in feet, or digitized on a CRT, LED (Light Emitting Diode) or LCD.



8.



Several different types of indicators are available,



one of them, shown in Fig 23-1, has a pointer on the face of the dial calibrated in hundreds of feet. Thousands of feet indication is given on a counter in the window at the 6 O’clock position. The instrument shown reads 1350 feet. The indication is not limited to one single indicator in one position. As many repeater indicators as necessary may be installed to cater for various crew position. Although most indicators have a pointer and dial calibrated on a linear scale, many displays have a special arrangement for the scale at the lowest altitudes. For example, from 0 to 500 feet may be shown on an expanded scale. Other displays have not only an expanded scale to 500 feet, but also a logarithmic scale from 500 to 2500 feet.



Fig 23-1: Radio Altimeter



Aerials



9.



The aerials are usually identical, suppressed, and mounted flush with the aircraft skin. They



are so positioned that the receiving aerial cannot acquire signals directly from the transmitting aerial, which would result in a permanent zero indication.
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Power Supply



10.



Depending upon system type, power is switched either from a remote RAD ALT ON/OFF



switch or by an OFF/SET/PUSH-TO-TEST switch on the face of the instrument. In all cases a short period of warming up is required before the system will record heights.



Range Calculations



11.



The calculation of range has three states of operation: (a)



Search.



This is the state of operation if signals are not present or are too weak.



The system searches over the range of voltages from a minimum, equivalent to 0 feet, to a maximum, equivalent to 1,000 or 5,000 feet (depending upon type), 4 times per second. The indicator shows the NO TRACK or yellow striped POWER OFF flag.



(b)



Lock / Follow. (i)



When a returning signal is detected and tracked for a pre-determined period



the system ‘locks-on’, producing an output voltage proportional to the height.



(ii)



This internal voltage is fed to the indicator which causes the pointer to move



to the correct height. The track line is energized and pulls the POWER-OFF/NO TRACK flag out of view.



(iii)



The tracking circuits can maintain lock with vertical range changes of up to



2,000 ft/sec.



(c)



Memory. (i)



If the signal is lost, the circuitry is prevented from reverting to search for



approximately 0.2 seconds. If signals are detected during this time, the indicator is unaffected.



(ii)



If signals are not detected, the range computer goes into its search condition,



but the indicator display is held steady for a further 1.0 seconds.



(iii)



If lock is not obtained within this period, the track line will be de-energized



and the indicator will show the NO TRACK or POWER OFF flag.



12.



Limit Height Indicator.



In some displays there is a limit height indicator which works in



conjunction with a limit switch and is usually used when flying below 1000 feet. The height the pilot



 280



FIS Book 2: Avionics



wishes to fly is selected on the limit switch, which operates a system of lights on the height indicator as follows:



13.



(a)



Amber :



Flight is being made above the height selected.



(b)



Green :



Flight is made ± 15 feet of the selected height.



(c)



Red



Flight below the selected height.



:



Decision Height Indicator.



A more recent alternative to the ‘traffic light system’ is



available, where the indicator is equipped with a decision height (DH) selection/control knob. The DH control knob may incorporate a ‘press to test’ facility. Either pre-flight, the DH knob is used to position the DH ‘bug’ at the required decision height setting. When the aircraft descends below the set decision height, the DH lamp comes on, and in some systems an audio tone is also produced. Most aircraft now incorporate the decision height warning into the GPWS or EGPWS.



14.



Self Test.



The aircrew, or the maintenance crew, can check the operation of the equipment,



with the exception of the aerials and their cables, by means of the BITE button. Detailed instructions for testing the equipment are contained in the relevant Aircrew Manuals.



Accuracy.



15.



Fixed Error.



This error arises in the method of transforming frequency difference into height



and feeding the current to the indicator. The indicator pointer moves in steps of 5 feet, which means an error up to 2 1/2 feet may be present any time



16.



Mushing Error.



This occurs where transmitter and receiver aerials are not at the same



height. Generally ignored. Overall accuracy is of the order of 5 feet ± 3% of the indicated height.



Advantages



17.



A radio / radar altimeter has the following advantages over the barometric altimeter: (a)



It gives actual height above the ground which is a very useful piece of information



when flying low level.



(b)



It does not require the input of pressure settings. A wrong pressure setting does not



affect it. In fact it does not suffer from any of the altimeter errors.



(c)



It provides a cross check capability with the pressure altimeter for terrain clearance



purposes.
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(d)



Radio and Radar Altimeter



Improved models working in a frequency band of 4200-4400 MHz produce very high



accuracy (2 ft or 2% from 500 ft to touchdown). Developed for operation with Cat II and III ILS, they provide a tie-in with flight director / auto-pilot to initiate initial flare during approach and landing. A Warning signal at decision height may be given.



Disadvantages



18.



Following are the disadvantages of a radalt: (a)



It cannot provide vertical separation from other traffic under IFR using cruising levels.



(b)



It cannot provide height above runway ahead.



(c)



It cannot provide any warning of the terrain ahead of the aircraft, only that which is directly below it.
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CHAPTER 24



TERRAIN AVOIDANCE SYSTEMS Introduction



1.



Controlled flight into terrain (CFIT) is the most common cause of fatal accidents. Over the



years, many attempts to provide warnings, alerting pilots of an imminent collision with the ground have been developed. The radio altimeter itself was an early attempt to reduce the problem. A Ground Proximity Warning System (GPWS), using inputs from the Radalt and other equipment on board the aircraft, became mandatory in the 1990s for large passenger aeroplanes. The reduction in CFIT accidents as a result of fitting GPWS equipment led to its adoption for smaller aeroplanes also.



2.



False alarms and the inability of the inputs to identify terrain ahead of the aircraft were two



limitations of a GPWS which required improvement. The search to eliminate or reduce these problems led to the development of EGPWS (Enhanced GPWS) using a computer database containing terrain structure, and a GPS receiver to provide warning of trouble ahead. The main capabilities of this enhanced system were encapsulated into an ICAO requirement for a terrain awareness and warning system (TAWS), which is becoming a mandatory requirement for all medium and large transport aeroplanes at the time of writing.



GPWS



Principle



3.



The GPWS takes inputs from aircraft sensors and navigation equipment and feeds them into



a computer, or a central processing unit (CPU). The CPU compares the inputs, decides which are the most important for the phase of flight, and provides two levels of warning to the pilot. The first level, which of an ‘alert’, tells the pilot that he is approaching a dangerous situation, and should take action to return to a safe condition. The second, more critical stage, is a ‘warning’, which tells the pilot that he is already in a dangerous situation, and must take an immediate, standard, action to remedy it.



GPWS Inputs



4.



The radio altimeter gives a constant feed of height above ground to the CPU. A vertical speed



sensor, digitising the VSI information is also constantly providing an input. The position of the landing gear and that of the flaps or other high lift devices is also provided. The ILS glide path is the last input which the CPU uses.



 284



FIS Book 2: Avionics



GPWS Outputs



5.



If the CPU decides that



there is a potential danger of colliding with terrain, it will send warning signals to the pilot in both visual and audible forms. The CPU will also provide indications of



computer



failure



and



any



failures which may occur in one of the input signals, to a monitor indicator.



A



block



schematic



diagram of the inputs and outputs is shown in Fig 24-1.



Fig 24-1: Elements of GPWS



GPWS Modes



6.



The following are the six modes of GPWS: (a)



Mode 1.



An excessive rate of descent when the radalt is indicating less than 2500 ft



provides the first alert. The alert uses the words ‘Sink rate, sink rate’. The warning uses the words ‘pull up, pull up’, usually coupled with a ‘whooping’ noise and a flashing lamp.



(b)



Mode 2.



This depends on the same inputs as Mode 1, with the addition of the



position of the undercarriage and flaps. If the rate of descent is high below a radalt height of 1800 ft with gear and flap up, the alert Mode 2A is given. The same alert, but described as Mode 2B, is given if the high sink rate occurs below 790 ft, even with gear and flap in the landing configuration. The alert uses the words ‘Terrain, terrain’, and the warning is the same as in Mode 1.



(c)



Mode 3.



This applies after take-off or go-around, when the aircraft has started



climbing and gear and / or flap has been selected up. If the aircraft subsequently descends (sinks), the alert sounds. The alert words are either ‘Don’t sink, don’t sink’ or Terrain, terrain’. The warning is again the same as Mode 1.



(d)



Mode 4.



An alert sounds if the aircraft is below a certain height without being in the



landing configuration. Mode 4A applies below 500 ft with the gear up, Mode 4B if below 200 ft with the flap up. Mode 4 alerts use the words ‘Too low - Gear / Flaps’ (as appropriate). The warning for Mode 4A is the same as Mode 1, but for Mode 4B the warning is ‘Too low terrain’.
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(e)



Mode 5.



Terrain Avoidance Systems



This mode uses ILS glidepath information. If the aircraft descends below



the glideslope to such an extent that the instrument gives more than ½ of full scale deflection fly up demand, Mode 5 alerts the pilot with the word ‘Glideslope’.



(f)



Mode 6.



This Is straightforward information that the aircraft has descended below



the selected decision height, and uses only the radalt input. The word used for the alert is ‘Minimums’. Some older equipment may only provide warnings for Modes 1, 2, 3 and 4, and alerts for Mode 5.



Pilot’s Actions



7.



On receiving a GPWS ‘Alert’, which will be the words as detailed above, the pilot must take



action to get out of the dangerous situation and stop the alert indication. That action may be to reduce his rate of descent, level off, turn to a safer area, or even to lower his gear or flap. If he receives a ‘Warning’ however, with the ‘whooping’ sound and the words ‘pull up’, he has no options, unless he is in good weather and absolutely sure the warning is a false alarm, in which case he is permitted to treat a warning as an alert. Otherwise, he must treat the ‘warning’ as a command to immediately level the aircraft’s wings, apply take-off power, and climb away at the speed and angle for maximum gradient climb until the aircraft has reached the en-route minimum safe altitude.



Requirements



8.



It is requires that all turbine-powered aeroplanes with a maximum certificated take-off mass of



over 5700 kg or a maximum approved passenger seating configuration of more than 9 must be equipped with a ground proximity warning system. That system must automatically provide ‘timely and distinctive warning’ to the crew of sink rate, ground proximity, altitude loss after take-off or go around, incorrect landing configuration and downward glideslope deviation. This warning must be given by aural signals, which may be supplemented by visual signals.



Serviceability



9.



The equipment has a built-in self-testing system, (BITE or built-in test equipment), which



monitors the GPWS serviceability. When selected, which can only be done on the ground, it displays the visual and audible warnings simultaneously.



10.



If the GPWS is unserviceable, the aircraft should not fly. However, if it is not possible to repair



the equipment at the aerodrome where the unserviceability is discovered, it is permitted for the aircraft to continue its flight to an aerodrome where it can be repaired, provided that flight consists of no more than 6 segments. The system is also monitored during flight. Any failure is automatically indicated on the flight deck.
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11.



GPWS Problems.



There were some false alarms generated by the GPWS equipment,



usually while the aircraft was following approach procedures in hilly terrain. However, the major problem with GPWS is that the system has no knowledge of the terrain ahead of the aircraft; separation can only be measured from the ground directly beneath the aircraft. It was necessary to add a predictive terrain hazard warning function to the system.



TAWS



12.



The advent of navigation systems which could provide great accuracy, coupled with powerful



computers which process large amounts of information, allowed the development of systems which could provide such a predictive terrain hazard warning function (warning of terrain ahead of the aircraft). The first TAWS on the market, called the enhanced ground proximity warning system (EGPWS), can also give warning of excessive bank angle and windshear on the approach.



13.



TAWS compares the aircraft position in three dimensions with that of the ground around it. It



is programmed to provide warnings in a similar fashion to GPWS, and displays the information for the pilot if a suitable screen is available, It also provides standard alerts and warnings as a normal GPWS.



TAWS Inputs



14.



The radio altimeter provides information to determine the aircraft’s vertical position above the



ground. Continuous ‘raw’ information from the navigation computer position is used to determine the aircraft’s horizontal position and track. As with GPWS, the aircraft’s air data computer (ADC) provides details of the aircraft’s vertical and horizontal speed and rates of change, but also provides static air temperature. ILS information comes from the VHF navigation receiver, and the flap and gear positions are also fed in. The FMS, inertial reference system (IRS), or attitude, heading and reference system (AHRS), provide attitude, track angles, headings, and groundspeed. If an IRS is not available, accelerometers can provide accelerations in all dimensions. An angle of attack (AOA) or stall warning system also provides information.



15.



The CPU compares all that information with the radio altitude as in GPWS, and also with its



databases of the ground profile in the area towards which the aircraft is flying. These databases are provided for general terrain worldwide, for obstacles in certain areas, and for all major aerodromes in progressively more accurate form.



TAWS Legislation



16.



The importance of reducing the number of CFIT accidents has led to rapid changes in



legislation. ICAO now requires all transport aeroplanes to install and use serviceable TAWS
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equipment. All turbine aeroplanes over 5700 kg that are authorised to carry more than 9 passengers, and which do not have GPWS already installed, must carry a serviceable TAWS from 1 October 2001 (public transport aircraft must have it from 1 January 2001).



17.



In a similar fashion to GPWS, the aeroplane must not fly unless the TAWS is serviceable.



However, if it is not possible to repair an unserviceable TAWS at the place where it becomes unserviceable, the aircraft may fly to a suitable repair base. Again, this concession only applies for up to 6 route legs.



TAWS Alerts and Warnings



18.



The basic alerts and warnings are the same as GPWS, although the modes are seven and



may be defined slightly differently, and expanded as shown below. Amber lights are usually used to give visual indication of alerts (also sometimes called ’cautions’) and red lights give warnings. (a)



Mode 1.



It is the same as GPWS, in that it gives alerts and warnings of excessive



sink rate below 2500 ft above ground.



(b)



Mode 2A and 2B.



This mode again uses radio altimeter and configuration



information to alert and warn of reducing height above the terrain below, as in GPWS.



(c)



Mode 3.



This provides alerts and warnings of decreasing height above terrain after



take-off or missed approach.



(d)



Mode 4.



This mode provides alerts and warnings of insufficient terrain clearance if



the aircraft is not in the landing configuration. Mode 4A alerts of descent below 500 ft with gear up. Mode 4B alerts of descent below about 250 ft with flap up. Mode 4C adds alerts if the radio altimeter reading decreases below a certain proportion of its previous value after take-off. The actual height values at which the particular alerts are triggered vary with airspeed.



(e)



Mode 5.



This mode is related to the ILS glideslope. The commercially available



EGPWS provides two levels of alerting. A so-called ‘Soft’ alert, ‘Glideslope’ at half volume with the ‘caution’ light, is given when below 1000 ft radio altitude and more than 1.3 dots below the glideslope. As the deviation below the glideslope increases, the alert becomes progressively more frequent. When 2½ dots below the glideslope (the ½ of full scale deflection fly-up command), the alert becomes ‘hard’, and ‘glideslope’ is heard at full volume, signifying the change to a ‘warning’. Below 150 ft, the alerts are desensitised. In EGPWS, Mode 5 alert bands vary with rate of descent and can be inhibited automatically for backbeam approaches or manually by the crew.
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(f)



Mode 6.
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This is a programmed warning facility giving voice ‘callouts’ at selected



radio altimeter readings. Apart from the call of ‘Minimums’ or similar, heights in numbers of feet are called out. Other calls can be ‘approaching minimums’, or similar. Various tones can be played over the audio system as different heights are passed. In EGPWS, Mode 6 also provides alerts of excessive bank angle. The limit set varies as radio altitude, reducing rapidly below 150 ft. The alert consists of the words ‘Bank angle, bank angle’.



(g)



Mode 7.



If fitted in EGPWS, this mode is designed to provide alerts if the aircraft



encounters windshear below 1500 ft. A typical windshear warning addition to TAWS is described later.



TAWS Additions



19.



The ‘look ahead’ alerting facility of a TAWS projects the aircraft flight path forward and



compares its future position with the available databases. When terrain or obstacles infringe the calculated flight path at calculated possibly hazardous ranges (the actual range depends on speed), the caution lights illuminate and the words ’Caution, terrain / obstacle’ (as appropriate), or similar, are spoken. As the aircraft closes to the confliction, the alert changes to the warning light and the words become ‘Terrain, terrain (or obstacle, obstacle), pull up, pull up!’



20.



The various databases available provide different levels of protection in different areas. The



main database of terrain structure is a model of the surface of the earth. Of necessity, it is a rough model, and contains only the general contours. Safety is provided by ‘rounding up’ the smaller variations in contours.



21.



More detailed databases can be provided around planned routes. These can take into



account known obstructions, as well as a more detailed contour model. Around known aerodromes, the system assumes aircraft may wish to descend, and gives less warning of terrain proximity. However, away from these known aerodromes at increasing ranges, the safe ‘buffer’ provided becomes greater. Finally, databases are also provided of the terrain and obstacles under the approach and missed approach paths of these aerodromes.



EGPWS Display



22.



The CPU decides what terrain is likely to encroach on the aircraft’s flight path, and displays it



on the EFIS screen, or on an AWR screen if available and EFIS is not fitted. This may be termed the TAD (terrain awareness and alerting display). Terrain is shown in shades of red, yellow and green (for ‘danger’, ‘caution’, and ‘safe but present’, rather like the AWR display).
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23.



Terrain Avoidance Systems



The normal display on a typical system shows all terrain above the aircraft and less than 2000



ft below it. The terrain is shown out to the range selected on the display. At long range, terrain more than 2000 ft above the aircraft is shown as red dots. Between 2000 and 1000 ft above the aircraft is shown as close yellow dots, between 1000 ft above and a programmed distance below the aircraft is shown in widely separated yellow dots. Green dots show terrain from there to 1000 ft below the aircraft, and widely separated green dots shows ground between 1000 and 2000 ft below.



24.



When the EGPWS decides that an alert should be given (about 1 min from collision), the



terrain which caused the alert changes to solid yellow. An EGPWS warning (30 s from impact) generates a solid red image.



Pilot Actions



25.



Generally, if the pilot receives a TAWS alert he should stop any descent and climb as



necessary to eliminate the alert. Then he should analyse all available instruments to determine the best course of action. At a suitable point, he should advise ATC of the situation. If he receives a TAWS warning, he must apply maximum available power, disengage the autopilot, and ’smoothly but aggressively’ increase pitch attitude towards the ’stick shaker’ or pitch limit indicators, to obtain maximum climb angle. The climb must be continued until the warning is eliminated and safe flight is assured, advising ATC of the situation.



26.



Specific actions in the case of soft ’glideslope’ alerts are to return to the correct glideslope. A



hard ’glideslope’ alert indicates that the aircraft has descended below the safe angle. The pilot must treat it as a warning, and a missed approach must be flown.



EGPWS Self-Test



27.



The BITE (built-in self-test) system has various levels to check different parts of the system.



Pilots will normally initiate a basic self-test as a preflight check. When the test switch is made, the system should check all the warnings and alerts in sequence by sending simulated signals through each of the inputs, and producing the correct instrument, aural and visual signals.



Windshear Alerts and Warnings (EGPWS)



28.



Some commercially available EGPWS systems are available with a wind shear detection



system. It compares airspeed information from the air data computer (ADC) with groundspeed information from the navigation computer to detect changes in wind affecting the aircraft, and likely wind shear turbulence. The warning computer will provide wind shear cautions (alerts) if an increasing headwind (or decreasing tailwind) and / or a severe up draught exceeds a defined threshold. These
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are characteristics of conditions which might be expected just before an encounter with a micro burst. The caution light appears and the words ‘Caution, Wind shear’, or ‘Wind shear ahead’ are spoken.



29.



Wind shear warnings are given if a decreasing headwind (or increasing tailwind) and / or a



severe downdraught exceed a defined threshold. These are characteristic of conditions which might be experienced within a microburst itself, or just afterwards. The warning consists of the words ‘Windshear, windshear, windshear’ and the illumination of the red warning lights.



30.



The alert and warning thresholds depend on available climb performance, flight path angle,



airspeed changes, and fluctuations in static air temperature. Windshear warnings take priority over all others, but windshear alerts are low priority.



31.



Other TAWS Equipment.



The cost of EGPWS militates against its use in general aviation



aircraft, so manufacturers are working on systems which cost less but still allow some measure of warning of possible terrain confliction. Other systems are also under development by various manufacturers to provide TAWS using totally different concepts. One of those involves developing current military equipment to provide infra-red imaging of terrain ahead on a head-up display.
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HYPERBOLIC PRINCIPLES Introduction



1.



This chapter initially describes the basic theory and construction common to the various



hyperbolic navigational aids. Subsequent part of this chapter describes the LORAN-C in detail.



2.



Hyperbolic navigation systems enable an aircraft to fix its position by means of two or more



intersecting position lines. No transmissions are required from the aircraft. Each position line is established by comparing electronically the difference between the received transmissions of two separated ground stations. The position lines obtainable take the form of families of hyperbolae, and these may be over-printed on suitable charts. Similar comparisons using another pair of transmitters will give a second family of hyperbolic position lines such that the intersection of two position lines will provide a fix.



Basic Types



3.



The comparison difference that is measured in the aircraft may be of two forms:(a)



Time difference of two synchronized pulse transmissions (e.g. LORAN). This method



will be called, for brevity, “Pulse Technique System”.



(b)



Phase difference of two phase-locked continuous wave transmitters (e.g. Decca).



This method will be called “Phase Comparison System”.



The LORAN-C system will be described later in detail, but first the construction of the hyperbolic families, common to both systems, will be discussed.



Hyperbolae



4.



A hyperbola is by definition the locus of a



point having a fixed difference in range from two other fixed points. The two fixed points are the foci, which in this context are two transmitting stations, shown in Fig 25-1 as M and S. spreading



concentric



circles



around



The each



transmitting station may represent either outgoing pulses of pulsed transmissions or the wavecrests



Fig 25-1: Construction of Hyperbolae
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of a continuous wave transmission. Either way, inspection of the values of these numbered rings at their intersection points will enable the family of hyperbolic lines of constant difference to be drawn.



PULSE TECHNIQUE SYSTEM



General



5.



The fundamental fact on which this type of aid is based is that the time taken by a radio pulse



to travel a given distance is a measure of that distance. In one microsecond (µ sec) a radio pulse will travel 983.24 feet, and will take 6.184 µ sec to travel one nautical mile. It is thus simple to calculate distance if the pulse travelling time is known.



Formation of Position Lines



6.



Consider two ground stations, M and S, which are transmitting pulses in synchronism on the



same frequency. An aircraft with a cathode ray indicator using a linear time base will receive the two transmissions, and their relative positions on the time base will depend on the distance of the aircraft from each transmitter. If the aircraft is at the same distance from each station, the pulses will be received simultaneously, and the blips will occupy the same position on the time base. If the aircraft is closer to station M than to station S the pulse from M will be received first. Furthermore, and this is important, the time difference between the receptions of the two pulses will indicate the difference in the distances of the aircraft from the two stations.



7.



Fig 25-2 shows two ground radar



stations, M and S, which are transmitting pulses in synchronism. P is the position of an aircraft which is carrying both a receiver, tuned to the same frequency as the transmitting stations, and an indicator unit.



Since P is



nearer to station S than to station M it follows that the aircraft will receive the transmission from S first.



This will be indicated by the



appearance of a blip on the indicator unit time base.



The subsequent reception of the



Fig 25-2: Time Difference



transmission from M will be indicated on the time base by a second blip. The distance between the two blips represents the time difference between the two receptions, say x µ secs., and if the time base is calibrated in µ secs this can be readily obtained. Expressed in terms of distance it will be equal to MP - SP.
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8.



Hyperbolic Principles



Now consider what will happen if the aircraft moves to position Q in Fig 25-2. It is so placed



that MQ is the same distance as MP and SQ the same as SP. There will, once again, be a time difference of x µ secs between the two receptions. Similarly, the distance MT - TS equals MP - SP, and so the observed time difference at T will again be x µ secs. There will be other points at which the time difference between the receptions from M and S will be the same quantity, and these points can be plotted and joined. This provides a position line on which the aircraft must be if the observed time difference is c µ secs. It follows that the position line obtained by the method described above is a hyperbola; the two fixed points are the transmitting stations M and S, and the constant difference, expressed in units of time, is µ secs.



Ambiguities



9.



At this point it must be stated that unless it is



possible to determine whether the transmission from S is being received before that from M or vice versa, considerable ambiguity will arise. This is illustrated in Fig 25-3 and numerical values are used to aid the explanation. M and S are two stations transmitting synchronized pulses, 93 statute miles apart, the straight line joining them being called the base line. Since radio waves travel at 186,000 statute miles per second, the distance may be expressed as a time interval of 93 / 186000 secs, or 500 µ secs. An



Fig 25-3: Ambiguity



aircraft at C, 125 µ secs from M, will receive the signal from M first and that from S, a matter of 375125 µ secs later, that is, the blips will be 250 µ secs apart on the time base. If the aircraft now moves to P, a point on the hyperbola through C, the time difference measured on the time base will again be 250 µ secs., since by definition the distance SP - MP is equal to the distance SC - MC.



10.



Now, if the aircraft moves to D, which is 125 m secs from S, the time difference between the



reception of the pulses from M and S will again be noted on the time base as 250 m secs although in this case the pulse from S is received first. The same difference will be noted if the aircraft is at any point on the hyperbola through D. The result is that an observer reading a time difference of 250 m secs would not know whether the aircraft was on the hyperbola through C or that through D. It follows that for a given time difference the aircraft may lie on one of two hyperbolae.



11.



A further difficulty arises when the aircraft lies midway between the two transmitting stations,



at E in Fig 25-3. Pulses from M and S will arrive at the aircraft simultaneously, and appear at the same point on the time base. The operator would see only one blip and could not be certain that both stations were being received simultaneously. It should be noted that for zero time difference the
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position line will be the perpendicular bisector of the base line between the transmitters (extreme case of the hyperbola).



Delayed Pulsing



12.



These ambiguities can best be overcome by introducing a delay at one of the stations, eg at



S, so that the aircraft, no matter where it is situated, will always receive the M pulse before the S. This delay must be regulated to an accuracy of microseconds, and this cannot be achieved by mechanical means. The system employed is electronic. Advantage is taken of the fact that the pulse from the M station, in addition to reaching the aircraft, also reaches the S station. The time taken to do this depends on the distance between the stations, which is accurately determined when the transmitters are installed. An accurate electronic timer is maintained at the S station, the operation of which is regulated by the reception of the pulses from the M station.



This timer controls the



transmission of pulses by the S station, and can be set to operate at any time (in terms of microseconds) relative to the M station. This regulation of the S station by the M station is known as synchronization. The M station is referred to as the “master” station, and the S as the “slave” station. Without the precision made possible by such synchronization the system would be liable to gross errors, for a timing error of only 60 µ secs represents a distance error of 10 miles along the base line, and even more elsewhere.



Typical Lattice Construction



13.



Now that the two ambiguities mentioned above have been overcome by the “delayed pulsing”



method, it is necessary to provide a complete series of hyperbolae for the master and slave stations. These hyperbolae must be plotted for convenient time difference values, bearing in mind that confusion will be caused by a great many lines on the map, and that accurate interpolation for intermediate values is necessary.



14.



Consider



once



again



the



two



transmitting stations, M, which has become the master, and S, which is now the slave (Fig 254). Delayed pulsing technique is to be used with a delay of 1000 µ secs at the slave station. The distance between the master and slave stations remains 500 µ secs, but now S is timed to transmit a pulse 1000 µ secs after the M pulse reaches it, i.e. there will be a time interval of 1500 µ secs between the two transmissions.



Fig 25-4: A Delayed Pulse Lattice



This means that anywhere along the line MS produced the time difference between the reception of the M and S pulse is 1000 µ secs. Similarly, along SM produced the time difference will be the sum of
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the time of traverse of the M pulse to S, the delay at S, and the time of traverse of the S pulse to M, i.e. 2000 µ secs.



15.



Now consider the sub-division of the base line (Fig 25-4). At a position D, 300 µ secs from M,



the time difference will be the sum of the time of traverse of the M pulse from D to S, the delay at S, and the time of traverse of the S pulse to D, ie 1400 µ secs. The hyperbola drawn through D will therefore be the position line having a constant time difference of 1400 µ secs. Similarly the base line may be further divided into convenient time difference intervals, and the hyperbolae through these divisions will be the position lines for the selected time differences.



16.



In this way a complete family of hyperbolae for the master and slave stations are produced,



as shown in Fig 25-4, and the finished series is called a lattice. When drawn on a map or chart the lattice provides the necessary relationship between observed time difference and position. In the example given in Fig 25-4 hyperbolae are drawn every 100 µ secs, although any convenient division may be used. A further point to note is that the hyperbolae have degenerated into straight lines along MS and SM produced.



17.



With a simple Master and Single Slave System it is only possible to obtain single position



lines from the lattice. However, if a second slave station is introduced, controlled by the same master, a second series of hyperbolae will be produced. Then, if the two time differences are measured simultaneously, two position lines will be obtained and the point of intersection will provide a fix. Alternatively a separate master and slave system may be introduced in a suitable position to provide the second position line.



PHASE COMPARISON SYSTEM



Principle



18.



The principle of differential range by phase comparison used in Decca systems is similar in



geometrical principle to the time difference system, but very different in detail. A pair of transmitting stations send out continuous wave signals; their interference generates hyperbolic co-ordinates which are presented by phase meters in the aircraft. As in other hyperbolic systems at least two pairs of stations are necessary to establish a fix.



Formation of Position Lines



19.



In Fig 25-5, M and S are ground transmitters operating on the same frequency and spaced



two wavelengths (2λ) apart. These transmitters are phase-locked so that at one particular instant of time the phases at points distant from the transmitters may be represented by the concentric circles shown. By moving a suitable receiver to different points, within the mutual coverage of the system,
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the phase difference between the received transmissions from M and



S



can



be



determined. Lines of constant



phase



difference, e.g. AB, CD, EF, can then be drawn



giving



a



hyperbolic lattice.



Lanes



20.



It can be seen



that there are four areas through which the phase difference



Fig 25-5: Hyperbolic Lattice by Phase Comparison



changes from 0° to 360°. Each such area is called a Lane. If the distance MS were 3λ or 5 λ; then the system would provide six and ten lanes respectively. This means that some system of lane identification must also be provided.



Operating Frequency



21.



In practice it is impossible for M and S to transmit on the same frequency, since a receiver



would be unable to separate the two transmissions in order to measure their phase difference. The solution is for the stations to transmit on different frequencies, which, after reception, are changed to a common frequency for comparison.



Chains



22.



Coverage.



The area to be covered by a hyperbolic navigation system will normally be



served by a minimum of three pairs of transmitters in order to resolve any ambiguities and to provide even coverage of the area. Such an arrangement is called a Chain. Two pairs of stations does not necessarily mean four stations, for three stations may operate so that one of them forms a pair with each of the others. Similarly, four or more stations may form three or more pairs.
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LORAN-C



Introduction



23.



LORAN-C is a pulse hyperbolic navigation fixing system operating in the LF band at a



frequency of 100 kHz. With the advent of GPS, LORAN-C has a questionable future but may evolve as a reliable back-up to that system.



24.



A requirement for a pulse system is that the leading edge of the pulses should ideally be



vertical and certainly steep so that the time difference measurements can be accurate. In order to achieve this, a very wide band width would be necessary, (infinitely wide for a true rectangular pulse), but ICAO frequency allocations restrict LF navigation aids to between 90 and 110 kHz. A fairly slow rising pulse therefore has to be accepted and this disadvantage is emphasized by the fact that the low efficiency aerial systems necessitate a wide and slow rising pulse in order to transmit sufficient power.



25.



If the LORAN-C system was confined to measuring the time interval between the reception of



pulses from master and slave transmitters the accuracy would be poor and so to improve accuracy the phases of the cycles of energy within pulses are also compared. A phase matching circuit is used to lock on to one cycle within the master pulse and the corresponding cycle of the selected slave pulse; this technique results in a highly accurate system.



Principle



26.



To simplify receiver technology, the two stations do not transmit together, but one after the



other. The 'master' station transmits first and the 'secondary' or 'slave' station transmits when it receives the master's signal. There is therefore a delay between the two transmissions, the' master / secondary propagation delay'. This delay is not long enough to allow use at anything other than short ranges, so a further delay is built in by each secondary transmitter, the 'secondary specific delay'. The airborne equipment subtracts those known fixed intervals from the total 'propagation delay' to determine the time difference and calculate the distance difference between the two stations. By using one master and several secondaries transmitting with varying specific delays, more position lines can be produced to give a fix.



Transmissions



27.



Like earlier systems, LORAN-C uses 'chains' of stations to provide fixing coverage. Each



chain consists of one master and a group of up to four secondaries, transmitting with different 'secondary specific' delays. The secondaries are designated W, X, Y, and Z in the order of their transmissions. Some chains may not use the W slave, and a chain with only two secondaries will dispense with the Z slave also. Every chain transmits on the same frequency, 100 kHz. This low
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frequency means that the receiving aircraft does not need to be in line-of-sight of the transmitters, in fact the receivers are designed to work mainly with ground waves. It also allows the signals to be received at quite long ranges. The chain baselines are typically about 600-1000 nm long.



28.



The signals are sent in groups of pulses. This allows the airborne equipment to add them



together and effectively increase the power of the signal received in relation to the background noise. To distinguish between chains each chain has its own 'group repetition interval' or GRI, which is the time between the first pulse of each group. This GRI is used to designate the particular chain with letters and numbers arranged in a code to show the exact GRI of the chain. The letters show a basic GRI, and the numbers show the number of hundreds of microseconds less than that basic difference which the chain actually uses.



S



=



50 000 µ S



SH



=



60 000 µ S



SL



=



70 000 µ S



SS



=



80 000 µ S



Hence a chain designated SH7 would have a CRI of 53 000 µs, one designated SLO a CRI of 70000 µs, and one designated S3 a CRI of 47000 µs. The master station transmits a group of 8 pulses 1000 µs apart, followed by a further pulse 2000 µs later. All the secondaries in the chain receive the signal from the master, and after their individual secondary-specific delay, the slaves re-transmit the 8 pulses. The extra pulse allows the receiver to identify which signal comes from the master, and can also be modulated to carry specific information, such as the non-availability of a specific secondary.



Obtaining Position Lines



29.



The airborne equipment matches the secondary transmissions with those from the master.



Once matched, the time delay is measured. The secondary- specific delay is subtracted from the total propagation delay to produce the actual time difference and therefore the relevant position line. To minimise interference to users of adjacent frequencies, the transmitted pulses build up and decay in strength slowly. Matching is therefore not easy, especially as it originally had to be done manually.



30.



To make matching easier, and to enable modern equipment to work automatically, the phases



in the various pulses of each group are switched in a fixed pattern for the master and each secondary. The equipment can therefore determine which signal it is receiving at any time, and disregard any signals which are incorrect. These incorrect signals may be signals which are missing a pulse, or be long-hop sky wave signals from another Loran chain. The phase switching permits accuracies of ± 10 µs.
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Sky waves at the Loran frequency of 100 kHz are strong. At very long ranges, up to about



2000 nm, the system can actually use them to provide less accurate fixes beyond the intended specification. However, at shorter ranges, they interfere with the ground waves. The system gets round this problem by using the third cycle of each pulse for matching, before the sky wave can reach the receiver. This is called 'indexing'. Originally, all this had to be done manually on a cathode-ray tube, but modern equipment is all computerised, and the calculations are automatic.



32.



Accurate position lines using ground waves can be achieved at ranges up to 600 nm over



land, and about 1000 nm over the sea. At ranges between that and about 1400 nm, the airborne equipment may only be able to receive one of the signals, either master or secondary, as a ground wave. If the missing signal can be received as a sky wave, it is still possible to produce a position line, although accuracy will be reduced. Because the sky wave has taken longer to travel to the receiver, a correction must be made to its timing. An extra delay, of 40 µs by day or 60 µs by night must be subtracted from the timing of whichever signal has been received as a sky wave.



33.



Certain



values



of



time



difference are always found at certain positions in each chain. These are shown in Fig 25-6. For example, if the total difference is exactly equal to the 'secondaryspecific' delay, then the receiver lies along



the'



extended



baseline'



Fig 25-6: Specific Positions.



beyond the secondary transmitter S. If the total difference is equal to the sum of the 'secondary-specific delay' plus the, ‘master/secondary delay', then the receiver lies along the bisector AB. If the total delay equates to the sum of the secondary-specific delay plus twice the master/secondary delay, the receiver lies along the extended baseline beyond the master transmitter M.



Fixing



34.



Sample hyperbolic position lines are plotted on special charts for each chain, and the operator



can interpolate between those already plotted to produce his own position line. Combining two or more position lines from the master and different slaves produces a fix, which then has to be transferred on to a normal plotting chart. However, modern computers can convert the time differences electronically into latitude and longitude, doing away with the need for the special charts and saving time and effort. Loran-C chains are positioned in the Pacific area, the Mediterranean, Arabia, Northern Europe and the North Atlantic. Some of these chains are expected to remain in service until at least 2008.
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Displays



35.



As stated earlier, original airborne equipment used manual slewing (adjusting the timebase)



on a cathode-ray tube. Later automatic equipment displayed a digital time difference readout. However, modern equipment can provide a direct input to a navigation computer and display position in any way desired by the crew.



Accuracy



36.



Traditionally, the LORAN-C accuracy has been accepted as + 1 nm at a range of 1000 nm



from the baseline. It is advertised as + 0.25 nm by the current system operators.



European Chains



37.



The US Coastguard developed the original LORAN-C chains, but withdrew support from



those outside the United States in 1994. Several European nations formed NELS (North-west European LORAN-C System) as a consortium to establish a new chain structure and to run the system in Northern Europe.



Chayka



38.



A similar system called Chayka was developed by the Russians during the Cold War. It is



compatible with LORAN-C, and the Russian chains provide an extension into Eastern Europe. They are expected to remain in service until at least 2010.



Uses of the Loran-C Signal



39.



The members of the NELS consortium propose to use LORAN-C not only as a stand alone



aid, but in addition as one input to a duplex navigation system which also takes satellite navigation signals as the other input. It is also proposed to use the LORAN-C transmissions to carry DGPS corrections on their ground wave signals.
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ELECTRO-OPTICAL SYSTEMS: TELEVISION, LOW - LIGHT TELEVISION AND NIGHT VISION GOGGLES TELEVISION



Introduction



1.



Television has a number of applications in avionic systems, probably the most familiar being



reconnaissance and missile guidance. Although airborne television is different from its commercial and domestic counterparts in terms of size and ruggedness, the principles of operation are identical.



Television Principles



2.



A television camera receives light energy from a scene and converts it into photo-electric



energy. This may be accomplished either by scanning the scene with a camera tube which converts incident light into voltages proportional to the changing light intensity, or by the use of staring arrays in which a detector is used for each point of the picture (pixel). The varying voltage from scanning, or the output from the staring array, can be amplified and transmitted by wire or fibre optic cable, or it can be modulated upon a radio frequency carrier wave and radiated to another area.



3.



The display, or TV receiver, synthesizes the original scene by deflecting an electron beam



spot across the fluorescent screen of a CRT and varying its brightness in accordance with the received signals. The scanning process is carried out sufficiently rapidly that an illusion of continuous, non-flickering, motion is achieved.



4.



Two processes are used in television cameras to convert light energy into electrical energy: (a)



Photo-emission.



The photo-emission technique relies on the fact that light



energies are sufficient to cause the ejection of electrons from the surface of materials such as sodium, caesium, and potassium. The number of electrons emitted is directly proportional to the incident light levels.



(b)



Photo-conduction.



Photo-conduction is the process by which the conductivity of



materials such as selenium, arsenic trisulphide, and lead monoxide is increased by exposure to higher light levels. Electrons are not ejected, but are moved to a higher energy level.
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5.



The photo-emission principle is used in the imaging orthicon type of camera, and the photo-



conduction principle in the vidicon camera.



Non-scanning, solid state, charge-coupled device



cameras use both principles.



The Imaging Orthicon



6.



The



elements



of an imaging orthicon are



contained



in



a



cylindrical glass tube envelope which has an enlarged section at one end (Fig 26-1).



The



device is closed at the enlarged end by an



Fig 26-1: Simplified Construction of an Image Orthicon Tube



optically flat glass plate which has a continuous photo-sensitive coating (photocathode) deposited on the inside.



7.



The optical image is focused on the lens side of the glass plate, and photo-electrons are



liberated from the inside in proportion to the light intensity at any point. These electrons stream through the enlarged cylindrical portion of the tube and a fine mesh screen until they encounter the target plate. At the target they induce a secondary emission of electrons from the surface which are collected by the fine mesh screen that lies parallel and close to the target. The departure of the secondary electrons leaves positive charges on the target with an intensity proportional to the light distribution of the original optical image. The changes in electrical potential induced by the secondary emissions are transferred to the opposite face of the target and as the streams of electrons from the photocathode continue to fall on the target, the intensity of electrical image continually increases. As the target is very thin there is negligible leakage of the charge parallel to the target surface, which would otherwise degrade the image detail.



8.



The stored charge image on the reverse side of the target is scanned by an electron beam



and the current in the returning beam varies in amplitude according to the variations in the intensity of the successive portions of the image being scanned. An electron multiplier produces an amplified reproduction of the current in the returning beam and the output is an analogue video signal which can be displayed or stored.



The Vidicon



9.



The elements of the vidicon camera are contained in a cylindrical glass envelope as shown in



Fig 26-2. The signal plate, onto which the optical image is focused, has a very thin layer of photo-
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conductive material deposited upon it. This material has high electrical resistance in the dark but becomes progressively less resistant as the amount of light increases.



Thus the optical image



induces a pattern of varying conductivity which matches the distribution of brightness in the image. The target is scanned by an electron beam and the resulting video signal may be displayed or stored.



10.



The



scanning



electron



beam spot size imposes the only limitation on resolution and it is therefore possible to derive a high quality



image



from



a



photosensitive area no larger than about 1.3 cm2. This permits the use of small and comparatively inexpensive



lenses,



with



a



Fig 26-2: Simplified Construction of a Vidicon Tube



correspondingly large depth of field for any given aperture. In addition, the structure of the tube is simple and small, and so cameras based on the vidicon principle are adaptable to a wide range of broadcasting, industrial, and military applications (e.g. missile guidance).



Charge Coupled Device (CCD) Systems



11.



Television tubes are susceptible to shock, overload, and stray magnetic fields. They impose



size and weight penalties in some applications, and they have a relatively short life expectancy. Solid state charge coupled devices which are more rugged and reliable, have lower power requirements, and can be used to produce small, lightweight cameras with a long life.



12.



A typical CCD sensor chip, about 8 X 10 mm in size, contains a matrix of many thousands of



silicon photodiodes. Each of these photodiodes effectively forms a capacitor which accumulates a charge proportional to the brightness of the light incident upon it. Fig 26-3 illustrates schematically a simplified arrangement in which C1, C2, C3, and C4 represent four such capacitors which would form the first four pixels in one television line.



The charge accumulated by each capacitor (e.g. C1)



appears as a voltage at the output of the associated amplifier (e.g. A1). If all the switches, S1 to S3, were



closed



momentarily,



the



charge on C1 would be passed into C2,



C2’s



charge



would



be



transferred into C3, and so on all the way along the line.



Thus by



momentarily closing all the switches synchronously,



the



charge



representing the brightness level for each pixel can be made to proceed



Fig 26-3: Simplified Schematic CCD Arrangement
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along the line of capacitors, at a rate dependent on the switching frequency, and can be detected at the end of the line and read serially as the pattern of the light level at each pixel. In practice the stored charge in each capacitor is relayed to a second set of capacitors before being shifted, thus allowing the photodiodes to register the next pattern of illumination with no appreciable blank period.



LOW-LIGHT TELEVISION (LLTV)



Introduction



13.



There is a requirement for military aircraft to operate both by day and by night, and a



television system could provide a solution to the visual acquisition problem of night operations. However the systems described so far are in general only capable of producing a usable image down to the light levels associated with twilight. Variations of the vidicon and orthicon cameras can operate at lower light levels, but it is normally necessary to attach an image intensifier system to the camera for it to be usable down to the illumination level of starlight. Before describing the operation of these image intensifiers, the night environment will be reviewed.



14.



The Night Environment.



Table 26-1 illustrates the range of natural illumination. The



human eye is at its maximum efficiency in daylight but can adjust to operate in lower light levels, albeit with a reduction in capability. Colour perception is lost once the illumination level is down to less than 10-1 foot-candles (fc); below this the eye’s resolving power is degraded rapidly such that at 10-5 fc the eye is only capable of discerning large, high contrast objects, and then only after a prolonged period of dark adaptation. Clearly, unaided, the eye is not suitable for night operations and hence the need for some form of imaging system.



Human Vision



Lux



Fc



5



104



4



3



Full Daylight



2



10 10



10



Sun on Snow



Photopic



3



10



10



Overcast Daylight



(good acuity, colour)



102



10



Very poor daylight



10



1



Twilight



1



10-1 -1



10 Scotopic (Poor acuity, no colour)



-2



10



-3



10



-4



10



Deep Twilight



-2



Full moon



-3



Quarter moon



-4



Starlight



-5



Overcast starlight



10 10 10 10



Table 26-1: The Range of Natural Illumination
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A television camera forms an image of the scene being viewed by utilizing a small proportion



of the radiant energy which is incident upon the scene. The amount of energy which reaches the camera sensor depends mainly on the incident radiation level, the reflectance of the subject, and the light collecting power of the optical system. Further, the video signal current obtained from the sensor will be dependent upon the spectral energy distribution of the illuminant, and the spectral response and sensitivity of the sensor.



16.



Incident Radiation.



The level of incident radiation will depend on many geographical and



meteorological factors such as the time of night, the latitude, the declination of the sun (season), the phase of the moon, and the degree of cloud cover.



World-wide surveys indicate that minimum



illumination levels are practically constant everywhere at a value of about 1 X 10-5 fc. Values less than this are rare, and in temperate regions the light level is above 10-4 fc for 82% of the time. Under clear, moonless conditions, the incident radiation has the following components: (a)



30% direct or scattered starlight.



(b)



15% of zodiacal origin.



(c)



5% of galactic origin.



(d)



40% from air glow.



(e)



10% scattered light from these various sources.



The air glow (or night sky luminescence) phenomenon contributes nearly half of the incident radiation and originates from the ionization of rare gases in the upper atmosphere. Natural night sky spectral irradiance contains nearly 10 times as many incident photons per unit wavelength at 0.8 mm as at 0.4 mm. In order to make use of this high energy content it is desirable that a sensor has the highest sensitivity in the red and near infra-red parts of the spectrum.



17.



Subject Reflectance.



The apparent brightness of an object depends not only on the level



of incident radiation, but also on the manner in which the object reflects that illumination. If all objects reflected an equal amount of light, there would be no contrast between a target and its background, and it would probably not be seen. The reflectance of an object (the ratio of reflected to incident light) depends principally on the nature of the surface (e.g. its colour and texture), the wavelength and angle of the illumination, and the viewing angle. Table 26-2 shows some typical values of reflectance.



18.



Contrast.



Contrast is defined as:



B max - B min B max



Here Bmax is the maximum luminance and Bmin is the minimum luminance in the scene and it is usually expressed as a percentage. At the camera the contrast will often be reduced by the effect of the intervening medium, and in particular by haze, fog, and rain, resulting in a reduction in the effective range of the system.
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Snow



0.7 - 0.86



Clouds



0.5 - 0.75



Limestone



0.63



Dry Sand



0.24



Wet Sand



0.18



Bare Ground



0.03 - 0.2



Water



0.03 - 0.1



Forest



0.03 - 0.15



Grass



0.10 - 0.25



Rock



0.12 - 0.30



Concrete



0.15 - 0.35



Blacktop Roads



0.08 - 0.09



Table 26-2: Typical Reflectance Values



Optical System.



19.



The larger the diameter of the lens, the more capable it is of operating at



low light levels. However, the maximum size of the lens will often be constrained by the physical limits



of



the



airframe,



by



considerations of the increase in drag due to the flat plate effect, and by the need for the lens to resist the aerodynamic forces imposed by high speed flight.



Image Intensification



20. an



A basic image intensifier is electronic



reproduces



an



device image



which on



Fig 26-4: Construction of a Single Stage Image Intensifier



a



fluorescent screen. Fig 26-4 shows a schematic construction of such a device. The input and output plates are fibre optic plates which are made up of a complex of minute glass tubes clad with another type of glass of



lower



preventing



refractive



index,



cross-talk



adjacent fibres (Fig 26-5).



thus



between These



tubes form light guides in which light entering at one end is trapped until it



Fig 26-5: Construction of Fibre Optic Plate
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emerges at the other end. The shaped fibre optic plates also transform the flat optical image into a curved image necessary for the electrostatic lens in the intensifier. Electrostatic focusing elements ensure that electrons released from a particular spot on the photocathode are focused onto a corresponding spot on the phosphor screen.



21.



The input plate is coated with a photocathode, and the output plate with a phosphor anode.



When light falls on the photocathode, electrons are released which are accelerated towards the phosphor by the 15 kV field across the device. The increased energy acquired by the electrons is expended in exciting the phosphor such that the image formed can be 40 to 50 times brighter than the original.



22.



An extension of the basic intensifier is to arrange 2 or 3 tubes together in series to form a



cascade intensifier (Fig 26-6) which can achieve gains of up to 50,000 times at 0.4 mm. A 3-stage cascade intensifier would be sufficient to make a simple vidicon into a LLTV tube, and similar devices have been used as simple hand-held direct view image intensifiers. The multi-stage systems have the disadvantages of lower picture quality, and increased size, weight, and cost.



Fig 26-6: Schematic Diagram of Modular-Type Cascade Image Intensifier



23.



If a LLTV system is used in a moving vehicle there is likely to be some angular vibration which



will degrade its resolution. To accommodate this problem an image intensifier has been designed in which the output image can



be



magnetically



deflected to counter the movement.



The



construction is shown in Fig 26-7. The front end is the



same



conventional



as



a



image



intensifier, but the output end has a relatively long, field-free, section where



Fig 26-7: Motion Compensated Intensifier
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the electron beams are moving essentially parallel to each other. A transverse magnetic field in this area, controlled by position gyros, deflects the image as a whole to compensate precisely for the angular movement of the system.



24.



Microchannel Plate (MCP) Intensifiers.



Microchannel plate intensifiers are capable of



gains of up to 104. A MCP is a thin plate of special glass with a matrix of fine holes (channels) through it. The holes are from 10 to 12 mm in diameter and about l mm in length. The inside of each channel is coated with an electron rich material and when a primary electron from the photocathode strikes the channel wall secondary electrons are released. These in turn release more electrons as they move along the channel (Fig 268) and the channel thus acts as a miniature



photomultiplier



tube.



A



potential gradient is provided along the wall of the channel accelerating the electrons



before



they



strike



the



phosphor.



MCP image intensifiers



have



advantage



the



of



greater



sensitivity, smaller size, and less weight than cascade devices.



Fig 26-8 Microchannel Plate - Principle of Operation



LLTV Limitations



25.



The main limitations of LLTV are the limited field of view and blooming. The field of view is



typically 30° X 40°, which is barely adequate for the purpose of low level visual navigation for which a look-into-turn capability is needed. A narrower FOV may be useful for reconnaissance purposes as this implies greater magnification and greater range. Blooming results from the amplification of a bright light such as a flare, beacon, or search-light, in an otherwise low light scene. This problem can be reduced by using filters which make light levels above a set threshold appear black.



NIGHT VISION GOGGLES (NVGs)



General



26.



Night vision goggles are one means of solving the FOV problem associated with a fixed LLTV



system. The image intensifiers are mounted onto a helmet so that although the instantaneous FOV is smaller than that of a LLTV, the crew member can look into the turn. NVGs are lightweight binocular devices and are sufficient for the rapid recognition of terrain obstacles at light levels down to overcast starlight.
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27.



Electro-Optical Systems



The prime disadvantages of NVGs are that their weight causes fatigue, they are a potential



hazard in the event of ejection, and they amplify all light entering them, including that from ordinary cockpit displays.



28.



Image intensifiers are more sensitive to the red and near infra-red region of the spectrum in



order to maximize the use of the night sky spectral distribution, which contains 10 times as many photons in the red and near infra-red region as in the blue. Unfortunately, cockpit displays contain light sources which are also rich in the red and near infra-red region, but at levels of radiation significantly higher than those emanating from the night scene, and these sources can thus blind the goggles.



29.



To overcome this problem, the spectral response of NVG intensifiers must be modified by



filtration to allow the use of the blue-green region of the visible spectrum for cockpit lights and displays, which themselves must be filtered to prevent any red or near infra-red transmission from them.
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CHAPTER 27



INFRA-RED RADIATIONS AND SYSTEMS Introduction 1.



In a modem battle scenario, the increasing mobility and round the clock fighting demands



immediate reaction. This lays a premium on the ability to detect and identify military targets in all conditions and as close to real time as possible. Thus, reconnaissance both strategic and tactical, have assumed even greater importance. 2.



Today’s lethal Air Defence environment generally restricts aircraft missions over the TBA to a



single pass highspeed run, aggravating the already difficult task of locating a well camouflaged target in battlefield-smoke and poor visibility. Therefore, special sensors capable of augmenting man’s limited capabilities are required. These sensors can be broadly grouped into the following:



3.



(a)



Optical.



(b)



Radiographic.



(c)



Thermographic.



While optical and radiographic sensors function because of their ability to detect EM energy,



either reflected or actively emitted by the target, the uniqueness of a ‘Thermographic Sensor’ lies in its ability to detect EM energy emitted as lnfra Red Radiations by objects existing in their natural state. The reconstitution of these radiations pictorially allows man to counter degradation of his vision by a method totally independent of illumination. Hence passive round the clock surveillance/acquisition becomes possible.



INFRA-RED RADIATION 4.



Infra-red (IR) radiation is



electro-magnetic



radiation



and



occupies that part of the electromagnetic spectrum between visible light and microwaves. The IR part of the spectrum is further sub-divided into Near IR, Middle IR, Far IR and Extreme



IR.



The



position



and



division of the IR band, together with the



appropriate



shown in Fig 27-1.



wavelengths,



is Fig 27-1: Infra-Red in the Electromagnetic Spectrum
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5.



All bodies with a temperature greater than absolute zero (0 K, –273°C) emit IR radiation and it



may be propagated both in a vacuum and in a physical medium. As a part of the electro-magnetic spectrum it shares many of the attributes of, for example, light and radio waves. It can therefore be reflected, refracted, diffracted and polarized, and it can be transmitted through many materials which are opaque to visible light.



Absorption and Emission 6.



Blackbody.



The radiation incident upon a body can be absorbed, reflected or transmitted



by that body. If a body absorbs all of the incident radiation then it is termed a blackbody. A blackbody is also an ideal emitter in that the radiation from a blackbody is greater than that from any other similar body at the same temperature. 7.



In IR, the blackbody is used as a standard and its absorbing and emitting



Emissivity (ε).



efficiency is said to be unity; i.e. ε = 1. Objects which are less efficient radiators, (ε < 1), are termed greybodies. Emissivity is a function of the type of material and its surface finish, and it can vary with wavelength and temperature. When ε varies with wavelength the body is termed a selective radiator. The ε for metals is low, typically 0.1, and increases with increasing temperature. The ε for non-metals is high, typically 0.9, and decreases with increasing temperature.



Spectral Emittance 8.



A blackbody whose temperature is above absolute zero emits IR radiation



Planck’s Law.



over a range of wavelengths with different amounts of energy radiated at each wavelength.



A



description of this energy distribution is provided by the spectral emittance, Wλ, which is the power emitted by unit area of the radiating surface, per unit interval of wavelength. Max Planck determined that the distribution of energy is governed by the equation: Wλ Where



9.



=



2 π c2 h λ5



(e h c /



kTλ



-1)



-1



(27.1)



λ



=



Wavelength



h



=



Planck’s constant



T



=



Absolute temperature



c



=



Velocity of light



k



=



Boltzmann’s constant



Temperature / Emittance Relationship.



This rather complex relationship is best shown



graphically as in Fig 27-2 in which the spectral emittance is plotted against wavelength for a variety of temperatures. It will be seen that the total emittance, which is given by the area under the curve, increases rapidly with increasing temperature and that the wavelength of maximum emittance shifts
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towards



the



shorter



wavelengths



as
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the



temperature is increased. How the radiated power is distributed over the spectrum and what part temperature has to play in it is given by Planck’s Law. The significance of the law is more readily apparent if the spectral radiant emittance of a black body is plotted against wavelength for various temperatures. From the graphs plotted, it is obvious that: (a)



The total radiant energy emitted at



any temperature is the area under the corresponding curve. (b)



The total radiance increases very



rapidly with increase in temperature.



Fig 27-2: Distribution of IR Energy with Temperature



(c)



For each temperature there is a specific wavelength at which emittance is maximum.



(d)



As the temperature increases, the wavelength of maximum emittance reduces.



This explains the change of colour from red to bluish as the temperature of an iron bar is increased. Further corollary stipulates that the wavelength where the radiation is most intense, is inversely proportional to it’s absolute temperature. The maximum radiance for ambient temperature of 300 k (27°C) would be at 10 microns or µm. 10.



Stefan-Boltzmann Law.



The total emittance of a blackbody is obtained by integrating the



Max Planck equation which gives the result: W



=



σT4



Where W



=



Total emittance



σ



=



Stefan Boltzmann constant



T



=



Absolute temperature



(27.2)



For a greybody the total radiant emittance is modified by the emissivity, thus: W 11.



=



ε σ T4



Wien’s Displacement Law.



(27.3) The wavelength corresponding to the peak of radiation is



governed by Wien’s displacement law which states that the wavelength of peak radiation, λm, multiplied by the absolute temperature is a constant. Thus: λmT



=



2900 µK



(27.4)



 314



FIS Book 2: Avionics



By substituting λm = 2900/T into Planck's expression it is found that: Wλm



=



1.3 x 10-15 T5



expressed in watts cm-2 µ-1



i.e. the maximum spectral radiant emittance depends upon the fifth power of the temperature.



Geometric Spreading 12.



The laws so far discussed relate to the radiation intensity at the surface of the radiating



object. In general, radiation is detected at some distance from the object and the radiation intensity decreases with distance from the source as it spreads into an ever increasing volume of space. Two types of source are of interest i.e. the point source and the plane extended source. 13.



Point Source.



A point source radiates uniformly into a spherical volume. In this case the



intensity of radiation varies as the inverse square of the distance between source and detector. 14.



Plane Extended Source.



When the radiating surface is a plane of finite dimensions



radiating uniformly from all parts of the surface then the radiant intensity received by a detector varies with the angle between the line of sight and the normal to the surface. For a source of area A the total radiant emittance is WA. The radiant emittance received at a distance d and at an angle θ from the normal is given by: _WA_ cos θ 2π d2



(27.5)



IR Sources 15.



It is convenient to classify IR sources by the part they play in IR systems i.e. as targets, as



background, or as controlled sources. A target is an object which is to be detected, located or identified by means of IR techniques, while a background is any distribution or pattern of radiation, external to the observing equipment, which is capable of interfering with the desired observations. Clearly what might be considered a target in one situation could be regarded as background in another.



As an example terrain features would be regarded as targets in a reconnaissance



application but would be background in a low-level air intercept situation. Controlled sources are those which supply the power required for active IR systems (e.g. communications), or provide the standard for calibrating IR devices.



Targets 16.



Aircraft Target.



A supersonic aircraft generates three principle sources of detectable and



usable IR energy. The typical jet pipe temperature of 773 K produces a peak of radiation, (from Wien’s law), at 3.75 µ m. The exhaust plume produces two peaks generated by the gas constituents;
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one at 2.5 - 3.2 µ m due to carbon dioxide, the other at 4.2 - 4.5 µ m due to water vapour. The third source is due to leading edge kinetic heating giving a typical temperature of 338 K with a corresponding radiation peak at about 7 microns. 17.



Reconnaissance.



Terrestrial IR reconnaissance and imaging relies on the IR radiation from



the Earth which has a typical temperature of 300 K. The peak of radiation corresponding to this temperature is about 10 µm and so systems must be designed to work at this wavelength.



Background Sources 18.



Regardless of the nature of the target source, a certain amount of background or interfering



radiation will be present, appearing in the detection system as noise. The natural sources which produce this background radiation may be broadly classified as terrestrial and atmospheric & celestial. 19.



Terrestrial Sources.



Whenever



an IR system is looking below the horizon it encounters



the



terrestrial



background



radiation. As all terrestrial constituents are above absolute zero they will radiate in the infra-red, and in addition, IR radiation from the sun will be reflected. Green vegetation is a particularly strong reflector which accounts



for



photographs



its or



bright



image



imaging



in



IR



systems.



Conversely, water, which is a good reflector



Fig 27-3: Spectral Distribution of Solar Radiation



in the visible part of the spectrum, is a good absorber of IR, and therefore appears dark in IR images. 20.



Atmospheric and Celestial Sources.



Whenever an IR device looks above the horizon the



sky provides the background radiation. The radiation characteristics of celestial sources depends on the source temperature together with modifications by the atmosphere. (a)



The Sun.



The sun approximates to a blackbody radiator at a temperature of 6000 K



and thus has a peak of radiation at 0.5 µm, which corresponds to yellow-green light. The distribution of energy is shown in Fig 27-3 from which it will be seen that half of the radiant power occurs in the infra-red. The Earth’s atmosphere changes the spectrum by absorption, scattering and some re-radiation such that although the distribution curve has essentially the same shape, the intensity is decreased and the shorter, ultraviolet wavelengths are filtered out.



The proportion of IR energy remains the same or perhaps may be slightly higher.



Sunlight reflected from clouds, terrain and sea shows a similar energy distribution.
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(b)



The Moon.



The bulk of the energy received from the moon is re-radiated solar



radiation, modified by reflection from the lunar surface, slight absorption by any lunar atmosphere and by the Earth’s atmosphere. The moon is also a natural radiating source with a lunar daytime surface temperature up to 373 K and lunar night time temperature of about 120 K. The near sub-surface temperature remains constant at 230 K, corresponding to peak radiation at 12.6 µ m. (c)



Fig 27-4 shows a



Sky.



comparison



of



the



spectral



distribution due to a clear day and a clear night sky. At night, the short wavelength



background



radiation



caused by the scattering of sunlight by air molecules, dust and other particles, disappears. At night there is a tendency for the Earth’s surface



Fig 27-4: Spectral Energy Distribution of Background Radiation from the Sky



and the atmosphere to blend with a loss of horizon since both are at the same temperature and have similar emissivities. (d)



Clouds.



Clouds produce considerable variation in sky background, both by day and



by night, with the greatest effect occurring at wavelengths shorter than



3µm due to solar



radiation reflected from cloud surfaces. At wavelengths longer than 3µm, the background radiation intensity caused by clouds is higher than that of the clear sky. Low bright clouds produce a larger increase in background radiation intensity at this wavelength than do darker or higher clouds. As the cloud formation changes the sky background changes and the IR observer is presented with a varying background both in time and space. The most serious cloud effect on IR detection systems is that of the bright cloud edge. A small local area of IR radiation is produced which may be comparable in area to that of the target, and also brighter. Early IR homing missiles showed a greater affinity for cumulus cloud types than the target aircraft. Discrimination from this background effect requires the use of spectral and spatial filtering.



IR Transmission in the Atmosphere 21.



Atmospheric Absorption.



The periodic motions of the electrons in the atoms of a



substance, vibrating and rotating at certain frequencies, give rise to the radiation of electro-magnetic waves at the same frequencies. However, the constituents of the Earth’s atmosphere also contain electrons which have certain natural frequencies. When these natural frequencies are matched by those of the radiation which strikes them, resonance absorption occurs and the energy is re-radiated in all directions. The effect of this phenomenon is to attenuate certain IR frequencies. Water vapour
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and



carbon



attenuators



dioxide of



IR



are



the
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principle



radiation



in



the



atmosphere. Figs 27-5a, b and c show the transmission



characteristics



of



the



atmosphere at sea-level, at 30,000 ft and at 40,000 ft. 22.



The amount of



Scattering.



scattering depends upon particle size and particles in the atmosphere are rarely bigger than 0.5 µm, and thus they have little effect on wavelengths of 3 µm or greater. However, once moisture condenses on to the particles to form fog or clouds, the droplet size can range between 0.5 and 80 µm, with the peak of the size distribution between 5 and 15 µm. Thus fog and cloud particles are comparable in size to IR wavelengths and transmittance becomes poor.



Raindrops are considerably larger



than IR wavelengths and consequently scattering is not so pronounced.



Rain,



however, tends to even out the temperature difference



between



a



target



and



its



Fig 27-5: Atmospheric Transmittance vs. Altitude



surroundings. 23.



Scintillation.



Where a beam of IR passes through regions of temperature variation it is



refracted from its original direction. Since such regions of air are unstable, the deviation of the beam is a random, time varying quantity. The effect is most pronounced when the line of sight passes close to the earth and gives rise to unwanted modulations of the signal, and incorrect direction information for distant targets.



INFRA-RED SYSTEMS



Introduction 24.



As explained earlier in the chapter, objects with a temperature above absolute zero (-273°C)



will emit infra-red (IR) radiation, and in addition will reflect or absorb incident IR to varying degrees. An IR sensing system can use these variations in emitted and reflected IR to form an image in the same way that a sensor operating within the visible part of the spectrum uses variations in visual
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brightness to form an image.



IR imaging systems therefore rely on detecting differences in IR



intensity rather than on measuring absolute values. Such systems have the advantages of being independent of natural or artificial visual illumination, and are not easily deceived by camouflage. 25.



As described earlier, the wavelength at which maximum radiation occurs (λ



max)



is a function



of the absolute temperature (T), and is governed by Wien’s Displacement Law: λ max



2900 µm T



=



By substituting typical terrestrial temperatures (270 - 300 K) into this equation it will be seen that the peak of radiation occurs in the far infra-red range 9 - 11 µ m. 26. relative



Fig



27-6



shows



transmittance



of



the IR



wavelengths in the atmosphere at sea level. Terrestrial IR falls within a transmission ‘window’ which covers wavelengths from about 8 - 13 µm. IR imaging systems have therefore to be designed to operate in this band. Fig 27-6: Relative Transmittance of IR Wavelengths in the Atmosphere (at Sea Level) Atmospheric Attenuation 27.



The transmission of IR energy through the atmosphere may be impeded due to scattering by



suspended particles and absorption by constituent gases. If the suspended particles are small, as in haze and battlefield smoke, an IR system will not be affected, even in what appears as zero visibility to the naked eye. If the particles are larger as in cloud, fog, mist, and rain, IR will be no better than the eye and the range of the system will be limited to the visual range. In addition, some energy in the 8 - 13 µm wavelengths is absorbed by gaseous water vapour.



Imagery Interpretation 28.



Detecting and identifying IR images requires the same integration of size, shape, shadow,



surroundings, and tone as is employed in the interpretation of conventional, visual-light imagery. 29.



When considering size and shape there are two aspects which must be considered. Firstly,



the resolution of IR images is lower than that of visual images and some detail may be lost. Secondly, the true size and shape of hot objects may be exaggerated or disguised by blooming and halation effects.
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Thermal shadows often mirror their visible counterparts and they are caused by areas being



shaded from direct radiation. As with visual shadows, they are liable to change with changes in the direction of illumination, and to dissipate when the illumination lessens, e.g. after sunset or with cloud cover. The rate of dissipation however will vary with the physical characteristics of the shaded area (thermal conductivity and capacity), and with the meteorological conditions. Thermal shadows from movable objects (e.g. aircraft on the ground) can often be seen long after the object has moved. 31.



The key factor in interpreting IR images is relative tone. The common materials encountered



in night IR imagery are metal, wood, pavement, soil, grass, trees, and water, and although the appearance of these can vary with meteorological and physical parameters, some generalizations can be made (assuming the conventional cold is black, hot is white display): (a)



Metal Surfaces.



Thin, unheated, metal appears black as metals have low



emissivity compared to other substances. Although such surfaces are good reflectors and will reflect energy incident upon them from the sky, the intensity of radiation at night is quite low and so any reflected component will also be weak. Metal could reflect radiation from a nearby warm object, but this effect does not occur often enough to be significant. (b)



Pavement.



Pavement (runway, taxi tracks etc.) has relatively high emissivity and is



in good thermal contact with the earth which acts as a constant heat source. It also has a high thermal capacity and therefore retains any heat received from the sun during the day. These characteristics are generally true for all types of pavement including concrete and asphalt and they all therefore appear light grey to white in IR imagery. (c)



Soil.



Soil, including most earths, sand, and rock, have the same characteristics as



pavement and similarly appear in a light grey tone. (d)



Grass.



Grass has poor thermal contact with the ground and cools rapidly by



radiation, and therefore appears black. (e)



Trees.



Trees appear medium to light grey. The tone is thought to be the result of a



number of causes. There is some convective warming of the trees by the air in conjunction with the night temperature inversion (air temperature at night is usually lower at the surface than it is a few feet above the ground), some retention of heat from daytime solar heating, and some heat generation from the tree’s life processes. In daytime imagery the same leaves appear colder than the ground as temperature at tree top height is cooler than at ground level. (f)



Water.



In night IR imagery, water ranges in tone from light grey to white as a result



of its high emissivity and good heat transfer properties. Conversely by day, water appears dark. The main source of IR energy in daytime is reflected solar radiation and water is a poor reflector at IR wavelengths.
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32.



Man made, heated, objects such as buildings and vehicles are easily seen in IR images,



however the same applies to living things, such as farm animals, and it can be difficult to distinguish between these groups other than at close range due to the relatively poor IR resolution, and the blooming and halation effects referred to earlier.



FORWARD LOOKING INFRA-RED (FLIR)



Optical System Requirements 33.



The optical system collects the IR radiation and focuses an image onto one or more



detectors. The problems inherent in achieving this are more severe than those encountered in visiblelight optics. The bandwidth in which FLIR operates, 8 - 13 µm, is significantly wider than that in the visible band 0.4 - 0.7 µm, and this increases the optical design problems. Conventional glass is essentially opaque to IR at wavelengths in excess of 3 µm and thus special materials must be employed which generally have higher refractive indices than glass. The combination of relatively wide bandwidth operation and high refractive index optics results in much greater aberrations than have to be contended with in visible-light optics. Furthermore, many of the materials suitable for IR optics are not ideal for military and airborne applications where they may be subject to pressure, vibration, shock, and extremes of temperature.



IR Detection 34.



The detectors used in FLIR systems are made of semi-conductor material and are photo-



conductive, i.e. their electrical conductivity increases in proportion to the number of incident IR photons. Cooling is essential for optimum performance. Two of the main characteristics of a detector are its time constant and its detectivity. The time constant is a measure of the time required for the detector to respond to radiation on its surface, while detectivity is essentially a measure of sensitivity, i.e. the amount of incident IR energy necessary to generate an output signal over and above the detector noise. 35.



Although IR Charge Coupled Devices (CCD) are under development, current FLIR systems



use a rectilinear scanning action to examine the field of view. The two most common techniques (Fig 27-7) are: (a)



Serial processing.



In this a single detector or a linear array using time delay



integration (TDI) is used to scan a scene line by line and element by element. (b)



Parallel processing.



In this an array of detectors is used to scan the scene



element by element. Usually, the elevation field of view is covered by the line array and the scanning action covers the azimuth field of view.
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36.
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processing



produces a good quality TVlike display but requires very high speed scanning calling for detectors of very short time



constant



detectivity.



or



high Parallel



processing allows a slower scan



rate



but



requires



multiple channels to handle the simultaneous line output signals,



and



signal



processing is complicated by the inevitable differences in performance of the detectors forming the array. Fig 27-7: FLIR Scanning Principle for Parallel Processing 37.



In practice the detectors remain stationary and the scanning is achieved by mechanical



movement of an optical system. Such electro-mechanical hardware carries a significant penalty in terms of reliability and weight, and much effort is being directed towards the development of nonscanning, solid state, devices, which in addition may dispense with the need for cooling.



Display 38.



FLIR imagery is presented on a CRT as a real-time raster scan in a similar manner to TV.



The display is usually arranged such that an increase in relative temperature corresponds to a transition from black, through shades of grey, to white. This tonal correspondence can be reversed if it is considered appropriate for particular applications.



INFRA-RED LINESCAN (IRLS)



Introduction 39.



Infra-red Linescan (IRLS) is a passive, airborne, infra-red mapping system that scans the



ground along the flight path and produces a high resolution film map of the terrain. Radiated infra-red energy from the ground is received by an optical scanner in the IRLS and detected in the 8-13 µm band.
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Recording and Display 40.



Instead of an instantaneous view of the



entire area beneath the aircraft, narrow strips are scanned by a rotating mirror assembly. These scans are perpendicular to the heading of the aircraft.



The forward motion of the aircraft



accounts for the scanning strips being parallel to each other in the line of flight.



This linescan



procedure is shown in Fig 27-8. the equipment scans an area of about 60o either side of the nadir (a total 120° scan).



Fig 27-8: Infra-Red Linescan Techniques



At any instant, the



optical system is collecting IR radiation emitted from a small rectangular area on the gound. The area is called the Instantaneous Field of View (IFV).



The IFV is an important factor in



determining the resolution of the system and is proportional to the altitude of the aircraft (Fig 27-9).



Height Limitation 41.



Fig 27-9: Instantaneous Field of View (IFV)



The IRLS system is intended to be used at low levels but is capable of being used at medium



altitudes. The Velocity / Height (V/H) range is in the order 0.06 to 1.6 knots per foot, equating to heights between of 200 and 5,300 ft at 320 kts.



Operation 42.



Detection.



The IR energy is focused by the scanner optical system on to two detectors



which change the ground emissions into fluctuating electrical signals. Objects emit infra-red energy if they are above a temperature of absolute zero (-273°C / 0K). In order to reduce interference from the inherent infra-red emissions coming from the detectors, they are cooled in a cryogenerator and helium is usually used to refrigerate them to as close to 0°K as possible. This action brings the sensitivity of the detectors within satisfactory limits. If the cooling system fails, the results become unacceptable in a very short time. One detector provides a wide, and the other a narrow, field of view of the ground along track. Infra-red energy in the 8-13 µm band radiated from successive IFVs is received at the detectors in the IRLS. The size of the IFV at any given time is determined by which of the two detectors is selected. The selection is made automatically and depends on the V/H ratio.
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Video and Film Presentation.



The detected energy is processed in the receiver to obtain a video signal which is fed to a recorder where, after correction, the video is displayed on a CRT. The displayed video is optically focused on to film moving at a speed dependent on V/H.



Flight data digital inputs (mainly



aircraft position, height and heading) are projected by the optical system on to one edge of the film. Similarly, fiducial and event markers are projected on to the film



between



the



video



and



data



recordings. The result is an annotated continuous map of the terrain. An IRLS frame, with data markings suppressed, is shown together with a comparative photograph in Fig 27-10.



Conclusion 44.



In



tomorrow’s



battlefield



the



radio and radar spectrum will be flooded



Fig 27-10: Infa-Red Linescan



with counter measures. However, due to ever increasing mobility and light operations round the clock surveillance will be required. In this environment, IR promises a valuable contribution. It is passive, provides true target identification, works in pitch black conditions and even provides limited visibility into foliage and through camouflage. 45.



Future generations of equipment will see improvement in detectors. A break through in cost



reduction is hoped by researchers trying to use the 3-5 microns ‘window’ by increasing the efficiency of sensors that do not require expensive cyrogenic cooling. Mechanical linescan will give way to electronic scan techniques over the end of the decade, further decreasing costs. 46.



IR systems do have their limitations, but its greatest advantage is that it’s performance cannot



be degraded intentionally, as yet.
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CHAPTER 28



LASER Introduction 1.



The laser is a device that emits an extremely intense beam of energy in the form of electro-



magnetic radiation in the near ultra-violet, visible or infra-red part of the electromagnetic spectrum. The word LASER is an acronym derived from the definition of its function, Light Amplification by Stimulated Emission of Radiation. The word has been so integrated into the English language that it is no longer written in capital letters, as are most acronyms. Indeed, in technical circles, its use has spawned a verb, to lase, which describes the action of using a laser. Unlike the radiation from other sources, laser light is monochromatic (single wavelength), coherent (all waves in phase), and highly collimated (near parallel beam).



Since the first laser was constructed in 1960 in California the



development has been rapid and uses have been found in a wide variety of civil and military spheres, including surgery, communications, holography and target marking and range-finding. In order to understand the principle of operation of a laser it is first necessary to appreciate some aspects of atomic structure and energy levels.



Atomic Energy Levels 2.



The atom consists of a central nucleus containing positively charged protons and neutral



neutrons. Surrounding the nucleus are negatively charged electrons. The number of protons and electrons are equal thus resulting in a net zero charge on the atom as a whole. The electrons have a certain energy level due to the sum of their kinetic energy and electrostatic potential energy. However electrons within an atom are constrained to exist in one of a series of discrete energy levels. In normal circumstances the electrons will adopt the minimum energy levels permitted and the atom is then said to be in its ground state. In order for electrons to enter a higher energy level, energy in one form or another has to be supplied. If such a transition to a higher energy level occurs the atom is said to be in an excited state. 3.



Conventionally the energy states of an



atom can be shown on an energy level diagram as shown in Fig 28-1. The horizontal lines represent the permitted energy levels, increasing upwards, separated by varying energy differences, ∆E. The horizontal extent of the lines has no significance.



Fig 28-1: Atomic Energy Levels
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The base line is the ground state i.e. the lowest energy level in which atoms will normally be found (A in Fig 28-1). By supplying energy it may be possible to excite an atom (B in Fig 28-1) into a higher energy level. This process is known as absorption.



Emissions 4.



Spontaneous Emission.



An atom in an excited state is unstable and will have a tendency



to revert to the ground state. In doing so, it will emit the excess energy as a single quantum of energy known as a photon, a process known as spontaneous emission. If a large population of atoms are excited into higher states, as for example in a fluorescent lighting tube, then they will occupy a wide band of energy levels. On undergoing spontaneous emissions, some will revert to the ground state directly whilst others will drop via intermediate levels. In either case photons will be emitted with a wide range of energy levels corresponding to the various energy level differences. The frequency of the emitted energy is determined by the Planck-Einstein equation: E



=



hf



Where E



is the photon energy



f



is the frequency



h



is Planck's constant.



(28.1)



Thus in a fluorescent tube, as there are a wide variety of energy level transitions, there will be a wide variety of frequencies in the emitted light giving the impression of white light. It should be noted that what transitions occur and when they occur is a random process. Equally the direction in which the emitted photon is radiated is also random. Thus the radiation generated by spontaneous emission is isotropic (i.e. radiating in all directions), non-coherent and covers a wide frequency band. 5.



Stimulated Emission.



As early as 1917 Einstein predicted on theoretical grounds that the



downward transition of an atom could be stimulated to occur by an incident photon of exactly the same energy as the difference between the energy levels. It is this type of emission that is exploited in lasers. This process is shown in Fig 28-2. It should be noted that the incident photon is not absorbed and so for each incident photon, two photons are emitted each of which can stimulate further emissions providing that there are atoms in the higher energy level.



Furthermore these



emitted photons have the same energy and therefore frequency, the same phase and are emitted in the same direction as the incident photons. These are of course the characteristics of laser radiation.



Fig 28-2: Stimulated Emission
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Laser



In the normal course of events, however, most atoms are in the



Population Inversion.



ground state and so incident photons are more likely to excite a ground state atom than to induce stimulated emission. It is therefore necessary to ensure that there are more atoms in the appropriate higher energy level than in the ground state, a situation known as a population inversion.



The



process by which this is achieved will be described with reference to the ruby laser which was the first lasing medium to be used. 7.



Fig 28-3a illustrates the normal configuration with respect to the



Optical Pumping.



chromium atoms within a ruby crystal. The diagram shows a number of atoms in the ground state and a number of as yet unoccupied higher energy levels. It should be noted that the energy levels in Fig 28-3 refer to the energy of the atom as a whole and not to the energy levels of the constituent electrons. At the start of the process the ruby is subjected to a burst of intense white light generated by a system similar to a photographic electronic flash gun. As the white light comprises a wide range of frequencies then a whole range of energies will be imparted to the ground state atoms. Some of these atoms will therefore be excited to a range of higher energy levels (Fig 28-3b), a process known as optical pumping. 8.



The Metastable State.



From these higher energy levels spontaneous emissions will occur



but whereas some will be due to transitions to the ground state, in the case of chromium the majority will decay to an intermediate level known as a metastable state as shown in Fig 28-3c from which atoms



may



emit



photons



at



random. Nevertheless, this state, apart from being a preferential level, has the additional feature that atoms tend to remain there for a longer time (by a factor of some 1000’s) than they do in any other level other than the ground state.



In this way a population



inversion is achieved i.e. there are more atoms in the metastable state than in the ground state. 9.



Lasing Action.



Fig 28-3: The Stages of Operation in a Ruby Laser



Inevitably at some time an atom in the metastable state will make a



spontaneous transition to the ground state with the emission of a photon. This photon can now do one of two things, it can either excite a ground state atom into a higher level or it can stimulate an
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excited atom in the metastable state to make a transition to the ground state. Since a population inversion has been achieved, then on balance it is more likely to stimulate emission than to be absorbed by a ground state atom (Fig 28-3d). Thus lasing will be initiated. At the end of this process all of the atoms will be back in the ground state ready for further optical pumping to start the cycle again. 10.



Other Techniques.



Optical pumping is not the only means of achieving a population



inversion. The helium-neon laser, for example, uses a different method. The medium in this case is a mixture of helium and neon gases of which the neon is responsible for lasing. Energy is input to the helium by means of an electrical discharge and the energized helium atoms transmit their excess energy not by radiation but in collisions with neon atoms. The neon atoms are excited to a high energy level such that there is a population inversion between this level and an intermediate level rather than with respect to the ground state. Stimulated emission therefore occurs between these two higher levels. Atoms in the bottom lasing level eventually decay spontaneously back to the ground state. 11.



The system so far described produces monochromatic and coherent radiation, however it is



not very intense and is not emitted as a beam. This is because the stimulating photons are incident upon the atoms from random directions and so the emitted photons follow, likewise, random directions. In addition there will of course be a proportion of random spontaneous emissions. It is therefore necessary to ensure that as many photons as possible are travelling in the required direction. This is achieved by having the lasing medium within an optical resonant cavity.



The Laser 12.



The features of



the working laser are shown in Fig 28-4. The optical resonant cavity is achieved



by



placing



mirrors at each end of the These



lasing



medium.



mirrors



Fig 28-4: Laser Schematic



are



separated by an integral number of ½ wavelengths of the laser radiation and are accurately aligned perpendicular to the laser axis. One of the mirrors is semi-transparent. Photons travelling normal to the mirrors will be reflected backwards and forwards through the cavity and in the process will stimulate further emissions which will radiate in the same direction. The n X ½ wavelength nature of the mirror separation ensures that the radiation stays in phase. Off axis radiation will soon be lost to the system through the side walls allowing the axial radiation to increase rapidly in relation to the nonaxial radiation. The semi-silvered mirror allows the highly directional beam to leave the cavity.
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Q-Switching.



Laser



A typical ruby laser as described will have a nominal output power of several



kW and a pulse length in the order of a millisecond. For many applications it would be beneficial to increase the power by reducing the pulse length. The technique used to achieve this is known as Qswitching. Between the lasing medium and the fully silvered mirror is a glass cell containing a green dye. Although the lasing action starts once the pumping commences, the green dye absorbs the red laser light preventing the build up of energy in the resonant cavity. In doing so the molecules in the dye are raised to an excited state. The concentration of the dye is arranged so that the dye molecules are all excited coincidently with the maximum number of atoms of chromium being in the metastable level. At this point the dye becomes transparent to the laser wavelength and there is then a very rapid build up of lasing action. The pulse of laser radiation is delivered in about 10 nanoseconds, before the dye molecules return to the ground state and shut off the laser.



The output power can be



increased to the 100s of mW order by this technique.



Properties of Laser 14.



Before we come to the application of laser it is essential to know the peculiar properties of



laser. (a)



Operating spectrum.



The Laser operates in the light region of the spectrum from



half of infra-red to half of ultra violet. X-Ray and Gamma-Ray Lasers are also in production these days. (b)



Coherency.



Conventional light source produces incoherent light, which means that



the light is a mixture of waves at various frequencies that reinforce or cancel each other at random. Coherency is of two types, Time coherency and Space coherency. Time coherency is when all waves are of same frequency. Spatial coherency means that the waves are of same frequency and also are in phase. The very mechanism of Laser action produces space coherent signals. (c)



Beam collimation.



The output beam from the laser is very directional and



collimated. This comes about because the photons that constitute the output have made many passages in the resonant cavity along the axis. Also those photons which deviate from the axis are passed out from the sides. The beam being well-collimated means that it spreads very little as it is being propagated through space. In contrast to other sources of electro magnetic energy this collimation comes naturally to Lasers. (d)



Intensity.



In an ordinary source of light such as a lamp or for that matter sun, the



energy is distributed over a number of wavelengths and in various directions. But in a Laser due to the coherent and collimated nature of the beam very high intensity of energy can be concentrated on a particular wavelength over a small area and can be propagated to large distances. To give a comparative idea, the sun produces about seven KW / cm2 out of which
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the energy received at earth is 0.1 KW / cm2. The Laser produces intensity to the order of 30 KW / cm2 or more. (e)



Monochromatic.



Mono means one and chromatic means colour. Therefore



monochromatic light is a single non-varying frequency in the region of the spectrum. 15.



Having seen the Laser properties, let’s see what are the requirements for a basic Laser



device. (a)



Material with Suitable Energy Level.



As the energy level of the material in its



ground and exited state would determine the quantum of the energy or the frequency of energy emitted, the material properties must fulfil the desired output. Present day Lasers are of solid, gases, liquid or semi - conductor type. (b)



Means of Producing a Population Inversion.



As studied earlier it is a must to



have number of atoms in excited state. This action is called pumping and is achieved by various means. (c)



Means of stimulation.



The excited electrons need to be stimulated to release the



energy in steps. This is generally achieved by self-stimulation.



Types of Lasers 16.



The number of materials in which laser action has been observed has grown rapidly during



recent years, and is likely to grow further for several years to come. However, the main types with avionics applications are as follows: (a) The Solid-ionic laser. (b) The Gaseous laser. (c) The semi-conductor laser. (d) The Liquid laser. 17.



Solid State Lasers.



The



solid state or solid ionic lasers usually employ ions doped into a host crystal to provide stimulated emissions.



The Chromium Ruby



laser, described earlier at paragraph 7, was the first solid state laser to be produced commercially.



Crystal or



solid state lasers generally provide



Fig 28-5: Typical Solid State Laser
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high-energy outputs. This type of laser was not suitable for airborne use as a high power output would require a long rod which was difficult to manufacture successfully and the type of PRF would cause the rod to overheat and crack. Nd-Yag laser does not suffer from the problems of a ruby laser hence it is used in present military applications like range finding and target designators. 18.



Gaseous Laser.



In this



type of laser the active medium is gas.



A



power



Supply



pumps



energy into the active medium, exciting the active atoms and rendering amplification possible (Fig 28-6). The laser, normally functions as an oscillator rather than



an



amplifier



and



is



consequently a source of coherent



Fig 28-6: Typical Gas Laser



light rather than an amplifier of existing light signals. To achieve oscillations, mirrors are placed perpendicular to the axis of the active medium to form an optical resonant cavity. Stimulated emission in the active medium results in the required amplification, whereas the mirrors supply the feedback required for regenerative action and oscillation. These features combine to differentiate the laser from other sources of light and lead to the singularly intense light, typical of lasers. The Gaseous lasers are subdivided into three classes: (a)



Neutral Gas Laser : Helium - Neon (He-Ne) system.



(b)



Ionized Gas Laser : Argon - ion system.



(c)



Molecular Gas Laser : Carbondioxide (CO2) system.



The main features of the Neutral and Ionized systems are as follows: (a)



They are cheap and relatively simple to produce.



(b)



They have low power and low efficiency.



(c)



They operate in the IR and Red areas of the spectrum.



(d)



They emit at wavelengths of 0.63 µ for HeNe and around 0.46 µ for Argonion



systems. (e)



These usually operate at room temperatures, mostly used in CD players and laser



printers etc. The CO2 laser has a much, higher efficiency and therefore potentially more powerful. It operates in the IR portion of the spectrum at a wavelength of 10µ. Gaseous lasers, with reference to solid state lasers, have fewer atoms per unit volume and their emission lines at low pressures are much narrower than those of solid-state lasers. Due to its high-energy output, they are used in cutting, welding and drilling of metals.
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19.



Semi-Conductor Laser.



These lasers were developed from work carried out on LED



displays. Most attention has been focused on the Diode (injection) lasers as they are the simplest to operate, the lightest, most compact and most efficient of all known lasing devices. In addition if Gallium Arsinide is used, then both, pulsed and CW outputs at 0.85µ to 0.9µ wavelengths can be obtained at room temperature although efficiency is increased by reducing the operating temperature to 770K. The present disadvantage of semiconductor lasers is that they tend to be low power devices. Laser communication uses this form of laser as it can be easily modulated. 20.



Liquid Lasers.



Neo dymium based liquid laser systems have been in existence for a



considerable time. A more recent and potentially useful development is the fluorescent liquid dye laser. A typical dye laser employs a special flash lamp system, which emits extremely intense flashes of microsecond duration, or less, to irradiate a flowing liquid dye. The flowing dye technique is used to reduce thermal effects in the liquid and to avoid bleaching effects. The main attraction of dye lasers is their tunability - the property of producing laser light whose wavelength can be varied over a broad wavelength range. Tuning is achieved by varying the concentration of dye within the liquid. These lasers can thereby be tuned over a wide range of the UV, visible and IR regions. However, two main problems have to be overcome before such systems can be operational, these are the difficulties of controlling the flow rate of the liquid and the degree of turbulence within the flowing liquid. Active molecules are dissolved in ordinary solvents such as water or alcohol. The principal advantage is that the medium itself can be circulated for cooling. Disadvantage is that they are corrosive and toxic.



Laser Applications 21.



Depending upon various Laser materials, range of frequency, power rating, and the degree of



coherency Laser can be categorized and its application decided. In the study of Laser applications we will consider only the military application, giving more emphasis on the futuristic trends. Laser in its application utilizes the technique of electronic and optics and retains the advantages of both. Various applications of laser are listed below. The two properties of lasers, which hold wide usage in the military field, are: (a)



Its coherent nature whereby a narrow beam of laser does not spread and diffuse like



ordinary light, dissipating energy. Hence it is penetrative and very highly directional. (b)



The potential to pack a lot of power in this narrow directional beam making it



destructive, this destructive power travelling at the speed of light. 22.



Some of the applications of laser in the battlefield are as follows: (a)



Laser Communication.



(b)



Laser Ranging.



(c)



Laser Marked Target Seeking (LTMS).
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(d)



Laser Guided Bombs (LGB’s).



(e)



Laser Gyros.



(f)



Laser Radar (LADAR).



(g)



Laser Airborne Depth Sounder (LADS).



(h)



Ballistic Missile Defence (Star Wars).



Laser Communications.



Laser



Since Laser is a high frequency wave it can be used for



communication like any other carrier wave. Due to its peculiar characteristics the Laser systems has the following added advantages: (a)



Due to very high frequency of carrier the available bandwidth is higher.



(b)



Due to well-collimated nature of Laser, there is no interference between two sources.



Therefore two transmitters need not be located far off from each other even when operating on the same frequency. (c)



Due to the very long range possible it can be effectively made use of in space



communication. 24.



Laser Range Finder.



The rangefinder uses a pulsed laser transmission to determine range



in the same manner as pulse radar, i.e. by measuring the time interval between the transmission of a pulse and its reception. The measured range can be shown on the head-up display, if fitted, and is fed to the weapon aiming computer for use in aiming calculations. Ranging accuracy is in the order of 3 m. 25.



Laser Marked Target Seeking.



Laser radiation is monochromatic, coherent and capable of



being transmitted in a beam with very little divergence (typically less than 0.5 mrad). This latter characteristic, in particular, makes lasers suitable for illuminating discrete targets by concentrating a considerable amount of energy into a small spot such that the reflected energy can be detected by a suitable seeker head. The normal method of use is for a target to be illuminated by a Laser Target Marker (LTM) operated by a ground based forward air controller, and for an attack aircraft to locate the target using its on-board seeker equipment. 26.



LRMTS.



The Laser Rangefinder and Marked Target Seeker (LRMTS) is an equipment,



fitted into the nose of ground attack aircraft, which is able to seek for, and lock onto, the laser energy reflected from an illuminated target and, in addition, has its own laser transmitter which is used as a rangefinder. It is an integral part of the aircraft weapon aiming system and is, therefore, harmonized with other parts of the system such as the radar and head-up display. The laser is a neodymium doped yttrium aluminium garnet (YAG) device which produces a pulsed output with a wavelength of 1.06 microns in the infra-red region, and a PRF of 10 pulses per second. The LRMTS is usable at ranges up to about 9 km although this will be reduced by smoke, fog, haze, and clouds. The seeker
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part of the system has a gyro-stabilized optical system which, in addition to keeping the laser stabilized in direction despite aircraft manoeuvre, also permits the seeker head to be steered in azimuth and elevation either by direct commands from the crew, or in response to the weapon aiming system’s estimation of target position. The pointing direction of the head is indicated by a symbol on the head-up display. Once the energy from a marked target is within the instantaneous field of view of the seeker head (typically 18°) the head will lock onto and track the illumination; lock-on is indicated to the crew by the head-up display symbology. It is clearly important that the seeker only detects the intended target and ignores any other laser energy in the area. In order to fulfil this requirement the LTM transmission is pulsed, and the PRF is modulated according to a code set into the equipment. The seeker is instructed to react only to laser energy with the selected PRF modulation. 27.



Laser is also being used as a means of providing guidance to the



Laser Guidance.



weapons. A laser beam designates the target and the weapon either rides this beam or has a seeker of its own using which, after lock on, they steer themselves towards the target. 28.



Ring Laser Gyro.



The ring laser gyro is now a serious competitor to conventional gyros for



a number of applications including aircraft inertial navigation systems and attitude - heading reference systems. The ring laser gyro has no moving parts and is therefore particularly suitable for strap down inertial navigation systems. (a)



Principle of Operation.



The laser gyro makes use of the high sensitivity of the



laser's oscillating frequency to variations of the dimensions of its resonant structure. The resonant structure consists of an optical system of three or more mirrors in which a light wave can travel continuously along a closed path in both clockwise and anti-clockwise directions. The closed path is filled with ionized helium-neon gas which provides gain over a very narrow bandwidth. The assembly can oscillate at any frequency within this bandwidth. By careful control of both gain and the circumference of the closed path a condition can be achieved where the gain is only high enough to sustain oscillation at one resonant frequency. If the ring laser is stationary the resonant frequency for both clockwise and anti-clockwise waves are identical. If the ring laser is rotated about an axis perpendicular to the plane of the closed path, the resonant frequencies of the clockwise and anti-clockwise waves are different. This is because the light travelling in the direction of the rotation must travel a slightly longer path to complete one revolution, while the opposite wave will travel a shorter path. Thus the frequencies of oscillation are determined by the rate of rotation of the assembly. (b)



Advantages.



The advantages of Ring Laser Gyro are:



(i)



Performance is unaffected by high ‘g’.



(ii)



It has no moving parts and therefore high reliability and low maintenance



requirements. (iii)



It has a rapid turn-on time.
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Laser Radar.



Laser



The system consists of a laser, which is projected through an optical scanner.



The scanner has a pair of rotating mirrors, which make the laser beam to scan the entire field of view in a pattern similar to the TV scan. The reflected energy is collected, split, expanded and analyzed. An image is then built up by measuring the range of every point in the field of view. Some of the unique properties are:(a)



Due to its shorter wavelength its resolution is very high. It can detect as small a target



as power lines. So in future it can also be used for terrain following, navigation and targeting by aircraft. (b)



Like FLIR system (described in the chapter on Electro Optical Systems) the laser



radar can also operate in the absence of daylight. Although the FLIR gives more realistic picture, a laser can produce a three dimensional image. If both could be combined the out come would be the very realistic 3-D image. (c)



The Doppler frequency shift of returning pulse can be detected. It has been claimed



that laser radar can detect relative velocities from 5 Miles/sec to 0.0001 inch/sec. This high degree of accuracy can be used in space operations like docking where precise knowledge of relative velocities is required. (d)



It can also be used in weather radar's to detect clear air turbulence that cannot be



detected by present day radars. 30.



Laser Dazzlers.



This type of equipment provides soft kill against sensors, night vision



devices and personnel, causing temporary visual disablement or permanent eye damage. 31.



Laser Airborne Depth Sounder.



Laser can be used to detect Sea mine and Submarines



as they can penetrate seawater to substantial depths. LADS is an airborne mapping system based on the use of laser to provide depth measurement for charting waters. This can be used by day or night and provides depth measurement from 2 to 50 meters with accuracy to within 1 meter.



Laser Countermeasure 32.



Lasers are currently used in target designators, rangefinders, and communications links.



However laser damage weapons may become operational in the future, either in the form of eye damage weapons, or as high energy lasers capable of inflicting a ‘hard kill' against equipment. Military lasers operate in the visible or infra-red bands and the radiation is subject to the same attenuation and scattering effects as non-coherent radiation in these bands. Laser countermeasures generally use one or more of the following techniques: (a)



Absorption.
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(b)



Reflection.



(c)



Ablation.



(d)



Jamming.



Absorption.



Rangefinders, designators, and communications links can be disrupted by the



use of smoke, the particles of which are able to absorb and scatter the beam. However, it seems unlikely that active smoke dispensers could be employed by high speed aircraft, although some protection may be afforded by clouds and perhaps by the smoke of battle. Land targets on the other hand may well be able to use smoke screens as a viable countermeasure. Eye damage weapons could in theory be countered by the use of narrow band filters built into the aircrew visor or into the aircraft cockpit. However, the wide range of laser frequencies available would entail the use of a large number of filters, and the total light attenuation would be unacceptable. Devices which darken when light falls on them have been proposed but at present their reaction time is too slow. The most promising current line of development is to decouple the eyes from the outside world by using some form of indirect viewing system. Such a system could be made more tolerant to high laser energy levels than the eye. 34.



Reflection.



A possible counter to laser damage weapons is to use highly reflective aircraft



finishes, although these are not effective against designators and trackers.



Unfortunately these



reflective finishes are difficult to maintain in practice, particularly in a combat situation, and of course defeat any attempt at visible camouflage. 35.



Ablation.



Ablative coatings are a possible counter to ‘hard kill' laser damage weapons.



These coatings absorb the incident energy and either melt or flakes away and thereby protect the underlying structure. The technique has the disadvantage of imposing a significant weight penalty. 36.



Jamming.



Rangefinders, designators, and communications links employ amplitude or



frequency modulation and are therefore theoretically susceptible to jamming. Unlike radars, however, laser systems have no sidelobes and the jammer must therefore be placed in the narrow main beam. If this can be achieved, and the laser wavelength is known, noise jamming is relatively easy. Deception jamming is difficult since the laser uses a very high frequency and very wide bandwidth and therefore very complex coding. 37.



Research is being carried out on several other applications of lasers such as: (a)



Laser altimeters for use in ground proximity warning and Auto-land systems.



(b)



Doppler line-scan technique.



(c)



Laser line-scan technique.



(d)



Obstacle detection and terrain avoidance.
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Safety Aspects 37.



Research has shown that the eye is the organ most susceptible to damage from laser



radiation. Radiation of wavelength less than 1.4 µ is incident on the eye then retinal damage may occur and therefore great care must be exercised when using laser equipment. However, laser with wavelength more than 1.4 µ are greatly attenuated by the ocular fluid and therefore are less dangerous. This is one of the main reasons for the present research into CO2 and other lasers which operate beyond 10 µ.
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CHAPTER 29



HEAD-UP AND HELMET MOUNTED DISPLAYS Introduction



1.



Normal cockpit displays entail the pilot dividing his time between observing the outside world



and reading the instruments. Thus the pilot’s eyes have to frequently switch between reading instruments situated at no more than a few feet away, and surveying the outside world, which is effectively at infinity. This requires not only a change of focus, but also an adjustment to light conditions which are often considerably different. It is a far more satisfactory arrangement if the instruments are read under the same conditions of focus and illumination as the outside world. This can be achieved by the use of head-up or helmet mounted displays.



THE COLLIMATED HEAD-UP DISPLAY



Principle



2.



The collimated head-up display (HUD) is a development of the gyro gunsight and is used to



project an instrument display at the pilot’s eye level. The symbols are produced in a waveform generator, displayed on a CRT, and reflected on a glass screen in front of the pilot. The symbols may be driven by a variety of aircraft sensors (e.g. IN, ADC, Radar, LRMTS) to provide aircraft attitude, altitude,



and



velocity,



together



with



navigation and weapon aiming information. A control unit is provided to allow the pilot to select the appropriate symbols for any particular stage of flight. Initially, the display



brightness



can



be



adjusted



manually by the pilot, after which it is controlled by a photocell to compensate for changes in the illumination of the outside scene. Fig 29-1 shows a block diagram of a typical HUD installation.



3.



Fig 29-1: Block Diagram of Typical Fighter Aircraft HUD Installation



The pilot’s display unit (PDU) incorporates a very bright CRT to ensure that the symbols can



be viewed against a very high background brightness, equivalent to sunlight on cloud. The reflector, or combiner glass, is semi-transparent and reflects the CRT image while allowing the outside world to
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be viewed through it. The presented image is collimated, i.e. focused at infinity, so that the CRT symbols and the outside scene can be viewed as a composite image, without the need to change eye focus.



4.



The optical system in the HUD may be either refractive (lenses and prisms) or diffractive



(holographic). Reflective optics have been used, but any advantages in terms of field of view (FOV) have been outweighed by considerations of size, cost, weight, and optical efficiency.



5.



In addition to symbolic displays, the use of holographic technology has the potential to allow



sensor imagery to be shown, such as LLTV, FLIR, or radar.



Refractive Optics



6.



The use of refractive optics is still the most common technique although there are



disadvantages in terms of restricted field of view, low optical efficiency, and bulky, heavy components.



7. of



Field of View. view



refractive



of HUD



a



The field



conventional is



determined



principally by the size of the output lens, and the distance between it and the eye (via the combiner). The reflected output lens acts as a porthole through which the virtual image produced by the HUD is viewed (Fig 29-2).



Fig 29-2: Single Eye Instantaneous Field of View



As an example, for a 12 cm diameter lens at an eye to lens distance of 70 cm, the single eye FOV will be approximately 10°. In practice the total FOV in azimuth will be extended due to the separation between the pilot’s eyes, and a further increase will



Fig 29-3: Increased FOV due to Binocular Vision and Head Movement



result from small head movements (Fig 29-3). Some PDUs increase the vertical FOV by using a movable combiner glass. A servo mechanism moves the glass, thus shifting the FOV in the vertical plane and increasing the total, but not the instantaneous, FOV (Fig 29-4). The major problem with a limited FOV is that of marking a target, or updating from a visual pinpoint, which is at a large angle-off from the aircraft centre line. In addition, the effect of the porthole and the resultant restrictions on head movement can be tedious for the pilot. Thus within the confined cockpit space, the field of view (FOV)
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is constrained by two primary factors i.e. eye-tocombiner distance and the collimating lens exit optics diameter. As the distance from the pilot's eye is fixed by the ejection line, the only real way of increasing the FOV is to increase the collimating lens diameter. However, practical considerations in Instrument panel design, canopy design and lens optical characteristics



limits



the



FOV



to



about



20°



horizontally by about 15° vertically in a conventional cockpit.



8.



The instantaneous field of view (IFOV) is that



Fig 29-4: Increasing the Vertical FOV by Moving the Combiner



part of the total FOV which can be seen at anyone time (by either eye). The optical design, however, can give a larger FOV than this and head movement within the 'Head Motion Box' can allow the pilot to use the total FOV described above. The overall layout i.e. CRT, lens and combiner/optics positioning is designed to be viewed from the ‘Design Eye Position’, around which the whole cockpit will have been formed.



9.



Optical Efficiency.



In any optical system there will be losses in light transmission. Typically



only 40% of the light produced by the CRT will reach the pilot’s eye, and to compensate for this loss the CRT must be run at a very high output level, leading to a reduction in its life. Light entering from the outside scene may be reduced to about 70% which may cause a significant reduction in forward visibility.



10.



Size and Weight.



High quality lenses and prisms are heavy and expensive items, and since



the output lens and the associated optics must be mounted on the pilot’s side of the combiner, they tend to protrude into the cockpit. The equipment must be installed such that adequate clearance for ejection is maintained, while at the same time being close enough to the pilot’s eye to yield an acceptable FOV.



Reflective Optics



11.



It is possible to overcome some of the



disadvantages of this conventional refractive optics by replacing some or all of the lenses and prisms with curved mirrors. In particular the combiner glass can be made curved so as to act as a concave mirror to the CRT image but transmit the outside scene without distortion. Thus this curved combiner effectively acts as the



Fig 29-5: Reflective Optics HUD
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collimating element. The main advantage of this technique is that it removes the porthole effect of conventional HUDs, allowing much greater FOVs and more freedom of head movement. A simplified layout of a reflective HUD is shown in Fig 29-5.



12.



Difficulties in manufacturing the combiners and the requirements for the combiner-reflecting



surface to produce acceptable transmissivity has reduced the effectiveness of this type of reflective HUD. However, the development of holographic techniques has greatly improved reflective optics performance.



Diffractive Optics



13.



The trend in HUD construction is towards



the use of diffractive optics in which a holographic element, tuned to the frequency of the CRT light output, is used as the combiner (Fig 29-6). Compared to the refractive system, the holographic combiner has a higher transmission efficiency, improved reflectivity, and variable geometry. The combiner is produced by exposing a film of photosensitive emulsion to laser light under specific conditions. The recorded diffraction pattern in the emulsion has the property of acting as a mirror to light of the same wavelength as the laser



Fig 29-6: Diffractive HUD using Holographic Lens



used in production, while being transparent to light of other wavelengths. After development the film is sealed between glass plates, and the resulting unit is used as the combiner glass.



14.



The reflectance of the narrow band of CRT frequencies can reach 80%, while the



transmission of other frequencies from the outside world is typically in excess of 90%. Thus the technique allows CRTs to be run at lower power levels, with the attendant gains in life, and allows the outside scene to be viewed with only minimal reductions in brightness and contrast.



15.



The element can be produced in either a curved or a flat form as necessary to fit the space



available in the cockpit and this permits a wider FOV and less intrusion into the ejection line.



Writing Techniques



16.



Early HUDs employed cursive writing techniques, but modern HUDs include the ability to



write imagery using both cursive and raster writing techniques. However, the low luminance of raster scan makes its use limited for daytime operation. Raster scan HUDs are necessary, when it is desired to display LLTV, FLIR or scan converted radar displays. All HUDs include some form of computer
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(sometimes called the Waveform Generator, Electronics Unit). The main purpose of the computer is to form and position the symbology, as a result of the inputs from external sensors. The actual symbology generation may be "hard- wired" and changes therefore will be expensive and time consuming. Nowadays, HUD manufacturers have expanded their system's computing capacity to allow for extra tasks to be carried out. The most common extra task within the HUD system is weapon-aiming calculations, and there are now several HUD / WACS (HUD weapon aiming computer systems) available for retrofitting to older aircraft.



HUD Symbology



17.



A HUD can be designed to portray virtually any



information in an infinite variety of formats. The format used will vary from manufacturer to manufacturer, and from aircraft type to aircraft type. Furthermore the symbology may be amended during the lifetime of an aircraft as its role, or equipments change. It is not possible in this chapter to describe all of the displays available and therefore a typical fast jet format is illustrated in both a general and a weapon aiming mode.



18.



Fig 29-7 shows a typical HUD general mode



which would be used during all stages of flight except for weapon delivery. The symbology used is as follows: (a)



Fig 29-7: Example of Typical HUD Symbology - General Mode



Aircraft symbol denoting either the fore and aft aircraft axis, the aircraft velocity



vector, or some computed vector as required by a particular flight mode.



(b)



Horizon bars, representing zero pitch.



(c)



Pitch bars at 5° intervals with a 1:1 scaling.



(d)



Airspeed indication, either IAS or Mach No, both as a digital read-out and as a pointer



movement indicating rate of change.



(e)



Height. As shown, the display indicates barometric height, but alternatively radar



height may be shown, in which case the figures will be preceded by a letter ‘R’.



(f)



Angle of attack. The values associated with the scale will vary with aircraft type.



(g)



Vertical speed. The values associated with the scale will vary with aircraft type.
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19.



Heading (or track) scale with a superimposed steering bug (∪).



A HUD will have a number of different modes and



sub-modes, some of which will be selected automatically dependent on the mode of operation of the navigation and attack system, and others which may be selected manually. An example of an air-to-ground weapon aiming mode is shown in Fig 29-8 with the following symbology: (a)



Target Bar.



The gapped target bar



represents the system’s computed target position. Once the pilot can see the target, delivery



Fig 29-8: HUD in Target TrackingAcquisition Mode



accuracy can be refined by changing phase and slewing the target bar, now a solid line, to overlie the target, where it will be stabilized by the system.



(b)



Time Circle.



The time circle unwinds anti-clockwise from 60 seconds to release (50



seconds to release illustrated).



(c)



Impact Line.



The impact line represents the track along which the weapons will fall



and the pilot’s task is to fly the aircraft such that the impact line overlies the target position. The top of the line represents the minimum safe pass distance, and the gap 1½ times the pass distance.



(d)



Continuously Computed Impact Point (CCIP).



The CCIP represents the point on



the ground where the weapons will impact if released at that instant.



20.



The weapon is released, normally automatically, when the target bar and CCIP coincide. Until



then, the pilot must ensure that the impact line overlies the target bar, and, for safe clearance, that the CCIP and target bar coincide before the target reaches the top of the impact line. In some systems and modes additional symbols may be used, for example, to indicate LRMTS pointing and operation, air-to-air missile aiming, and gun aiming solutions, or to enable the navigation system to be updated by slewing the symbol to overlie a visual pinpoint.



HELMET MOUNTED DISPLAY (HMD) SYSTEMS



General



21.



With the increasing complexity of airborne detection and display systems and the associated



additional workload on the pilot, more and more designers are focusing on integrating sensor information into the flying helmet. This is aimed at removing the disadvantage of the Head-up Display
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(HUD) in that the display is only available to the pilot whilst he is looking at the HUD combiner and not when he looks away. Although not yet widespread in use, HMDs technology was first used operationally in attack helicopters where the need to meet ejection safety criteria did not exist. These HMD systems (Fig 29-9) allow the pilot to benefit from displays of aircraft symbology superimposed, on demand, on his normal field of vision. HMD systems {often termed Integrated Helmet Systems (IHS)} become an inherent part of the aircraft avionics and weapons systems enabling off boresight weapon aiming, target designation and pilot



Fig 29-9: Helmet Mounted Display



cueing, for example.



Displays



22.



To permit aircraft to operate throughout the 24 hour



spectrum a HMD normally incorporates a miniature cathode ray tube (CRT) and an image intensifier tube (IIT). The display of thermal imagery (TI) or output from other electrooptical (EO) sensors is provided to the pilot by means of the CRT. Miniature CRTs may present the forward-looking infrared (FLIR) imagery and also provide flight and weapon aiming information in a similar manner to a conventional HUD. Alone, the TI may be dangerous for the 24 hour mission since the emissivity of natural materials will vary over the period. A so-called zero contrast (or washout effect) during rainfall is sometimes observed especially during



Fig 29-10: IHS Configuration



twilight or at dawn. At these times, foreground is not detectable against background and, for example, pylons or cables become an extreme hazard. To overcome this, the IIT and TI may be combined. A HMD may be designed to allow the pilot to switch between IIT and TI at will, select both, or switch off the flight symbology altogether. In twilight or dawn periods it might be better to present only one sensor at any one time. The IIT works on a different principle from the TI and is better suited to adverse weather conditions during night or twilight. Thus, a true HIS will be configured with the day and night capabilities combined as shown in Fig 29-10. The TI and IIT images are integrated in Combiner 2 and the resultant image is superimposed on the direct view in Combiner 1. However there are drawbacks. High brightness is required because of the complicated optical train that HMDs use whether the image is displayed on a combiner eyepiece or on the visor. Between source and projection, the pathway can attenuate both brightness and definition affording a resolution of some 50% of that of the human eye. Moreover, once symbology is projected
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on to the eyepiece or visor, transmissivity to the real world is



affected.



The



dichroic



coatings necessary for image projection



and



the



laser



protection elements reduce real world transmissivity to about 70%.



Clearly,



some



compromise and adjustment is necessary to provide the right balance



of



real



world



Fig 29-11: Optical Paths and Attenuation



transmissivity and symbology brilliance. Fig 29-11 shows the combined optical paths and an example of their attenuation.



Protection and Comfort



23.



Wherever possible, all



electro-optical



parts



are



protected by the helmet shell. As few electronics as possible are actually located on the helmet.



Rather



they



are



mounted in a cockpit unit or main equipment bay electronic unit. A schematic diagram of the



Fig 29-12: Distribution of Components



layout is shown in Fig 29-12. In most cases the display module, containing the minimal electronic components, is clipped over the personalized helmet, thus allowing use by more than one pilot. The requirements of the display system have to integrate with the flying helmet in such a way that the fundamental properties of the flying helmet are not compromised. The aim is always to avoid an increase in weight whilst retaining helmet impact resistance. Therefore, equipment has to be positioned carefully to maintain the optimum helmet C of G and keep the helmet moment of inertia within acceptable limits. This is essential to avoid an increase in tiredness leading to loss of concentration and for safety in conditions encountered during ejection or during forced landings. Optical surfaces are either made of glass or optical plastics, the latter having the advantage of lower weight. The design must take into account the range of interpupillary distances and allow the eye to be positioned in the centre of the exit pupil with a correctly fitting helmet. The exit pupil is the optical ‘window’ through which the superimposed image is viewed. An exit pupil larger than 15 mm provides a very acceptable system in that if the helmet moves, the wearer does not suddenly lose the image. An increase in exit pupil necessitates an increase in weight so there has to be a sensible trade-off if comfort is to be maintained. Whilst helmet
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comfort is of paramount importance, in general the fitting requirements of HMDs assume more significance. The helmet fit, and therefore its stability, must be such as to maintain the eye(s) within the exit pupil(s). A visor (or visors) to attenuate glare and prevent eye damage from lasers is part of the helmet.



Tracking



24.



A HMD will not function without a helmet tracking system to determine the pilot’s head



position relative to the cockpit. Losses in the system which depend largely on processing power may result in the display lagging or jumping as the pilot moves his head. This is reduced by increasing the image refresh rate and introducing predictive algorithms. The potential of eye pointing has yet to be determined but it could provide a more natural method of designating objects. Furthermore, the natural stability of the eye could de-couple involuntary head motion (due to turbulence for example) from the aiming system.



Properties



25.



To give binocular advantage and to cover for failure, two CRTs (for the thermal or other



imagery) and two IIT units are usually fitted. When respective units are being employed separately the single image is still viewed from two different sources. A binocular capability is preferred to retain depth perception although there are systems which project symbology to one eye only. Monocular systems are satisfactory for short term tasks or during daytime. For enduring tasks, especially at night, such as en-route navigation, a binocular device overcomes binocular rivalry problems. Brightness and contrast are adjustable - or autocontrast can be selected to counter extremes of ambient light. A diagram of a typical IHS is shown in Fig 29-13. Overall, the HMDs requires the following properties: (a)



Parallelism of both IITs.



(b)



No obscuration of IIT and CRT based images.



(c)



Low weight and correct CG for helmet.



(d)



Parallelism and stability of combiners.



(e)



Combiners preferably in one plane but must have high stability.



(f)



Exact and easy adjustment of interpupillary distance if exit pupil is restricted.



(g)



Large exit pupil for flexibility.
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Optimum adjustment of combiners should not change on switching between IIT and



CRT channels.



(j)



Field of view between 35° and 40°, although lower figures can be acceptable for



specific tasks.



(k)



Helmet tracker system with low image lag rates.



Fig 29-13: Typical IHS
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FIBRE OPTICS Introduction



1.



The proliferation of electronic systems aboard aircraft and the growing spread of electrically-



signalled systems for calculation of flight control surfaces (fly-by-wire), are giving rise to increasing anxiety. This anxiety stems from the dangers of inappropriate or untimely connections, the ‘saturation’ of the on-board environment with electromagnetic emissions from all sources and the possible effects of lightning strikes.



2.



Transmission of information by electrical signals even in digital form is sensitive to



electromagnetic, and this fact is leading to the investigation of new, more reliable technologies. So far, only one such promising system appears to have emerged-the replacement of electrons nudging each other along a metal wire by photons traveling along an optical glass fibre.



3.



Fibre optics are not new to the aviation industry. Although the idea emerged in 1927, the two



important dates in the history of optical information transmission were 1960, when the first laser appeared and 1970, when commercial manufacture of silica-based optical fibres began.



Construction



4.



The conventional method of producing an optical fibre is by coaxial extrusion of two glasses



with differing refractive indices. The resulting fine fibre consists of a core having one refractive index (N1) surrounded by a sheath of glass with a different refractive index (N2); the whole fibre is wrapped in an opaque plastic covering. Since N1 is higher than N2, rays of light travelling along the core that happen to strike the interface between the two types of glass undergo total internal reflection. Thus, trapped, they must continue their passage along the fibre.



5.



An optical fibre is thus equivalent to an optical waveguide. Its characteristics qualities are : (a)



The attenuation of the signal during its passage from input source A to the outlet port



B (called ‘line loss’).



(b)



6.



The numerical aperture, which is the conical input acceptance angle of the fibre.



Attenuation is not the same for all wavelengths of light that may be employed, and the



numerical aperature, a coefficient of the form n Sin µ = N12 - N22 depends on the refractive indices of the glasses used.
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Not all fibres are constructed as simply as described above. They have all been developed to



solve differing problems.



Advantages



8.



Compared with current electrically conductive (metal) cables, optical-cables have a number of



significant advantages as listed below : (a)



Large band width capacity (upto several GHz Km), allowing them to transmit



significantly more information.



(b)



Minimal line losses, permitting long-distance links (in the tens of kilometers range)



without signal re-amplification en-route.



(c)



Smaller weight and volume, resulting in, lower infrastructure costs.



(d)



Complete immunity from electromagnetic interference, plus impossibility of inductive



tapping (characteristics that imply miltary applications).



(e)



High resistance to corrosion, which should translate into longer service life than



conductive cables and easier maintenance.



(f)



Lower capital cost.



Applications



9.



The first optical fibres produced were of the single-mode, step-index type, composed of



glasses of two different refractive indices and with a very slender core, only 3-10 microns (10-6 m) in diameter, the same size as the wavelength of the light transmitted. Small diameter optical fibres handle light beams much as conventional waveguides handle radio-frequency wavelengths. However, the small diameter presents serious problems in connecting one length of fibre to another.



10.



Large-core step-index fibres were developed to solve the problem of two interconnection



losses. These have a core of considerably larger diameter, between 50 and 200 microns (86 microns is a typical value). As before, the light is reflected internally at the interface the two types of glass with differing refractive indices, but due to the greater core diameter the rays tend to follow a more pronounced zig-zag path along the core. But since individual rays will follow different paths with differing length, there will be a spread of pulses arriving at the receiving end, which limits the capacity of the system.
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New types of multimode fibres have been developed in an attempt to reduce the



shortcomings of the step-index type in these new varieties, the refractive index reduces progressively outwards from the core. With graded index fibres, the light rays follow a sinusoidal path, equalizing the transmission time for the different modes. This limits the pulse spread and makes it possible to transmit a wider bandwidth.



12.



Optical fibres with a bandwidth in 3000 MHz area are available. Band width is inversely



proportional to length. Users can choose from a variety of fibre types depending upon the scope of application.



Fibre Optics in Aviation



13.



Aviation industry has a large variety of application of fibre optics. On the ground it can serve



as data links to transmit radar data. Optical fibre are also useful for tactical telecommunications. The cable used for linking various ground units are laid rapidly by unrolling them from helicopters.



14.



The most important airborne application that has emerged is to replace ‘fly-by-wire’ by ‘fly-by-



light’ techniques. Such an application would eliminate the problem of interference with electrical signals created by the increasing use of on-board electronic systems.



15.



R & D going on to introduce fibre optics in the avionics industry (Avionics are likely to give



way to optronics !! )



Conclusion



16.



Electronic system on-board the ac interfere with the electrical signals of various systems.



Developments to eradicate this problem led to the emergence of fibre-optics as a leading contender. The applications of fibre optics in the fields of telecommunications, ac systems and avionics could well revolutionize the aviation industry in the near future.
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