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PLACE

POSITION LOCATION AND AIRCRAFT COMMUNICATION EQUIPMENT

1. INTRODUCTION

The large variety of commercial aircraft types, the wide range in their
performance characteristics, and the ever increasing density of air traffic,
particularly over the North Atlantic area, has spurred an intense search for
improved air traffic control techniques. A necessary first step in this direc-
tion has rect ntly been achieved through successful communications with aircraft
in flight by relay through the ATS-1 satellite. These tests have vividly demon-
strated the potential contributions that synchronous satellites can provide in the
future. I~rwever, an essential feature of a complete air traffic control system
which is yet to be demonstrated is an ability to continually determine the loca-
tion of all aircraft in the system and to monitor their positions relative to each
other. An overall system concept for the Position Location and Aircraft Com-
munication Equipment (PLACE) is described herein. This system would provide
two-way voice and digital data communications between 2all cooperating aircraft
and their associated ground control facilities by means of a transponder aboard
a single geosynchronous satellite. Real-time surveillance, within the area of
coverage of the satellite, would be provided through continuous positicn tracking
and automatic reporting from telemetry sensors on-board the aircraft., The
PLACE system would accomodate all types of commercial aircraft and could be
expanded into a future world-wide air traffic control network by launching addi-
tional satellites to provide global coverage.

The PLACE communications would consist of two duplex radio links. Each
ground station would be equipped with a high-gain antenna transmitting to and
receiving from the satellite in the 5 GHz frequency range. Up to ten independent
ground stations could operate simultaneously in the communication mode. Any
of the ground stations could function as a master control by providing it with
timing, tracking, and computing equipments necessary for position location. The
satellite would transmit to and receive from the aircraft in the 1.5 GHz (L~Band)
frequency range. All satellite equipment requirements are within the present
capabilities of the Applications Technology Satellite (ATS) program so that no
advancements in present technology are required. Participating .aircraft
equipped with a high-gain L-Band antenna could receive any of the ground con-
trol voice and data transmissions. Any of the aircraft could transmit voice and
data to all ground facilities, and more than 200 aircraft could be accommodated
on an operational basis with a single satellite.
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The position-location scheme can be divided into two areas: (1) ranging by
satellite alone, and (2) satellite augmented ranging from VLF ground transmit-
ters. The two-way range from the ground station-to-satellite-to-aircraft and
return is measured at the same time as the two-way range from the ground
station-to-satellite and return by means of standard side-tone ranging tech-
niques. From these two measurements, and the known aircraft altitude, the
range from the sub-satellite point to the aircraft can be determined. A circular
line of position (LOP) is thereby defined which contains the aircraft position and
which is centered at the sub-satellite point.

A second LOP is defined by the range of the aircraft from a VLF grouad
transmitter. This range measurement is also made at the ground station from
signals relayed from the aircraft by means of the same satellite transponder.
If the Omega navigation network becomes operational, the Omega VLF trans-
mitters will be used, but in the event that they are not, any suitable VLF trans-
mission standard emitting a single tone in the 10-14 KHz frequency range can
be used. Single frequency transmitters will produce a set of LOP's so that the
resulting ambiguity must be resolved by other means. The proposed primary
method of doing this in the PLACE system is by continuous tracking from a
known starting position.

A second and completely independent method of position-location has also
been incorporated into the PLACE design for the purpose of increasing the over-
all reliability of aircraft surveillance and to provide a secondary method of
ambiguity resolution. This subsystem, designated SIND, for Satellite Inertial
Navigation Determination, makes use of the measured range and range-rate be-
tween the aircraft and the satellite along with the telemetered aircraft velocity
vector derived from on-board accelerometers. These measurements alone will
define the position of the aircraft to an accuracy sufficient for ambiguity resolu-
tion and will also permit ground observation of on-board navigation equipment
performance.

A preliminary experiment based on the PLACE system concept could utilize
a single synchronous altitude satellite transponder, a single ground control fa-
cility of minimum size, and a maxiinum of 17ur cooperating aircraft. The ground
control facility could be instrumented to demoastrate the feasibility of the
PLACE system, including both two-way voice and digital communications along
with simultaneous tracking of four aircraft. However, the experimental system
could be expanded into a complete operational PLACE system simply by upgrad-
ing and expanding the ground communications and position-location processing
equipments,



2. PLACE SYSTEM DESCRIPTION

The movement of modern commercial aircraft requires that a traffic rout-
ing or control agency know the location and identity of all aircraft in a given area
of responsibility and that a reliable means of communicating with the aircraft
exists. Thus, both navigation and communication must be embodied in a practi-
cal air traffic control system. Communication includes the two-way transfer of
information whethcr oice, digital, or analog between a ground control station
and an aircraft. Nuavigation as herein used means the process of position de-
termination and safe movement of aircraft from one point to another. The
PLACE concepts described in this section provide both of these essential
capabilities in a single system design.

2.1 Communication System

The principle elements of the PLACE communication system are shown in
Figure 2-1. These are: (1) a Primary Control Center; (2) one or more Alter-
nate Control Centers; (3) Synchronous Satellite; and (4) the cooperating
Aircraft in the area of coverage. The operational capacity of the communication
system is limited by the satellite-to-aircraft transmission link; which in PLACE
has been configured to conform with the capabilities of presently programmed
Applications Technology Satellites (ATS). Specifically, the available satellite
transmitter output power has been assumed to be 40 watts operating into an
antenna which provides nearly earth disc coverage in the 1500 MHz aeronautical
band. It is showninafollowing section that ten voice-quality communicationchan-
nels can be supported over this link. The bandwidth of each of these voice chan-
nels is taken to be nominally 3 KHz while the design goal for the received signal-
to-noise ratio at the aircraft is taken to be 25 db. These channels can be utilized
for either voice transmissions, digital data transmissions or some combination
thereof as operational requirements dictate. The PLACE design concepts will
accommodate any such desired arrangement and based on this flexibility, it has
been assumed that up to 200 aircraft can operatiorally share the ten ground-to-
aircraft communication links. Accordingly, PLACE has been configured to op-
erate simultaneously with 200 aircraft utilizing a transponder within the ATS
capabilities.

Figure 2-2 summarizes the important constraining parameters and design
choices on which the PLACE system is based. This figure is laid out with the
Control Center on the left, the Satellite with its dual transponder in the middle,
and the Aircraft on the right., For purposes of clarity in the discussion which
follows, the closed loops formed in the system, which are not apparent in
Figures 2-1 or 2-2, should be identified. A forward path exists from the Pri-
mary Control Center transmitter through the Satellite to the Aircraft receiver



along with a return path from the Aircraft transmitter through the same Satel-
lite to the Primary Control Center. The only independent oscillator in this loop
is a frequency standard located at the Primary Control Center. Both the Satel-
lite transpond:r and the Aircraft transceiver contain frequency synthesizers of
similar design. The frequency synthesizer in the Satellite is locked in frequency
and phase to the carrier component of the signal transmitted from the Primary
Conirol Center and this synthesizer generates all frequencies required in the
Satellite transponder for both directions of transmission. The frequency syn-
thesizer contained in the Aircraft transceiver is locked in turn to the frequency
and phase of the carrier component of the signal received from the Satellite.
This synthesizer also generates all frequencies required within the Aircraft
transceiver including those necessary for selecting the appropriate channel in
which the Aircraft is operating and for providing a gross doppler correction in
the transmi: sion paths.
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Figure 2-1-Diagram Illustrating the PL/ CE System
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Figure 2-2 .-Summary of PLACE Communication Parameters

All of the ground stations operating in the system will receive both the
satellite-to-ground and the satellite-to-aircraft transmissions in the 5 GHz and
1500 MHz bands, respectively. Reception of the 5 GHZ transmission is neces-
sary to complete the aircraft-to-ground station communication path, whereas
reception of the 1500 MHz transmission is required for channel monitoring and
power control functions. The Primary Control Center will receive the 1500 MHz
satellite-to-aircraft transmission to provide range and range-rate measure-
ments between the Primary Control Center and the satellite. The Primary
Control Center will also receive the 5 GHz transmission to derive the positional
information necessary to locate all the aircraft in the system. All other ground
stations in the system will use the received 5 GHz signal to individually control
the frequency and phase of their transmissions with respect to the Primary
Control Center. In this way, the composite signal in the satellite, as received
from all of the ground stations, will be made to look essentially as though it
originated from a single ground station.



2.1.1 Ground Station Transmitters

For purposes of describing the system design, a particular operational
configuration will Low be hypothesized. This configuration is selected only to
clarify the discussion which follows and it is in no way implied that an opera-
tional PLACE syst. is limited to this particular configuration. Assume that
nine of the available Jsround-to-aircraft voice-quality channels are being utilized
for voice transmissions while the tenth channel is being utilized for digital data
transmission. If each of the nine voice channels is assigned to a separate con-
trol center, then there could be as many as nine independent ground stations
(more than nine would be possible with the addition of time-sharing features).
On the other hand, some or all of the control centers could be co-located at
one ground station so as to share a coramon antenna, receiver and transmitter.
Assume that this is not the case, but that instead, there are nine separate con-
trol centers and ground stations so that these two terms can be used inter-
changeably in what follows without confusion. Then, referring again to Figure
2-1, one of the ground stations will function as the Primary Control Center or
master station which will perform all position location operations, while the
remaining eight will function as Alternate Control Centers. (One or more of
eight could of course, be equipped to assume primary control.)

In the hypothetical arrangement established above, it is tacitly assumed
that inter-communications between the control centers i.:ill be by other means
external to the PLACE system. Such communications wouid undoubtedly be by a
variety of methods inciuding hard-wire, radio relay, dispatch, etc. However, for
emergency use, or for initial implementation, it would be possible to reduce the
PLACE capacity and to reserve a portion of the communication system for inter-
station communication (particularly trans-oceanic). Either a time-shared high
speed data link or multiple {requency-division, low speed data links for inter-
station could thereby be providec and a relatively small part of the PLACE sys-
tem capacity should be required. ¥ rther, it will become apparent later that
considerably greatei channel capaciiy ketween ground stations can be provided
for a given portion of the satellite transmitter power because of tae high ground
station antenna gain compared with the aircraft antenna gain. Because of the
many-faceted operational implications involved, inter-station communications
will not be considered further here.

The discussion wiil now return to the hvpothetical arrangement established
above. The Primary Control Center station will iransmit at its assigned carrier
frequency in the 5 GHz region in accordance with available frequency assign-
ments ior this type of service. Referring to Figure 2-3, this carrier will be
modulated by a baseband signal consisting of: (1) a timing/control (digital)
signal; (2) a pattern of ranging tones; (3) a digital data signal in channel 1;
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Figure 2-3—Primary Control Center Baseband Spectral Diagram

and (4) a voice signal in channel 2. The timing/control signal will occupy 2
total bandwidth of about 500 Hz, while each of the ranging tones is at a single
discrete frequency. These signals properly belong to the posiiion-location por-
tions of the PLACE and their function will be described later. The voice
channels occupy approximately-18 KHz of bandwidth each and consist of nominal
3 KHz wide baseband signals; frequency modulated onto carriers with an rms
‘deviation ratio of 2:1. Each of the ground stations will transmit a similar fre-
quency modulated voice signal on a carrier which is displaced from the Primary

Ground Station carrier by 40 (1 + 3N/2) KHz, where N is an integer represent-
ing the channel number with 1 £ N < 10,

2.1.2 Satellite Transponder — Ground to Aircraft

A great deal of flexibility has been afforded in the PLACE communication
system design by providing for access to the satellite transponder from a multi-
plicity of both ground stations and aircraft. The power spectrum of the combined
signai received from all of the ground stations is shown in Figure 2-4, as it ap-
pears in the receiver portion of the Ground-to-Aircraft (GA) transponder. This
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Figure 2-4—Composite Spectral Diagram at the Satellite

signal can be translated to baseband in the satellite through synchronous detec-
tion since the satellite frequency synthesizer is phase locked to the Primary
Control Center carrier component. The resulting baseband signal can then be
used to directly phase modulate the GA trahsmitter carrier which is also de-
rived from the same frequency synthesizer. The constant amplitude signal
transmitted by the GA transponder will be angle-modulated with an rms phase
deviation of one radian. Therefore, there are no particular amplitude linearity
requirements on the transmitter final amplifiers and there will be no undue loss
in efficiency of operation.

Figure 2-5 shows a simplified block diagram of the GA transponder. This
transponder will receive the nominal 5 GHz transmissions from the ground

Y
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Figure 2-5-Simplified Block Diagram of Ground-to-Aircraft Transponder



stations and will modulate a carrier in the 1.5 GHz region. Phase coherence
between the transmitted and received carrier frequencies is maintained by a
phase-locked oscillator in conjunction with the synthesizer. The frequency
synthesizer is locked to the received carrier from the Primary Ground Station
and generates the transmitted carrier without the use of independent oscillators.
The Primary Control Center will monitor the GA transmission to provide overall
frequency and power control. In particular, the phase deviation of the GA trans-
ponder carrier will be maintained at the proper level by individual control exer-
cised at each ground station. However, the Primary Control Center will provide
additional control as may be required through the timing/control channel,

The satellite antenna will have an equivalent 3.5 ft. aperture with a receive
gain of 32 db and an equivalent 3 db beamwidth of 4 degrees. The same antenna
will be used for transmitting and receiving through the use of a diplexer. When
transmitting, it will provide a half-power gain of 19 db with a 3 db beamwidth of
14 degrees. The transmitter output power will be 40 watts for an effective radi-
ated power (ERP) of 37 dbw on boresight.

2.1.3 Aircraft Transceiver

The aircraft transceiver is shown in a functional block form in Figure 2-6.
In a sense, it will operate as a coherent transponder in a similar fashion to the
satellite GA transponder. That is, it will receive the 1.5 GHz signal from the
satellite, phase-lock to the carrier component, and synchronize the frequency
synthesizer, The frequency synthesizer will generate the aircraft transmitter
carrier in the 1.5 GHz region. This carrier is phase coherent witi the carrier
received from the satellite; but is offset from the received carrier in frequency,
under control of the channel selector. In terms of the carrier component then,
the aircraft transceiver is a coherent transponder.

Operation of the portion of the aircraft transceiver described above is
illustrated in Figure 2-7. With the receiver loop in equilibrium, the following
two conditions are necessary.

T
I
=
)

9,70, - K +K, +K) 5

With K written for the sum (K, + K, + K, +K, ), the following relationship is
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Figure 2-6-Functional Block Diagram of Aircraft Transceiver

If ¢ in Figure 2-7 is assumed to be zero for the moment, a similar rela-
tionship for the transmitter is obtained. That is,

where M =M, + M, + M, + M. Therefore, the transmitter output is related to

the receiver

input by

D

0

—_—= M/Ks
91
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where M/K is a rational fraction. The transmitter frequency is of course re-
lated to the received carrier frequency in the same way, so that any desired
ratio between these two frequencies can be obtained. For example, if the two
selected frequencies should be 1540 MHz and 1620 MHz, the corresponding
ratio is 81:77. The following choices satisfy; M, = 1, M; =16, M, = 64 and
K, =1, K, =4, K, =8, K,=64. The multipliers and dividers can be cascaded
to further simplify the circuitry.

Based on the results in Appendix A, it can be shown that the carrier com-
ponent of the GA transmission is given by

A2

__0 2
PCAR ———2—exp (—é )'

while the total signal (or continuum) power is

2
)
Poon = [1 -exp (-82)].

In the above, Ao?/2 is the unmodulated carrier power and 62 is the mean
squared phase deviation. For ¢ = 1 rad. rms, the carrier component is approxi-
mately 37 percent of the total power. In Section 3.1 it is shown that the mini-
mum unmodulated :arrier-to-noise power density ratio received by the aircraft
will be 63.7 db. If the effective tracking bandwidth of the transceiver is 100 Hz,-
the signal-to-noise ratio in the tracking loop, S/N]TL, will be

S 0.37
TL = 63.7 + 10 log 237 db,
} %% 160

or approximately 38 db, so that excellent tracking performance is expected.

Based on the above, the continuum power is the remainder, or approxi-
mately 63 percent of the total power. Thus, the "power packing' efficiency of
angle-modulation, in this case, exceeds that of linear modulation. However,
only the first-order sideband portion of the continuum represents usable signal
power. This portion can be found from

12



A
Py = - 82 exp (=82),
which for 3 = 1 rad. rms results in approximately 37 percent of the total power.

The aircraft receiver IF bandwidth will be onthe order of 2 MHz wide and
the signal power and noise power will be at comparable levels at the input to the
main demodulator. With this situation, it is clearly impossible to use an ordi-
nary phase or frequency demodulator to any advantage. Instead, a linear (syn-
chronous) demodulator is essential to prevent further deterioration of the signal-
to-noise ratio. However, angle-modulation is a non-linear operation so that
linear demodulation of such a signal necessarily produces distortion products.
Appendix B deals with this situation in considerable detail. In particular, it is
shown that the total interfering distortion products can be constrained to an ac-
ceptable level by holding the rms phase deviation to less than 1 radian and by
spacing the subchannel carrier frequencies by an amount equal to three times
the subchannel bandwidth as is indicated in Figure 2.4.

The transceiver phase-locked loop will demoduate the signal received from
the satellite to produce the ranging pattern, the timing/control signal, and the
subcarrier voice and data channels. By simple filtering, the signal will be
separated into its three components. A simplified diagram of the receiver por-
tion of the aircraft transceiver is shown in Figure 2-8 which also summarizes
the important design parameters.

The timing/control signal is a binary data stream which is fed to the
timing/control unit. This unit contains a timing clock generator which is
synchronized by the timing/control signal and controls the range pattern proc-
essor, The range pattern processor is also fed the range-tone pattern from
the phase-~locked detector. All range tcnes are time commutated, under control
of the timing signal, and then frequency translated, under control of the frequency
synthesizer. The exact processing involved in this operation is a part of the
position location scheme and does not pertain directly to the communications
systems per-say. The voice and data subcarriers are fed to a demultiplexer
where the data and voice channels are separated and demodulated.

The processed range patterns and the aircraft derived voice and data in-
formation are combined by frequency division multiplexing prior to transmission
as shown in Figure 2-9a. This combined signal is modulated onto the trans-
mitter carrier by a single sideband technique. The carrier component is used for
both doppler tracking and signal recovery. Each aircraft is assigned a separate
transmission channel which is offset in frequency from every other aircraft as
determined by the frequency synthesizer settings. The input designated as  in

13
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Figure 2-8-Summary of Aircraft Receiver Characteristics
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Figure 2-9-Aircraft-to-Sateilite Spectral Diagram

Figure 2-7 can be chosen to provide the desired offset from the nominal transmit
frequency. Thus a "stacking' of aircraft transmitter signals will be accom-
plished as shown in Figure 2-9b. The method by which doppler shift is compen-
sated for is discussed in 3.4. The transceiver power output will be 5C watts.

The aircraft antenna will have an effective gain of 25 db.

2.1.4 Satellite Transponder — Aircraft to Ground

Figure 2-10 shows a simplified block diagram of the satellite Aircraft-to-
Ground (AG) transponder. The composite spectrum from all of the aircraft as
received at the satellite is shown in Figure 2-9b. This signal is directly angle
modulated, with an rms phase deviation of one radian, onto a carrier generated
by the frequency synthesizer; and is then coherently translated to nominally 5
GHz for transmission back to the ground stations. The frequency synthesizer is
common to both the GA and the AG transponders and is phase locked to the
carrier of the Primary Ground Station. The AG transponder uses the same an-
tenna for both reception and transmission as did the GA transponder. The AG
transponder has a power output of 4 watts,
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Figure 2-10-Simplified Biack Diagram of Aircraft-to-Ground Transponder

2.1.5 Ground Station Receiver

The ground station receiver uses the same antenna as the ground station
transmitter, and both the 1.5 GHz and the 5 GHz signals transmitted by the
satellite are received. The 1.5 GHz signal is used for range measurements,
power monitoring, and frequency control functions. Power monitoring is re-
quired to maintain the total phase deviation in the GA transponder to a constant
value regardless of the number of channels being used. The 1.5 GHz signal is
used for ground station-to-satellite doppler tracking. A carrier-tracking phase-
locked loop is included to correct the transmission frequency of the ground
station, so as to insure the correct frequency as received by the satellites. The
aircraft signals are recovered by a phase-locked demodulator in the 5 GHz re-
ceiver. The composite signal from the aircraft is separated by channel selec-
tors into ranging data and communication data for respective processing.

Figure 2-11 shows a simplified block diagram of the Primary Ground
Station. The receiver uses the same antenna as the ground station trans-
mitter; and both the 1.5 GHz and the 5 GHz signrals, transmitted by the satellite,
are received. The 1.5 GHz receiver and demodulators are similar to the aircraft
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transponder's receiver section as described .n Section 2.1.3. However, there
are several distinct differences. The carrier-tracking phase-lock loop drives
a doppler correction unit which introduces appropriate corrections in the
ground station transmitter frequency. The function of the doppler correction
unit is to effectively provide a frequency standard source at the satellite. The
signal monitor is used for monitoring the transmissions from the other ground
stations and the channel demodulator is used to monitor any or all of the
ground-to-aircraft channels for operational purposes and overall control.

The 5 GHz receiver recovers the aircraft to ground signals through the use

of a phase-~locked demodulator. The composite signal from the aircraft is sepa-
rated by channel selectors in a coherent manner. The individual channels are

Y
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Figure 2-11-Simplified Block Diagram of Ground Receiver

17



further separated into their three component parts for respective processing.
Namely, the voice signals are fed to the air traffic controller, and the ranging
tones and digital telemetry data are fed to the position-location computer.

2.2 Position-Location System

The PLACE position-location technique will enable the Primary air traffic
Control Center to continuously and simultaneously track 200 aircraft flying in
the region of coverage of a single geosynchronous satellite. All functions re-
quired of the aircraft would be performed automatically and, after initial equip-
ment adjustments, would be independent of ‘the onboard navigation system. The
Primary Control Center would perform all necessary signal processing and
position-location computations for all aircraft. This facility would also per-
form the traffic surveillance functions and provide navigational information to
all aircraft as required.

The position-location system employes a rho-rho technique whereby, the
position of the aircraft is defined by the intersection of three spheres as is in-
licated in Figure 2-12. The first sphere is given by the known distance of the
aircraft from the center of the earth, as determined by the aircraft altitude.

The second sphere is determined by measuring the distance between the aircraft
and the satellite. The intersection of these two spheres generates a circular
line of position (LOP) which contains the aircraft. This LOP is centered on the

R= SATELLITE TO AIRCRAFT DISTANCE
re+a = AIRCRAFT TO EARTH CENTER DISTANCE

LINE OF PQOSITION

ARQUND SUB SATELUTE
POINT

AIRCRAFT

R’= AIRCRAFT TO OMEGA STATION DISTANCE

sus
SATELLITE
POINT

TRANSMITTER
LINE OF POSITION AROQUND

- SYNCHRONOUS OMEGA TRANSMITTER

SATELUTE

Figwe 2-12-Position Determination Using Range Mecsurements
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sub-satellite point. The required distance measurement is accomplished in a
straight forward manner using side-tone ranging techniques similar to those
used in the Goddard Range and Range Rate system. The third sphere is defined
by the distance of the aircraft from an appropriately locatcu VLF ground trans-
mitter. This measurement is also performed by essentially the same side tone
ranging technique.

2.2.1 Satellite Range Measurement

When the phase of a signal emitted by a distant transmitter is compared
with the phase of a locally generated reference signal of precisely the same
frequency and phase as that of the transmitter, the relative phase between the
two will be a measure of the distance from the transmitting station. It is exactly
this principle which is used in any side tone ranging cvstem and is the technique
which will be used to measure the distance from the sateilite to the aircraft. In
PLACE, the application of this technique differs somewhat from more conven-
tional applications in that the range between the aircraft and the satellite is
measured remotely at the ground station. In narticular, the total two-way range
is measured from the ground station-to-satellite-to-aircraft, along with the same
return path. The ground station-to-satellite two-way range (which is the same
for all aircraft) will also be continuously measured using the same ranging pat-
tern. This known range can then be subtracted from the measured ground
station-to-satellite-to-aircraft range to produce the satellite-to-aircraft range.

With this technique there is no need for a highly stable reference clock on
either the aircraft or the satellite, since the phase comparison is made with
respect to the transmitting clock at the ground station. The salient requirement
on the aircraft and satellite equipments is to maintain phase coherence between
the received and transmitted signals. The precision to which this range meas-
urement can be made depends upon the dispersion introduced by the transmission
medium and the signal-to-noise ratio maintained over the path.

2.2.2 Satellite Ranging Pattern

The ranging pattern transmitted ove: the above mentioned paths consists of
a basic tone for fine range resolution and a set of sidetones which allow ambiguity
resolution. The proposed pattern for PLACE is shown in Figure 2~3 where the
lowest six tones are of primary interest at this pvint. The frequency of the
highest tone is 6.8 KHz while the frequency of the second highest tone of interest
is 3.4 KHz. The remainirg four tones of interest (1.13 KHZ, 226.7 HZ, 45.3 HZ,
and 11.3 HZ) are derived as differences between tones in the transmitted pattern.
The fact that a tone delay is equivalent to the gioup delay over a transmission
path allows construction of the lower frequency tones in the above stated manner.
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Frequency Period A2 M2 A2
Km n. miles s miles
6.8 KHz VI 2.0 1.9 13.7
3.4 KHz 294 us 44.1 23.8 27.4
1.13 KHz 882 us 132.4 7.5 82
226.7 He 4.4 ms 662 357 an
45.3 Hz 2.1 ms 3,309 1786 2057
11.3 Hz 88.2 ms 13,236 7143 8229

Figure 2-13-Satellite Ranging Tones

Figure 2-13 lists the tones that will be used to perform the range measure-
ments.

In such a multitone system, the relative phase measurement of any one tone
alone would define the range. In particular, the lowest tone of 11.33 Hz would
define the range unambiguously to more than 8000 statute miles. This degree of
range separation is adequate for PLACE since the greatest range difference for
aircraft anywhere in the region of coverage is less than this figure and the
measurement obtained would be unique. However, the lowest tone could not
provide the required precision of measurement at the signal-to-noise ratios
that can be reasonably expected. In particular, the next highest tone frequency
is 45.3 Hz; and with equal signal-to-noise ratios (and propagation dispersion),
the higher tone (45.3 Hz) will define the range to a precision four times better
than that of the lower tone (11.33 Hz). However, the measured range will be
ambiguous in that a set of four admissable ranges would be obtained. The two
tones together permit measurements with ambiguity determined by the lower
tone and precision determined by the higher tone.

The set of six tones will be used in this manner to provide the precision of
measurement afforded by the 6.8 KHz tone which is plotted as a function of
signal-to-noise ratio in Figure 2-14. It should be noted that the ambiguity steps
are not constant, but vary between 2:1 and 5:1. The reasons for this choice will
become apparent later, but the significance of this fact is that the required
signal-to-noise ratio for each of the tones is not the same for equal probabilities
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of correct ambiguity resolution as is indicated in Figure 2-15. For this reason,
the relative amplitude of the tones will be adjusted accordingly.

2.2.3 Satellite Range Errors
An instructive relationship between positional and range measurement errors
can be obtained by considering the geometry shown in Figure 2-16. Using the

quantit:es identified in this figure, the following triangular relationship is easily
obtained.

R2 =S2 + P2 - 2SP cos ¥

By taking partial derivatives, and with the assumption that errors in measuring
S and P are negligible, we obtain the following equation.

AR = (SP Ay sin %)/R

By simple substitution, the above equation can be written as

S sin D/P
[S2 + P2 - 2SP cos D/P}1/2

AR = AD

where D =Py is the great circle distance between the subsatellite point, SS,
and the aircraft position, P, and AD = PAy is the measured error inD. The
last equation provides the functional relationship which is plotted in Figure 2-17
with AD as a parameter.

From this figure it can be determined that if it is desired to hold the error in
D to less than one mile for aircraft positions greater than 700 miles from the
subsatellite point, the range error must be less than 0.2 miles or approximately
300 meters. Returning to Figure 2-14, the minimum required signal-to-noise
ratio for the 6.8 KHZ tone is approximately 18 db.

2.2.4 VLF Range Measurement

The aircraft position on the circular LOP defined by the satellite range
measurement described in 2.2.1 could be determined by a second independent
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P = Real Aircraft Position
P' = Apparent Aircraft Position
SS = Sub-sotellite Point

AR = SPAysiny
R

AD:= P&y
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CENTER

Figwe 2-16-Diegram Pertaining to Relationship Between Positional and Range Errors

range measurement from another location — such as a second synchronous
satellite. It is the method by which this range determination is made that sets
PLACE apart from previously proposed air traffic control systems. In PLACE,
the range from an appropriately located VLF transmitter provides the remain-
ing essential measurement.

In the case of a VLF signal received at some distance from a transmitter,
it is of course not practical to coherently transmit the VLF signal back to the
source for phase comparison (two-way range measurement). Nor is it desirable
to carry a reference clock of the required precision along with the attendant
measuring equipment on board the aircraft. The problem is circumvented in
PLACE by transmitting reference clock tones from the primary control center
to the aircraft through the satellite. Relative phase measurements are derived
analytically at the primary control center by the control center computer in
conjunction with a VLF monitor receiver. In addition to the elimination o’ the
requirement for a frequency standard on the aircraft, the aircraft equipment is
simplified by eliminating the need for any on-board measurements. This is
accomplished by a simple process of time commutating the received VLF sig-
nals with the reference clock signals and relaying them back through the same
satellite to the primary central control facility where common equipment can
perform the measurements for all aircraft.
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Just as in the case of satellite ranging previously discussed, the precision
of measurement of the VLF station to aircraft range is limited by the signal-
to-noise ratio over the transmission path, but more important it is limited by
the ionospheric propagation properties at VLF, Extensive investigations of VLF
propagation characteristics have been made throughout the last decade. One re-
sult of these investigations had been to show that the 10 to 15 KHz region of the
VLF spectrum exhibits a remarkable phase stability along with a very low rate
of attenuation as a function of distance froin the transmitter. These character-

istics permit world-wide propagation of VLF radio waves and allows short-term
phase measurements with rms variations of less than five microseconds.
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Within this frequency range, the radiated energy is propagated principally
as a guided wave in the space hetween the earth and the reflecting ionosphere
and it is this dominant single-mode of transmission, characteristic of VLF, that
results in both the highly stable phase condition along with an attenuation rate
near that which would be expected from inverse spreading loss. There are regu-
lar diurnal and annual changes in the velocity of propagation due to changes in
the earth-sun geometry and there are certain geographic and magnetic irregulari-
ties that may result in variations in measured position of several miles. However,
it is quite feasible to generate compensation or correction charts as is regularly
done for LORAN systems. The difficulty of applying corrections to achieve an
accuracy on the order of a mile i5 exactly the problem of charting the area of
interest to this prec:sion for various times of the day and year. For a fixed
receiving position and a given time of day, the extreme variations throughout
the year correspond to three or four miles in position. It is therefore apparent
that approximately une chart per month, or six or seven charts for the entire
year (since spring and fall charts will be essentially the same) will suffice to
present the temporsal variations in adequate detail.

2.2.5 Ambiguity Resolution by Continucus Tracking

As with the sateilite rarging system, it is possible to resolve the inherent
ambiguity of a single VLF tone in the 10 to 14 KHz range by means of a set of
harmonic sidetones. In fact, the Navy's Omega navigation system, which is
presently envisioned as the source of the VLF transmissions for PLACE, oper-
ates in exactly this fashion. The method by which Omega is commonly used
eliminates the need for a .ighly stabie clock at the receiver by generating hyper-
bolic LOP's resulting from phase difference measurements between VLF station
pairs. PLACE has been designed to be completely compatible with the O.nega
system; that is, if the Omega network is operating, the received Omega signals
will be relayed to the control center and the aircraft position can be located
only on the basis of the Omega signals. If this mode of operation were to be
adopted, the satellite range measurement would be redundant and could be used
to increase the reliability and improve the accuracy of the overall system.

In PLACE, the mode of operation described above has not been adopted as
the primary mode. Instead iwo separate provisions for ambiguity resolution
have been included to make the system independent of the Omega network so
that any suitably located VLF source of adequate frequency stability can be
used.

The primary mode for resolving the ambiguity of the VLF range measure-

ment depends on the continuous tracking feature of PLACE. Consider a system
wherein only the fine resolution tone is used for position fixing. As lony; as a
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continuous plot of the movement of each aircraft is made as the aircraft pro-
ceeds away from its known initial departure point, no ambiguity will exist. This
continuous plot can be accomplished by a technique commonly called lane count-
ing. Ambiguous concentric equiphas- circles of position separated by the wave-
length of the ground transmitter will exist, since the measured phase delay will
repeat for every range increase equal to a wave lergth at the transmitted fre-
quency. Any given phase difference can be used to define lanes, with the region
between two adjacent equal phase difference lines being called a lane. Lane
counting can be acremplished by assigning a number to each such lane. As an
aircraft crosses a given phase difference line the count in a counter, lccated at
the ground station, can be automatically increased or decreased depending on
the direction of motion, In the event that the measured phase should erroneously
advance or retard by one or more full periods (because of loss of signal due to
aircraft maneuvers, equipment errors, or noisy environments) erro.'s in the
position fix will occur. Since an aircraft may be moving as rapidly as 0.5 mile
per second, and the smallest lane widths are approximately 16 n miles, mo-
mentary outages onthe order of a icw seconds might be tolerated. An estimate of
the likelihood that the measured phase might erroneously advance or retard by
one or more full perjods due.to fluciuation noise or aircraft maneuvers is de-
rived in 3.3 where it is shown that very acceptable performance should be
possible.

2.2.6 Ambiguity Resolution By SIND

For the purpose of increasing the overall reliability of aircraft surveillance,
a second method of ambiguity resolution will be implemented in PLACE. This
subsystem, designated SIND for Satellite Inertial Navigation Determination, re-
quires only four parameters to completely derive the aircraft position: aircraft
altitude; aircraft velocity vector; range and range rate between the aircraft and
the satellite. The aircraft-to-satellite range rate is derived from a doppler
measurement on the carrier component of the signal received from each air-
craft. The velocity vector is obtained from aircraft installed accelerometers
whose outputs are telemetered to the Primary Control Center where velocity
is computed. These sensors can be independent of any on-board inertial navi-
gation equipments since neither a torqued platform nor on-board integretion is
required. Basically the SIND performs a position fix from the concept that
there are only two possible aircraft locations on the circle of position (defined
by the satellite-to-aircraft range) where the component of the aircraft velocity
vector in the direction of the satellite will equal the measured aircraft-to-
satellite velocity.

Consider the system geometry shown in Figure 2-18 which includes: a

spherical coordinate system with origin at the center of the earth; a geo-st ..ionary
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SPECIFICATION OF LINE OF POSITION FROM ALTITUDE AND RANGE
TO SATELLITE - LOP PROJECTS AS A CIRCLE ON SPHERE.

SPHERE OF RADIUS = Rg+hg=Rq

AIRCRAFT POSITION

CONE - HALF ANGLE ﬁ‘ f "\q,R' 'R.,h.)

Re

LINE OF POSITION (LOP) Ro=Re+Ng
SYNCHRONOUS SATELLITE POSITION

Figure 2-18—-Geometry of SIND System

satellite, S; and an aircraft positioned on a spherical surface concentric with
the earth. For simplicity, the earth may be assumed spherical. The distance
from the center of the earth to the satellite is given by R, =R, + h_, where R,
is the radius of the earth and h, is the altitude of the satellite.

The distance from the center of the earth to the aircraft is denoted by
R, = R, +h_ where R, is the radius of the earth and h_ is the aircraft altitude.
Thus, R, is the radius of a ""sphere of position'' on which the aircraft is located.

The distance between the aircraft and the satellite is represented by R,. The
locus of points on the surface of the ""sphere of position'' separated from the
satellite by a distance R, describes a circle which is the base of a cone with
apex at the geo-staiionary satellite position S, and apex angle 5. The described
circle, which is the intersection of the conical surface with the surface of the
"'sphere of position,' is a circular line of position on which the aircraft is
located.
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If the satellite is assumed as specifying a Greenwich meridian, the sub-
satellite point would be located on the equator at the Greenwich meridian. Thus,
the satellite azimuth angle and the elevation angle are both zero. The aircraft
azimuth angle and elevation angle are ¢ and 6, respectively.

Employing the rectangular coordinate system shown with the unit vectors
1,7, and k, the range vector r, , from the satellite to the aircraft is given “y.

-l
"
gl
]
el

ar

r,=(r,cosfcos¢-r_] 1+ [r, cos 6 sin ¢] 7+ (r, sin 6] k. 1)

Let r = l'f, |, the absolute value of the range vector. Let the aircraft velocity
over the surface of the earth be represented by:

V=V,i-+Vy-j_+Vzl'c-.

Since the satellite is assumed stationary with respect to the surface of the
earth, range rate f. , between the satellite and the aircraft is obtained by taking

the dot product of aircraft true airspeedV , and the normalized satellite to air-
craft range vector r_.

Thus, range rate r, is given by

or

ro= 1 [[r. cos f cos ¢ - ro] v, + [r. cos 6 sin ¢] Vy + [r. sin 4] v, ] (2)

- 8
f.
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. Valye
Symbol Quantity Determined from
r Range Sctellite to Aircraft Measured
H Range Rate Satellite to Aircraft Measured
v, Component Aircraft Velocity Aircraft Accelerometer
Vy Component Aircraft Velocity Aircraft Accelerometer
v, Component Aircraft Velocity Aircraft Accelerometer
T, Distance from Center of Earth to Aircraft Aircraft Altimeter and
Earth Radius
r° Distance from Center of Earth to Satellite Satellite Altitude and
Earth Radius
g Aircraft Azimuth Angle with Respect to Fixed Meridian Simultaneous Solution of
Described by Synchronous Sotellite Equations (1) and (2)
o Aircraft Elevation Angle with Respect to Equator Simultaneous Solution of
Equations (1) and (2)

Figure 2-19-Tabulation of Known and Unknown SIND Quantities

Equations (1) and (2) constitute the system mathematical model consisting of
two expressions in two unknowns for range and range rate between the satellite
and the aircraft. The unknown quantities are the aircraft azimuth angle ¢, and
elevation angle 6. All other quantities are known or can'be determined in any
real situation. Figure 2-19 lists these known and unknown quantities and the
sources from which actual values can be determined. Range and range-rate
errors resulting from atmospheric effects are considered in Appendix A, while
an error analysis of the SIND system is given in Appendix C.

2.2.7 Aircraft Transceiver

A functional block diagram of the aircraft transceiver is shown in Figure
2-20. The frequency control section of the transceiver has already been dis-
cussed; so that, the portion of primary concern, at this point, are those having
tu do with the tone processing. There are three district tone paths correspond-
ing to the three possible modes of operation. First, the tones received from
the satellite, by the L-Band receiver, are separated out by the 3-7 KHz band-
pass filter and cohereutly transponded through the transmitter to the Central
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Figure 2-20—-Functional Diagram of Aircraft Transceiver

Control. This operation permits the measurement of the ground-to-satellite-
to-aircraft two-way range. '

A second path exists, with the VLF receiver serving as the source of tones.
- Figure 2-20 has been drawn so that the transceiver will be compatible with
Omega in this mode of operation. If the output of the 10.2 KHz filter is con-
nected through the commutator to the summer in Figure 2-20, then the output ,
of the VLF receiver will be relayed to the Control Center. In this mode, the
position of the aircraft can be determined using only the inverse hyperbolic ;
geometry of Omega.

If the VLT transmissions are to be used in the range mode, a third signal
path has been provided. The output of the 10.2 k Hz filter from the L-Band '
receiver is time commutated with the output of the VLF receiver. If Omega -
stations are being used, this tone will be inserted during time intervals when
the four least useful Omega transmitters are radiating. The purpose of this
tone is to provide an absolute reference for the VLF tones so that range as weil
as range-differences can be measured. The relative phase and time delay re-
lationships of importance to the system are listed in Figure 2-21.
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Referring to Figure 2-21, the use of the reference tone becomes apparent.
In particular, the total delays for the 6.8 k Hz and the 10.2 k Hz (v;; and «g +
w,, respectively) should be noted. These tones together provide a means for
determining the arbitrary delay, 7, , introduced by the frequency conversion proc-
ess in the transceiver.

3. PERFORMANCE ANALYSES

3.1 Communication Link Power Budgets

Consideration of the PLACE communication links will begin with the
satellite-to-aircraft link since this is the critical link of the system which de-
termines many of the other design choices. To begin, the power budget for this
link is given in Figure 3-1. As previously stated, the output power of the
satellite L~Band transmitter is established by the constraints of presently
programmed ATS spacecraft. For example, the primary power available with
the ATS-C type of spacecraft is 185 watts which must be de-rated to approxi-
mately 165 watts of useful power. The telemetry and spacecraft control sys-
tems require 30 watts of power and it should be assumed that other on-board
experiments (including other PLACE equipments) will require at least an addi-
tional 55 watts. Thus, about 80 watts of input power is a reasonable assumption
for the transmitter which, with an efficiency of 50 percent resuits in 40 watts
for the transmitter output power. In the present stage of planning for the ATS
F and G spacecraft, it is reasonable to state that the transmitter output power
that can be provided will not be very much different from the assumed 40 watts.

The satellite antenna gain at L-band is determined by the requirement for
nearly earth disc coverage; although for experimental purposes it is possible to
form a somewhat more directive beam without serious penalty. The synchronous
satellite-earth geometry establishes the beamwidth, and hence gain, of this an-
tenna independent of the choice of operating frequency. In the case oi the ATS-C
class of spacecraft, the assumed gain of this antenna is realizable; whereas in
the case of the ATS F and G class of spacecraft, considerably greater gain could
be provided. However, the requirement for nearly earth disc coverage obviates
the use of the full potential of the ATS F and G antenna.

The path loss given in Figure 3-1 is of course determined by the choice of
the operating frequency (1500 MHz) as well as the satellite-to-earth geometry.
For communication purposes alone, the 136 MHz (VHF) frequency region is a
more desirable choice. However, as shown in Appendix A, the range and range-
rate errors introduced by propagation through the ionosphere preclude adequate
position-location accuracies in this frequency range. Tropospheric errors are
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Satellite To Aircraft — Down Link (freq. = 1500 MHz)
Nominal Worst-Case
Value Value Units
Transmitter
Output Power 40 40 watts
16.0 16.0 dbw
Coupling Loss -1.0 -1.5 db
Antenna Gain 20 19.0 db
Effective Radiated Power 37.0 33.5 dbw
Path Loss -187.0 -188.3 db
Dispersion Margin —_ -3.0 db
Receiver
Antenna Gain 25 24.0 db
Coupling Loss -1.0 -1.5 db
Thermal Noise Power Density -204.0 -204.0 dbw/Hz
Effective Noise Temperature 50 5.0 db
Receiver Noise Power Density -199.0 -199.0 dbw/Hz
Received Carrier Power -126.0 -135.3 dbw
Carrier/Noise Power Density 73.0 max. 63.7 min. db/Hz
Carrier/Noise Power Into Channel Demod. 16.4 max. 7.1 min. db
Demod. Threshold 6.0 6.0 db
System Margin 10.4 max. 1.1 min. db

Figure 3-1-Satellite-to-Aircraft Power Budget

essentially independent of frequency while ionospheric errors decrease with
frequency. In the region of 500 MHz, the separate errors introduced by both
effects can be expected to be of the same order of magnitude. For position-
location purposes then, a choice of operating frequency above 500 MHz is essen-
tial. In PLACE, the L-Band was chosen specifically because of the aeronautical
services frequency assignment in this band.

34

SIS s et e




The aircraft antenna gain of 25 db listed in Figure 3-1 was chosen to com-~
pensate for the path loss difference between 136 MHz and 1500 MHz if it is as-
sumed that the aircraft were to employ a nominal 3 db gain antenna at 136 MHz.
In this way, no penalty is imposed in the communication link by the choice of
L-band operation. However, the development of the required aircraft antenna
is a considerable problem.

Figure 3-1 shows the nominal carrier-to-noise power density received at
the aircraft to be 73 db/Hz. Additional calculations pertaining to this link are
given in Figure 3-2 where the essential portions of the aircraft receiver are
shown. In this figure, (1) makes use of (3) derived in 3.2. Equation (2) is a stan-
dard relationship which can be easily derived from frequency demodulation
analysis and Figure 3-3 has been included to assist in its interpretation. The
main demodulator relationship used in (5) is based on results given in Appendix
B. Figure 3-4 pertains to the threshold characteristics of the Channel Demodu-
lators and this figure was derived from the results given in References (6) and
(7). The remaining link power budgets are shown in Figures 3-5 through 3-7.

3.2 Signal Pre-emphasis

The power spectrum of a voice signal is primarily concentrated in the
frequency range below 1000 Hz, but the spectral content up to at least 2500 Hz
is essential for intelligibility. Typical airborne specifications for a voice
channel require a passband from 350 to 2500 Hz with an overall frequency re-
sponse flat within 6 db of that at 1000 Hz. The power spectrum produced by a
male speaker is anything but uniform over this range however. Instead, the
power spectrum will more normally drop off at something close to 6 db per
octave for frequencies above 1000 Hz. Advantage can be taken of this fact,
through pre-emphasis prior to modulation and de-emphasis following demodu-
lation, to improve the operating signal-to-noise ratio while still maintaining a
nearly flat overall response. Additional gains are possible through certain
non-linear signal processing techniques such :.s amplitude clipping, but such
operations quickly get into subjective questions having to do with operational
tradeoffs. Due to difficulties in establishing fidelity criteria and in estimating
resulting improvements, such techniques have not been considered in the
PLACE design. Instead, any such potential improvements which can be incor-
porated will add directly to the overall system performance.

The high-frequency components of each voice signal will be emphasized at
the ground station by means of a simple linear network. The aircraft receiver
will perform a complementary operation to restore the original power spectral
shape by de-emphasizing the high-frequency components by means of another
simple linear network. The received noise enters the system after the
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DEMODULATION IMPROVEMENT FACTOR IN db

50

() [0 (10)°]

2
= {a)(a+)

(2), 3(1u)?

! 20 30
RMS PHASE DEVIATION RATIO,a o

Figure 3-3—Pertaining to Aircraft Demodulater
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SIGNAL~TO-~NOISE POWER RATIO AT OUTPUT IN db
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CARRIER TO-NOISE POWER RATIO AT INPUT IN db

Figure 3-4-Demodulator Threshold Characteristics
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Aircraft To Satellite - Up Link (freq. = 1500 MHz)
Value Units
Transmitter
Output Power 5 watts
17.0 dbw
Antenna Gain 25.0 db
Coupling Loss -3.0 ab
PointingLoss -1.0 db
Effective Radiated Power 38.0 dt
Path Loss -189.0 db
Dispersion Margin -3.0 db
Receiver
Antenna Gain 22.0 db
Coupling Loss -2.0 db
PointingLoss -3.0 db
Received Signal Power -131.0 dbw
Therma! Noise Power Density -204.0 dbw/Hz
Effective Noise Temperature 55 db
Channel Bandwi dth 40.0 db
Received Noise Power -158.5 dbw
Signal To Noise Ratio per Channel 27.5 db

Figure 3-5-Aircraft-to-Sotellite Power Budget
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Satellite To Ground ~ Down Link (freq. = 5 GHz)
Transmitter
Output Power 4 watts
6.0 dbw
Antenna Gain 320 db
Coupling Loss -2.0 db
Pointing Loss -1.0 db
Effective Radiated Power 35.0 dbw
Path Loss -198.0 db
Receiver
Antenna Gain 60.0 db
Coupl 1g Loss -1.5 db
Received Carrier Power -104.5 dbw
Thermal Noise Power Density -204.0 dbw/Hz
Effective Noise Temperature 40 db
Receiver Bandwidth 68.5 db 32
Received Noise Power -131.5 dbw :%
Carrier-to-Noise Ratio 27.0 db %;
Signal-to-Noise Ratio Out 30.0 db %
5

Figure 3-6-Satellite-toGround Power Budget
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Ground To Satellite — Up Link (freq. = 5 GHz)
Transmitter
’ Outout Power 100 watts
. 2 dbw
Antenna Gain 60 db
Coupling Loss -5 db
Effective Radiated Power 75 dbw
Path Loss -198 db
Receiver
Antenna Gain 320 db
Coupling Less -3.0 db
Received Signal Power -94.C dbw
Thermal Noise Power Density -204.0 dbw/Hz
Effective Noise Temperature 80 db
Channel Bandwidth 43.0 db
Received Noise Power -153.0 cbw
Signal-To-Noise Ratio per Channel 59.0 db

Figure 3-7-Ground-to-Satellite Power Budge!

pre-emphasis but before the de-emphasis network and therefore the high-
frequency components of the noise will be reduced as wili the total noise power.
The procedure is a matter of capitalizing on differences in the characteristics
of the signal and noise spectral distributions to provide an actual improvement
in the received signal-to-noise ratio.

The pre-¢ rnphasis networl: that will be used can be described by a simple
frequency transfer function given by
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s+wl

HI(S) = —_— [ (1)
2

where w, =1R,C andw, = R; +R,/RR,C. Tle corresponding circuit and
asymptotic logarithmic amplitude plot is shown in Figure 3-8. The choice for
w, is based on the assumption that a typical voice power spectrum will decrease
at the rate of approximately 6 db per octave for frequencies ahove 1 KHz.
Whereas «, is simply chosen to be well beyond the maximum modulating signal
frequency — say 6 KHz. Thus, the circuit performs as a single pole, high-pass
network with a break frequency at 1 KHz,

The receiver de-emphasis network, following the Aiscriminator must have
the inverse characteristic

it S (2)

S +w,

H,(s) =

which serves to restore the signal spectrum to its nriginal relative values when
w, has the same value in (2) as it does in (1) above. The required circuit is
shown in Figure 3-8 along with the asymptotic logarithmic amplitude plot.

From standard angle-mec3-lation noise analysis, the two-sided spectral
density for the noise at the .7 at of a frequency demodulator is given by

2 2
w(f) = bzgf , 3)

<

where b is the demodulator transfer constant, -, is the input noise spectral
aensity, and S_ = A_?/2 is the mean carrier power. If the noise is now passed
through the de-emphasis network of (2), the modified spectral density is

w' (£) = w(f) - [H (e 2 4)

From (2)

1

IHy(jo")]? = ——,
1+(f/£))?
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Figure 3-8-Circuit Diagrams and Transfer Plots Pertaining to Signal Pre-emphasis

so that (4) becomes

b2ne? | 1

w'(f) = .
25 1+ (a1 )2

(5)

The total noise power at the output of the de-emphasis network is
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fm
wy =2 f w' (f)df
0

(6)
f

b2 fy m
) I f2df+f £,2df .
S
q

c ) .

For fm =3 KHz and f, =1 KHz, (6) has the approximate value of
wo=f,2fmb2n/S_.

Without de-emphasis, the output noise power, w,’ , is

fm

2 2
w,' =21 j £2df =20 fud,
S 3S

c (1) c

so that the output noise is reduced by the factor
_ W' _ 1 f, ? )
Fe " 3 ( r) '

2.3 Phase Tracking Analysis

The purpose of the analysis which follows is to provide quantitative esti-
mates of the performance characteristics that can be provided by the VLF rang-
ing method presented in previous sections. The approach used here is based on
a phase-locked tracking filter. It is not expected that such a tracking filter will
be used in any final design primarily because of the equipment complexity that
would be involved with a large number of tracking filters. Instead, it is expected
that a single high-speed computer will be utilized to simultanecusly track all of
the aircraft. In addition, the computer processing can be optimized to generate
maximum likelihood estimates and to take advantage of several other factors

45

i, AR A s G s




which are ignored in the following analysis. Nonetheless, confidence can be
gained in the reliability that can ultimately be achieved through the relatively
simple analysis which follows.

The basic tracking filter system to be considered is shown in Figure 3-9.
The output of the system is taken from the voltage-controlled oscillator (VCO)
which is fed by the closed feed-back loop so as to follow the variations in fre-
quency and phase of the input signal e, (t). The input sigral is taken to be
represented by

e, (t) = ¥2V_sin [e t + 0, ()] )

The phase of the input signal can be resolved into two components: (1) a uni-
formly increasing function of time and (2) a phase function which depends on the
motion of the aircraft relative to the VLF transmitter.

The VCO output has a sinusoidal form described by

Co(t):\/?vl sin [:’z)ot +92(t)}. @)

(t) N(t)
e oh
Gl(t) + SV + I*[”l(t)_ﬁz(t)] ‘T
v, {>__ F(s) I's
N (P 282 - L [N <t>]’ .
= — = 2N
ﬁV’ Vs? 7 °
£,(t)
a. Linearized equivalent diagram of a phase-lock loop.
V2V sin [o (1) + 6 ()14 N(®) sin wt
MULTIPLIER —b—— FILTER vCO
[N(t)]? = N2
V2Vg cos Lu (1) + E,()]

b. Typical phase-lock loop with which (a} is associated.

Figure 3-9-Equivalent Phase-Lock Loop Diagrom
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In the locked condition, the output phase 6, (t), must differ from the input phase
64(t), by 7 /2 plus some, integral multiple of 277, within a small error angle ¢ (t)
which depends on the forward gain of the loop. That is,

61() = 8,() =0p(t) = (4n+ 1) £ e (t).

For the loop to remain in lock, it is necessary that the instantaneous error be
constrained to remain within some range of values say +¢_. Ignoring the steady-
state frequency and phase offset, this condition becomes

leg(t) 1= 16, (t)-8,(t) 1 <, 3)

For the idealized linearized case, a.value for + €_of +77/2 is the limit of lock
since an error in excess of this results in a change in sign of the open loop gain
and the VCO is driven in the opposite direction from lock.

The input signal also includes additive narrow band noise of bandwidth Af
which can be represented as N(t) sin «_, , as is indicated in Figure 3-9b. It is
assumed that the noise has a uniformly distributed spectral density of No2/Af.
Also, the effective closed loop bandwidth is taken to be small compared with Af
so that the VCO output which is multiplied with the input can be considered to be
noise free and the multiplier to act as a synchronous detector. The output of the
multiplier (neglecting higher order terms) is

Ng(t)
vav_ '

VE r A
V = LUl(t) —(92(1:)] +

s

where Ng(t)/V 2 = /2N(t) has been substituted to account for the doubling of the
noise power at the output of the multiplier. Since the actual input noise power
is (No)2, the noise power at the point between the amplifiers is 2(No) 2 so that
the effective input noise power is 2(No)2/(V )2 with a double sided spectral
density of w = No?/V ?)Af.

The mean-squared phase jitter, or noise powsr onz at the output due to

noise power at ihe input is determined by the usual contour integral,

1 (°°
o 2= 7 f |YL (s){2w_ds = 2w _B, rad?, @)
.jm
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where B, is the locp bandwidth. The variance of ¢,(t) is the variance of f,(t)-
8 o(t) due to noise while the mean of & 1(t) = 6,(t) is the error in 6, (t) from the
desired value 6, (t). Should the output deviate from the input by more than t €_,
loss of lock will occur. The probability of &, (t) exceeding +¢_can be calculated

from
26
P:@[-;‘.“. ( ___.WE>]+¢[_:_‘" <1+._..2:E)], (5)

where ®(-v) is the commulative distribution function

2 f-v (—xz)
®(-v) :l/— exp |——|dx.
L . 2

When the transient error, 6, is zero, the probability of losing lock re-
duces to

-Em/an 2
]/ X
P, =20 (-¢, /0. )= —727 f exp (-?>dx. (6}
-0

In (5) and (6),

o 2=2(N>2B,/V,)Af

is the normalized noise power at the output of the tracking loop. A plot of (6) is
shown in Figure 3-10 with the probability of losing lock as a function of the sig-
nal to noise ratio for €, =7 /2 and 1 radian with zero transient error.

From this figure, the anticipated time before loss of lock can be inferred.
For example, for ¢ =7 /2, a tracking bandwidth of 0.1 Hz, and a loop signal
to noise ratio of 11 db, the expected times between loss of lock should be about
280 hours. The loop transient errors that can result even in the absence of
noise will now be considered.
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For this purpose, it is necessary to again refer to the linearized equivalent
phase lock loop shown in Figure 3-9 for which the following error function
applies,

'91.;(5) - s ‘
6,(s) s+GF(s)

Ye(s) = (7

To proceed further, the form of F (s) must be specified. If the filter is chosen
so that

. /3\2
F(s)=Cr /3 (8)
s2
a third order loop results and substitution of (8) into (7) provides
QE(S) B &3 ()

1

O (s + wy’4) (s? + 2w, s + 0)% )
where G=9w /4 is the gain constant.

The steady state-error can be evaluated by means of a Maclaurin series of
the form

O4(s) -
£ = Z C_ s"/n! (10)
U],(S> n:O

where C_ = f"(o). This is equivalent to the form

dé (1) +£3 d2o (t) .

(1)

B (1) =C 6, (1) +C,

t -
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where

¢, = position error coefficient

C, =velocity error coefficient

C, = acceleration error coefficient

It follows that to keep the dynamic tracking error to a minimum, C,,C,, andC,
must be zero to prevent steady-state errnrs arising from the derivatives known
to exist in the input. The basic filter chosen herein meets the requirement for
position, velocity and acceleration which can be verified by the final value
theorem. For 6,(t)= él (t) (51 is a constant), we have ¢ (s) =&, /S? and

lim 82 (t)=1lim s@E(s)
t-.w s -0

_lim s -0

520 (s +wy/4) (s? + 2wy s +w02)

so that the steady-state error due to acceleration (and all lower ordered) inputs
is zero.

To evaluate the transient error for an acceleration input, it is necessary to
have the complete solution of (9) which is given below and plotted in Figure 3-11

166
Gg(t) = [exp (~wyt/4) = (1 +3w,t/4) exp (-4 t)].  (12)
9w
0
The peak value of (12) is
6, - 0.552 5 (13)

(max ) w

To make use of (13), a further relationship involving «, is needed. This can be
obtained by usiag (9) in the standard relation as follows,
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Figure 3-11-Transient Phase Error
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and perfcrming the indicated integration to obtain the effective loop bandwidth,

B, , in Hz. The result is B, =0.743 o, and (13) cen be written in the following
useful form

0.304 5;

HE (max) =

(14)

2
BL

The only remaining problerr is to relate the input é'l to the aircraft flight
path. First, assume that the aircraft velocity vector is constant. In this case,
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the relative velocity vector, with respect to the transinitting station, changes

continuously and results in an acceleration input to the loop. Figure 3-12a shows

the situation under consideration from which it is eusily deduced that the greatest

acceleration will occur when the velocity vector is normal to the distance vector
and the acceleration, a, is

div] 2
NLILAD GO S (15)
dt D v\2]372
1+|—
(&)
The maximum acceleration occurs when t = 0 and (15) reduces to
v2
a =7.7x10"8 — nm/sec?
(max) D
which, using the relation ¢ = 277/\ a, results in
2
.27 g 7.7 x 1078 rad/sec?, (16)
(max) A D
VR
- s ’
AIRCRAFT | v
FLIGHT PATH—T’
D

X
/¢
¥

TRANS. STATION

Figure 3-12-Diogram lilustrating Relative Aircraft Acceleration
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for Vv and D in consistent units. For an aircraft velocity of 1800 knots. a mini-
mum distance of 1000 nautical miles, and a transmitting frequency of 10 KHz,
(16) provides

- 9.8 x10™% rad ‘sec?.

{max?}

Substituting the above into (14) results in

£e vax = 0.17 degrees.

It can be concluded that this error is negligible,

A second situation will now be considered which results from aircraft
maneuvers. Consider the aircraft velocity vector under the condition of a 2 "g"
acceleration. The resulting value for =, is 2.07 x 10°* rad/sec. Substituting
this value into (14) shows $p max. to be equai to 0.126 rad. or 7.2 degrees.
Since this ervor is nearly an order of magnitude less than the limit of lock ior
the tracking loop, it can be corcluded that satisfactory performance can be ob-

tained. !

3.4 Doppler Compensation

The relative motion of a transmitter with respect t¢ a receiver causes a
frequency translation of the entire transmitted spectrum as seen by the receiver.
The magnitude of this frequency translation is directly proportional to *the rela-
tive motion between the transmitter and the receiver, and the transmitter fre-
quency as is shown in the following equation,

, .
R\
fR:fT+fD‘f.r (1 +—(—:—/‘,

where the above parameters are defined as follows:

fp = frequency seen by receiver

f; = frequency of transmitter




fD = doppler frequency (frequency transiation)
R = range rate (relative velocity between transmitter and receiver)

C = speed of light

This situation exists in PLACE where the aircraft motion can have a com-
ponent of velocity in the direction of the synchronous transponding satellite. The
doppler frequency shift of the aircraft transmissions is a necessary considera-
tion in the assignment of the aircraft transmitter channels. The composite
spectrum received by the satellite (Figure 2-3) consists of the transmissions
from all cooperating aircraft. These aircraft transmissions are separated by
frequency division multiplexing, wherein each aircraft is assigned a different
carrier frequency (i.e., a different channel). In addition to the normal guard-
bands assigned to each aircraft channel, it is necessary to allocate additional
guardbands for each channel to avoid an overlap of two adjacent (in frequency)
aircraft transmissions caused by doppler-created frequency translations. E
would be very simple to allocate additional guardbands equal to the maximum
possible doppler shift; however, this unmecessarily increases the total system
bandwidta.

An ideal doppler compensation technique would exactly compensate the
transmitter frequency for frequency shifts that occur; so that, the receiver
always received exactly the same frequency from the transmitter. This is not
practical, s¢ in PLACE an approximate or ''gross'' doppler compensation
technique will be used. The consideration of doppler compensation in PLACE is
complicated by the use of a coherent transceiver on the aircraft. The aircraft
transceiver derives its output frequency from the carrier frequency transmitted
by the satellite. Therefore the total doppler shift seen by the satellite is affected
not only by the relative velocity on the aircraft to satellite uplink, but is also a
function of the relative velocity on the satellite to aircraft downlink. Since it is
required that the aircraft transceiver remain coherent, the compensation cannot
be derived from an independent oscillator on board the aircraft but must take
place in the ouiput multiplier chain.

The gross compensation technique makes a rough measurement of the doppler
shift seen by the aircraft and inserts an offset (derived from the frequency
synthesizer which is locked to the received carrier) in the output frequency,
thereby maintaining the output frequency within the required channel at the
satellite. This offset is not a continuous function but occurs in steps. As the
aircraft detects the output frequency nearing one band edge, it shifts the output
back to near the other band edge, actually changing the value of a multiplier in
the output frequency translation chain. This technique inserts no unknown fre-
quencies into the output, deriving the output frequency only from the phase locked
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frequency synthesizer, thereby maintaining the coherence of the zircraft trans-
missions. Figure 3-15 shows a simple conceptual diagram of how this technique
could be implemented. The expression for the frequency received by the satel-
lite from an aircraft as a function of the satellite transmitter frequency is
derived as follows.

The satellite transmitter frequency is f, ;. The frequency received at the
aircraft (f,, ) varies with range rate (R) as follows:

R
fm = f,rs (l +-C—) »

fSATELLlTEZ

AIRCRAFT

o | DOPPLER

|
l
l
|
|
|
I
|
|
I
|
| mEas, |
|
|
]
|
|
I
|
|
|
|
|
J

1

SELECT
D

1

Figure 3-13-Doppier Compensation Functional Diagram

56




where C is the speed of light. The frequency transmitted by the aircraft (f,,)
after doppler compensation is

ot (2) = s (52) -8

The frequency received at the satellie (f) is

o -\
R M-D R

This may be approximated as follows;

o (29)2)

Without the doppler compencation at the aircraft the frequency receivved by the
satellite would be,

~. M 2R
frs = frsi <1+"(':‘>'

Ideally, the following frequency is desired at the satellite.

To receive the above frequency, the following equation must be satisfied.

D R M R
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We can now solve for the "D required on the aircraft as a function of range rate.

From the preceeding set of equations we can extract the following functions.
The uncompensated doppler frequency (f,) at the satellite is

[
1l
N
=)=
M| =x-
)

The magnitude of doppler compensation by the aircraft (f !) is

D R ~D
fo=% (“26) frs = fre-

The value of doppler frequency seen at the satellite after doppler compensation
is f .

> f
f:fd-f;(m_)_r_s_
a & C K

Figure 3-14 is a plot of the preceeding three equations, as a function of the
doppler frequency measured at the aircraft (f 4)» with the following assumptions.

f. = 1500 MHz
R = 0 to +2000 mi/hr
D = N x 1/625 (where N = 1, 2, 3 etc.)
K =M= 1500

C = 6,7 X 108 mi/hr
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Due to the desire to avoid the requirement ! = ..y extremely precise fre-
quency standard on board the aircraft, the dopp! :ompensation is not a continu-
ous function. Instead as the aircraft detects that the received frequency at the
satellite has shifted to within a certain distance from the band edge, an offset
in the output frequency will be inserted at the aircraft; that is, the value of D is
stepped to a new value, driving the signal received at the satellite away from the
bandedge it was approaching. Hysteresis is added in the doppler compensation
technique to prevent the aircraft transmitter frequency (which has a doppler
frequency coincident with a step value) from alternating between two different
carrier frequencies. Since the doppler frequency seen at the satellite is directly
proportional to the doppler shift measured at the aircraft, and this proportionality
factor is known, it is not necessary to perform any measurements at the satel-
lite. The control for the doppler compensation can be derived entirely on the
aircraft, provided the doppler frequency at the aircraft can be measured with
the following limit on the measurement error.

E = doppler measurement error

fX

E <
-2f

TS

FREQUENCY (KHZ)

r 10 7 fd UNCOMPENSATED
, DOPPLER FREQ.
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Figure 3-14—Doppler Compensation Curves
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where f, = difference between ..iocated bandedge and the nominal controlled
bandedge, and f.g = the satellite carrier frequency. For the values assumed in
Figure 3-14; f, =100 Hz and f . = 1500 MHz, E must be equal to or less than
3.3 x 10”8 Hz/Kz. We can reduce the measurement accuracy requirements by
increasing the value of f,. The value of f, chosen for use in Figure 3-14 was
only for discussion purposes and could be increased to reduce the accuracy re-
quirements to a more reasonable value.

Figure 3-15 is a tabulation of how the bandwidth of the composite spectrum
received by the satellite from all aircraft can be reduced by compensating for
doppler shifts in the manner just described. The numbers for this table are
derived from the assumption that the guards bands allocated for doppler shifi
protection are for the worst case. The worst case for PLACE is that wherein
the maximum range rate between the aircraft and the satellite is 2000 miles/
hour which conceivably could occur under certain geometries for a supersonic
transport.

BANDWIDTHS REQUIRED BETWEEN AIRCRAFT AND SATELLITE
WITH AND WITHOUT DOPPLER COMPENSATION

With Without
Compensation Compensation

Single Aircraft Channe!l 7 KHz 7 KHz

200 Aircraft Channels 1.4 MH: 1.4 MHz
Guard Band per Aircraft + 1 KHz +10.5 KHz
200 Guard Bands 0.4 MHz 4.2 MHz
TOTAL 1.8 MHz 5.6 MHz

Figure 3-15-Bandwidth Requirements

3.5 SIND Performance Characteristics

The Satellite Inertial Navigation Determination (SIND) study indicates that
all significant results are embodied in one expression. This single relationship,
which is derived in Appendix C, describes the total aircraft positional error.
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R
Total Error = o, = —————u {02 ; 0,2

DV cosa v R
The intrack and crosstrack components of the total error are close approxi-
mations based on ihe simplified model, and are given by:

R
Intrack Error = o, x v—‘ /ov’ + o

R

Crosstrack Error = o o — ‘/02 +02 tana,
ct v v k

where the intrack error is defined tangent to the flight path and the cross track
error is defined perpendicular to the flight path.

The positional error is a function of the range between the aircraft and the
satellite; the aircraft velocity component tangent to the circle of position; the
angle, a , at which the aircraft flight path intersects the line of position; and the
one sigma measurement errors inherent in determining the aircraft velocity
vector, V, and the range rate or Doppler, R , between the aircraft and the satel-
lite. The utilization of the error relationships is relatively simple and straight-
forward, providing easy visualization of the Satellite Inertial Navigation De-
termination system errors.

In general the length to diameter ratio of the SIND error ellipsoid is very
large resulting in a cigar shaped characteristic with the major axis, or long
dimension, of the ellipsoid tangent to the aircraft circle of position.

The required inputs for the operational SIND system, which are shown in
Figure 3-16, include measured parameters and the accuracy or error associ-
ated with these measurements. Range and range rate between the aircraft and
satellite are derived from the aircraft transmitter-receiver system operating
in conjunction with the satellite transponder. Aircraft altitude is determined
from the aircraft altimeter. The velocity vector of the aircraft can be developed
from the aircraft inertial navigation system (or gyros) or possibly by Doppler
radar. The SIND system must be programmed with the input errors, or accura-
cies, associated with each of the measured parameters. The output accuracies
are then obtained from an error analysis, A description of the output param-
eters and errors determined are shown in Figure 3-17,

The geometry of the SIND system is indicated in Figure 2-18. Utilizing the
earth centered coordinate system, X, »X,, X,,2 circle or line of position for the
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FOR SYSTEM OPERATION AND ERROR ANALYSIS
INPUTS ARE MEASURED PARAMETERS AND MEASUREMENT ERRORS

PARAMETERS, MEASURED ON-BOARD A/C DERIVED FROM
& RANGE TO SATELLITE
e RANGE ERROR A/C TRANSMITTER-RECEIVER
: RANGE-RATE BETWEEN A/C SYSTEM AND SATELLITE
R, o3 AND SATELLITE TRANSPONDER

RANGE-RATE ERROR

ALTITUDE OF A/C /

h, 9, gl } A/C ALTIME TER
. VELOCITY VECTOR OF A/C A/C INERTIAL SYSTEM (OR GYROS):
v, op VELOCITY ERROR POSSIBLY BY DOPPLER RADAR

v=f(x,y, i) A/C

o = f oy, %, o;)

Figure 3-16=SIND Inputs

~ FOR SYSTEM OPERATION ¢ ERROR ANALYSIS
~ OUTPUTS ARE A/C POSITION ¢ POSITION ERROR VALUES

= o

{

L
A LONGITUDE
h ALTITUDE
C, IN-TRACK ERECR
© Measured in direction of flight path
O, CROSS- TRACK ERRO!

Measured in direction L to hoth flight
peth and local vertical

ALTITUGE ERROR
Messured in direction of local verticel

>

Figure 3-17=SIND Outputs
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AIRCRAFT AT POSITION 2

LINE OF POSITIC (LOP)
FROM SATELLITE

X

P SATELLITE
AIRCRAFT AT POSITION |

R, Y,jﬁ : V,c0s §
Rys

FROM ANY POINT ON THE LINE OF POSITION, SAY P, OR P,, THE INERTIAL VELOCITY VECTOR CAN BE PROJECTED
ONTO THE DIRECTION TO THE SATELLITE, R OR R,y THIS PROJECTION WILL AGRFE WITH THE OBSERVED VALUE
OF R AT ONLY TWOQ POINTS: AMBIGUITY IS EASILY RESOLVED FOR FLIGHT FATHS "i0T NORMAL TO LOP. FIGURE
SHOWS TYPICAL CHANGE IN R PROJECTION OF Va,c ONTQ Ry AS LOP CHANGES FOR SPECIFIFD FLIGHT PATH.

Figure 3-18-Determination of Position on Line cf Position

aircraft is determined on the surface of the sphere of radius, R, = R+ h. by
the range, R_, between the aircraft and the satellite. The determination of the
location of the aircraft on the line of position is indicatcd for two aircraft in
Figure 3-18. Consider an aircraft situated at position 1. The aircraft inertial
velocity vector, V_, can be projected onto the dircction of the satellite, R“ .
This projected magnitude, V, cos ¢ is equal to the magnitude of the range
rate at only two points on the circle of position. The ambiguity between these
two points is easily resolved for flights not normal to the line of position.

The results of the error analysis are summarized in simplified form in
Figure 3-19 which shows the error ellipsoid along the line of position at an
angle ¢ with respect to the aircraft flight path. An approxin:ation of the total
intrack and crosstrack positional error is given in terms of tho distance from
the aircraft to the satellite, the aircraft inertial velocity, the angle of inter-
section of the aircraft inertial velocity vector with the linc of position, and the
standard deviations of aircraft velocity and range rate error. The approxima-
tions are valid within 5 percent within the limits on : 2 to +55°,

Figure 3-21 shows typical lines of position which might bc obtained over the

North Atlantic principal area employing a stationary equatorial satellite posi-
tioned at 30°W longitude. The navigational accuracy of a great circle flight over
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ERROR DETERMINATION BASED UPON ERRORS

ALONG LOP ONLY. 4~ LINE-OF-POSITION (LOP)
NOMINAL |
AIRCRAFT AIRCRAFT FLIGHT PATH
POSITION ™ _~ (NORMALLY GREAT - CIRCLE ROUTE)
r/
“% ¢ RGEDISTANCE FROM AIRCRAFT
TO SATELLITE
V= AIRCRAFT INERTIAL VELOCITY
WHERE { G,.0;* STANDARD. DEVIATIONS OF
/ ( VELOCITY AND RANGE
RAT
o ERR0R= 0, BT O )
N A Y gty
CROSS-TRACK ERROR = O, = O, smdt= 43/0, +0, wwag  *2710%85°

Figure 3-19-Simplified Error Relation

this area between Washington, D.C. and Paris, France, is presented in Figure
2 -22 for two cases.

In case I, the standard deviation is 10 meters for range error and 0.01
meters per second for range rate error. For Case II, the standard deviation is
100 meters for range error and 0.1 meters per second for range rate error. In
both cases, the navigation satellite is equatorial and stationed at 30°W longitude.
Aircraft velocity is considered to be 2000 knots. The standard deviation of the
intrack error is 6400 meters for Case II and 640 meters for Case I. The stand-
ard deviation for crosstrack error may be read directly from the curve, either
in nautical miles or meters, as a function of distance traveled.

Modern aircraft are capable of traveling at extremely high speeds and thus
covering substantial distances in relatively short periods of time. An apprecia-
tion of this can be seen by reference tc Figure 3-23 which shows distance
traveled versus time for selected velocities.

The SIND intrack error and aircraft separation distance are shown in
Figure 3-24 as a function of aircrait velocity in knots. Two cases of SIND
intrack error are considered corresponding to two scaling relations for the
standard deviation of the intrack error. Note that for both Case I and Case II,
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ALONG TYPICAL NORTH ATLANTIC AIR TRAFFiC ROUTE
: SINCS DETERMINED
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Figure 3-20-Variation of a Along Typical Norih Atlantic Air Traffic Route

the error decreases as the aircraft velocity increases, which suggests that the
SIND systew: may be more effectively employed with high speed aircraft.

Figure 3-24 also shows aircraft longitudinal separation distances in
nautical miles as a function of aircraft speed for the current rules governing
flights over the North Atlantic. These rules generally prescribe an intrack
separation time of 30 minutes but under special conditions permit a reduction
to 20 minutes. In this report, the allowable error in separation distance has
been arbitrarily selecied as one-tenth of the general 30 minute separation and
is shown in Figure 3-27 as three-minute distance — allowable error. Based on
this allowable error, the SIND system is useful only below the three-minute
distance allowable error line shown in Figure 3-24.

Figure 3-25 illustrates aircraft crosstrack error and lateral separation
distances for two cases. For each case, the nominal error is plotted within an
indicated maximum and minimum variation. As before, the error decreases
as the aircraft velocity increases. Although the minimum lateral separation
allowed on North Atlantic flights is 90 miles, the majority of current flights are
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Figure 3-23-Aircraft Distance Traveled vs. Time for Selected Aircraft Velocities
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NORTH ATLANTIC LONGITUDINAL SEPARA-
TIONS ESTABLISHED BY ICAD REGIONAL

15y SUPPLFMENTARY PROCEDURES, DOCUMENT
7030," SECTION 2.1 AS AMENDED JUNE 1966.
U. S. OCEANIC CONTROL PROCEDURES CON-
SISTENT WITH ICAQ BUT GOVERNED BY FAA
*AIR TRAFFIC PROCEDURES MANUAL, ATP.
7110.18, SECTION 600 NOV. 12, 1964.

MY

AND IN.-TRACK ERROR IN NAUTICAL MILES

IN.-TRACK (LONGITUDINAL YA C SEPARATION DISTANCE
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50 100 230 HUG ML s008 15,000
AIRCRAFT VELGCITY, v IN KNOTS

Figure 3-24~Intrack Error and Aircraft Separation vs. Aircraft Velocity

assigned 120-mile separations. Plots of lateral separation distance for both 90
and 120 miles are shown in Figure 3-25. If the allowable error is arbitrarily
taken as approximately one-tenth of the actual separation, then the allowable
error in laleral separation is approximately 10 miles as shown in Figure 3-25.
With this allowable crosstrack error, the SIND system is useful only below the
lateral separation allowable error line.

Two areas appear to require further study. One area involves the precise
determination of accelerometer and gyro errors for torqued platforms and the
effect of such errors on system performance. Also, a study should be initiated
relative to the use of time histories for improving system performance. Of
particular importance in this area is the use of time histories in determining
accelerometer and gyro errors.
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Figure 3-25~Crosstrack Error and Aircroft Separation vs. Aircraft Velocity
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APPENDIX A

TROPOSPHERIC AND IONOSPHERIC EFFECTS ON RANGE
AND RANGE-RATE MEASUREMENTS

I. INTRODUCTION

The primary purpose of this appendix is to provide a realistic estimate of
the tropospheric and ionospheric influences upon the range and range-rate
measurements. The PLACE study made it necessary to provide a basis for
selecting a suitable operating frequency where the range and range-rate errors
introduced by the atmosphere will allow precise determination of the location of
high speed aircraft by means of a synchronous altitude satellite. The regions of
the atmosphere which affect the propagation of electromagnetic waves are; the
troposphere (0-30.5 km), where the index of refraction is greater than unity, and
the ionosphere (85-1000 km), where the index of refraction is less than unity.
Free space prevails between the tropospheric and ionospheric region (30.5-85
km) where the index of refraction is essentially unity.

Signal deterioration results from the fact that there exists in the atmosphere
spatial inhomogeneties which are continuously varying as a function with time.
A radio wave traveling from some object in space and incident upon the earth's
surface has of necessity traversed the earth's atmosphere; a region in which
the refractive index may deviate significantly from unity. Particularly at fre-
quencies below 1000 MHz the atmosphere may affect any or even 2il of the five
parameters that can be used to define the radio wave (i.e., its amplitude, direc-
tion of propagation, phase, frequency, and polarization). The time and space
variations of these five parameters may be affected by atmospheric irregulari-
ties of various sizes and, for a moving source, even by a smooth, nonvarying
ionosphere.

A study of the effects of the atmosphere on radio wave propagation
necessitates a knowledge of the height-variations of the dielectric constant, or
refractive index, in the tropospheric and ionospheric regions. Since the mag-
nitude of the dielectric constant is a function of such parameters as the geo-
graphic location on the earth, weather, time of day and season of the year, it
becomes an overwhelming task to completely analyze atmospheric propagational
effects under all parametric conditions.
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To simplify the analytical problem, atmospheric models' ? 3which are repre-
sentative of average conditions are employéd to estimate the influence of the
earth's atmosphere (tropospheric and ionospheric regions) upon measurements
of range and range-rate at various frequencies. The effects of the troposphere
and ionosphere upon radio wave propagation can best be predicted if an accurate
refractive profile of the atmosphere is available. To a certain extent, the sys-
tematic or biasing effects of the atmosphere are predictable and can be corrected
for if sufficient data regarding the atmospheric state are available.

II. TROPOSPHERIC RANGE ERROR

Figure A-1 indicates the physical relationship between the troposphere and
ionosphere above the earth's surface. In the troposphere, the index of refraction,
n, can be found from the following equation? .

N=(n-1)x108 = 122 [P+48;°e]. (1)

where N is the refractivity, T is temperature in degrees Kelvin, P is total
atmospheric pressure, and e is the partial pressure of water vapor (both P and
e in millibars). The above expression for the refractivity of air is independent
of frequency in the 100 MHz to 10,000 MHz range.

Bean and Thayer 35 describe the tropospheric refractivity profile by the
following equation:

N=N_exp [-k(h-h)], 2

where
N, = refractivity at earth's surface ~
k = decay constant (per km) §
h = height above surface corresponding to N (km) E
h_ = height of reference point above mean sea level (km)

73




TERI st Eptnt g Vb g e e b

y/
/
APPARENT f pay ///
PATH [paTH /
DIRECT PATH
(OR LINE OF o)
.7 / SIGHT) %
\ e %
@Q P i)
Q\?‘ © AN 4\
0") Q{\(‘ /
N & O A
\0 qu Q,\(\, /6’\{
& _ —— HORIZON
& & -
& (,)Q 0 %
° £
& o %
& S
“ \ o e %
o % % B 9
n=INDEX OF REFRACTION 2, 2. 1‘0 . ®
N=(n-1)i0€ 01 % o)
&
¥ = ELEVATION ANGLE \\U\
%

AY=ELEVATION ANGLE ERROR

Figure A-]1-Typical Ray Path Trajectory Through the Atmosphere

The decay constant is generally calculated from a refractivity measurement at
a height of 1 km. That is,

N
- (3)

k=4n —2 .
nﬂ.-;-AN

N, +ON fis the refractivity at a height of 1 km above the earth surface3. The
calculated exponential profile by NBS is in agreement with the measured tropo-

spheric index of refraction profiles.

74




The tropospheric range measurement error is primarily due to the elec-
trical path length difference between a line-of-sight path measured in terms of
the velocity of light in vacuum and the line-of-sight electrical path length due
to the actual velocity of propagation associated with the troposphere.

When electromagnetic waves are propagated through a medium whose di-
electric constant or index of refraction is a varying function of the path, the
wave undergoes a change in direction, or rcfractive bending, and a retardation

in the velocity of propagation.

The path length between ground station and target is given by
2
Ro = J ds =line-of-sight range (or true range). 4)
1

The "apparent range'' due to a velocity of propagation less than that of light
in vacuum is given by

2
R: ( nds = apparent range. (5)
l‘;l

The range error /R is the difference between apparent range R and the true
range Ro‘

2
LR = f (n - 1)ds (€)
1
Using (1) and
ds = 'dh
sin

where
elevation angle,

=
il

height of surface above sea level,

ol
[}

H

h target height,

75

i

LI T T

[ ERG

iy kil




equation (6) can (for elevation angles y > 10 angles) be approximated by the
following equ ~tion:

10'6 h2
AR 2 ——— £ Ndh. (7
sin y

1

Equation (7) indicates that the range error is a function of the refractivity
profile and elevation angle. Figure A-2 shows tropospheric range errors rep-
resented by the exponential model® and by the standard atmospheric models’
(see Tables A-1 and A-2).

Tropospheric range errors decrease rapidly with increasing elevation
angle and are independent of frequency. The tropospheric error is appropriate
for lunar distances as well as earth orbits.

II. IONOSPHERIC RANGE ERROR

In the troposphere the index of refraction is independent of frequency. For
the ionosphere, however, the refractive index of the medium is a function of
the transmitted frequency.

The effects of the ionosphere can be described to a sufficient approxima-
tion for f > 100 MHz by ascribing to the ionosphere an equivalent index of

refraction given by®;

1/2

N, e?
ns 1o | (8)
somw‘

N, = electron density = elect cns/meter3,

where

e = electron charge = 1.602 X 10719 Coulombs,
m = electron mass = 9.11 x 1073! kilograms

¢, = Iree space dielectric constant = 8.855 x 107'2 farad/meter.
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Table A-1

Tropospheric range errors for a standard atmosphere with 100%
relative humidity, one way transmission path at the altitude
> 30.5 km.

Y (degrees) 0 1 2 3 5 10 20

AR (meters) || 116 | 73 | 51.3 | 38.2 | 26 12.8 | 7.6

Table A-2

Tropospheric range error for a standard atmosphere with 0%
relative humidity, one way transmission path at the altitude
> 30.5 km.

Y (degrees) 0 1 2 3 5 10 |20

OR (meters) || 88.5 |60 | 44 33.8 | 22 11.6 | 4.6

The ionospheric range error due to time delay can be calculated when

2
R, = J‘ ds = line of sight range (or true range). (9)
1

The "apparent range,’’ due to a phase velocity greater than that of light in
vacuum, is given by;

2
R= f 95 _ measured range, (10)
n
1

where n = ionosphere index of refraction (n < 1).

Equation (10) describes the apparent increase in range due to a group
velocity less than the speed of light. The ionospheric range error ARis given by
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2
AR:R-RO:f (%-) ds. (11)
1

By using (1) and (8), equation (11) can be written as,

2
3
oR - 16> 10° f N_ds. (12)
(276)?

Reference (10) shows that if y is the angle between the horizontal and the
direction of propagation, then

2
f N.ds = (1 - 0.928 cos? ¢)‘1/2fNe dh. (13)
1

By using (13), and for elevation angle = 0, equation (12) can be written as;

AR =152 [N an, (14)
27 ¢
where f is in Hertz, AR is in meters, and f N_dhis in electrons per square
meter.

Figure A-3 and Table A-3 show the ionospheric range error for zero eleva-
tion angle and various integrated electron densities versus frequency.

Range biasing effects due to the atmosphere as shown in Figure A-2 decrease
with increasing elevation angle . The tropospheric range error is frequency
independent while ionospheric range error is inversely proportional to the square
of the operating frequency. The electron density, N_, is a function of time of
day, the magnitude of recent sun spot activity, the effect of local ionospheric
storms, and the local latitude; therefore, the integrated electron density will
vary in a non-deterministic manner as a function of time. Several investiga-

tors’® have observed a strong diurnal variation in the total electron content of the
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ionosphere. There is agreement that the daytime peak (early afternoon) is six
to eight times greater than the nighttime minimum.

As might be expected, the highest values for the integrated electron density
occur in the early afternoon with a range of 5.5 x 107 to 8.5 x 10!’ electrons
per square meter (satellite height between 1227 and 1350 km). A typical mean
value of the integrated electron density at midnight is 1.1 x 10!7 electrons per
square meter }!: 12, Reference (13) gives the integrated electron density as a
function of time of day measured on Sputnik III. An average value of the inte-
grated electron density is shown to be about 2.4 x 10!7 electrons per square
meter, with a maximum value of approximately 8 x 1017 electrons rer square
meter, depending on the time of day.

It is evident that the ionospheric range error is a maximum during the
daytime. The major portion of the time delay occurs below an altitude of 500
km. At 200 MHz, for a one-way transmission path, the maximum error (Figure
A-3, Curve A) /R is on the order of 910 meters. This value is approximately
eight times larger than the maximum error introduced by the troposphere. At
a frequency of about 580 MHz the tropospheric and ionospheric contributions to
the propagational time delays are of the same order of magnitude. Above 580
MHz the tropospheric error is predominant.

1IV. TROPOSPHERIC RANGE-RATE ERROR

The one way range error, AR, due to the troposphere was

2
AR:[ (n - 1) ds. (6)
1

The tropospheric refraction contribution to the Doppler shift of the signal
received from a passing satellite for a transmitter frequency f is;

f .
. =1 [?"AR)] - - _ IR, (15)
tro c E‘t (o4
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where Af = tropospheric Doppler frequency error,

‘;} .
>(OR) = A(EI% = AR = range-rate error,

ot ot
B_R: R = range-rate,
at

c = speedof light.

The computed refraction contributions to the Doppler shift produced by the
troposphere, as shown in Table A-4, has been derived from the observed data
by Hopfield!4. Table A-4 indicates that the tropospheric Doppler frequency
error decreases very rapidly with increasing elevation angle.

V. IONOSPHERIC RANGE-RATE ERROR

The ionospheric range error AR was

2
3
AR = 1:6 3107 f N, ds. (12)

Similar to Af s by using (12) and (13), we can write for the ionospheric

Doppler error 1A} U
31 2
1.6 x10° | = |N, dh
f S _ ot (16)

Af, =-_AR=- -
(2m2 fe(l - 0.928 cos? y)1/2

ion
C

In (16), Af,  , the ionospheric Doppler frequency error, is at maximum during
the daytime and at low elevation angles. The ionospheric Doppler frequency

error is inversely proportional to frequency.
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Table A-4

Maximum lonospheric and Tropospheric Doppler Errors (Af)
and Range-Rate Errors (AR):

IONOSPHERE

Frequency
136 MHz

ELEVATION ANGLE

degrees)

5

15

25

35

70

Doppler
Error

af, (c/s)

28

26.3

20.7

15.4

12.30

7.98

Range-Rate
Error

AR (meters/sec)

62

58

45.7

34

27.10

17.60

Frequency
1,500 MHz

ELEVATION ANGLE

15

25

degrees)
35

Doppler
Error

Afion(C/s)

2,34

2,2

1,74

1.3

1.03

0.67

Range-Rate
Error

AR (meters/sec)

0.47

0.43

0.35

0.26

0.21

0.13

TROPOSPHERE

Frequency
136 MHz

ON ANGLE

degrees

ELEVATI
2

5

8

15

Doppler
Error
Af (c/s)

tro

0.88

0.38

0.13

0.06

0.025

Range-Rate
Error

AR (meters/sec)

1.96

0.83

0.28

0.14

0.05

Frequency
1,500 MHz

ELEVATION ANGLE

degrees

2

5

8

15

Doppler
Error

Aft ro(c/s)

9.8

14

0.7

0.27

Range-Rate
Error

AR (meters/sec)

1.96

0.8

0.28

0.14

0.05
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A study and an experimental investigation of the behavior of ionospheric
contributions to the Doppler shift was done at the University of Texas!5. The
purpose of this study was to present experimental data which illustrate the
separation of frequency dependent refraction errors. The experimental data
gave evidence of the presence of ionospheric refraction errors of unusually
high magnitude.

The data in Table A-5 are derived from this study by assuming the maxi-
mum observed values of total refraction error, first order refraction error,
and third order refraction errcr, 27, 18.5, and 10 Hz respectively (referenced
to 54 MHz). :

The values of Table A-5 exceed previous estimates by a substantial
amount!6: 17, During periods where the ionosphere is not seriously disturbed,

the magnitude of the various ionospheric contributions to the Doppler shift are
most likely a factor of 3 to 10 lower.

Table A-5

Maximum Ionospheric Doppler Errors (Range-Rate Errors)

Elevation FR ENCY (MHz)

Angley =0° | 54 | 100 136 | 150 324 400 1,000 | 1,500 ! 2,000

Doppler
Error
Af, _(c/s) |100 | 40.5 28 | 24.8 11 8.8 3.5 2,34 | 1.75

Range-Rate
Error

AR (meters/ |552 |121.5 62 49.7 110.18 | 6.67 1.15 | 0.47 | 0.26
sec)

Elevation FREQUENCY (MHz)

| Angle y = 70° 54 | 100 136 | 150 324 400 1,000 {1,500 {2,000

Doppler
Error

Afion(c/s) 28.5 111,57 7.9817.1 3,13 | 2,52 1,01 | 0.67 | 0.5

Range-Rate
Error

AR meters/ {158 [34.70 | 17.60 | 14.20( 2.90 | 1.90 0.30 | 0.13 | 0.07
sec)
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The maximum range-rate error due to the ionosphere for 0°, 25° and 70°
elevation angles versus frequency can be seen in Figure A-4.

Figure A-5 shows a comparison of tropospheric and ionospheric range-
rate errors versus elevation angle at 136 MHz and 1,500 MHz. It can be seen
that at a frequency of 1,500 MHz or higher the tropospheric range-rate error
will predominate by a factor of approximately four or more for an elevation
angle of zero; but with increasing elevation angle the tropospheric range-rate
error falls off quite rapidly. As seen in Figure A-5, the tropospheric range-
rate errors at 136 MHz and 1,500 MHz are the same because they are frequency
independent.

Errors in range and range-rate measurements caused by propagation ef-
fects through the atmosphere are to some extent computable errors and,
therefore, reducible errors. The extent to which the error is reducible depends
on how accurately the tropo- and ionospheric characteristics are known over
the region of interest. It is well known that seasonal day-to-day and diurnal
variations in the integrated electron density occur, so that continuous monitor-
ing would be required.

At the present, only the tropospheric refractivity profile is known with
sufficient accuracy to permit adjustment of error data.

Models based on average daytime and nighttime ionospheric electron density
profiles are useful in estimating average biasing effects which can be attributed
to the ionosphere. However, correction procedures based on use of ionospheric
profiles have not proved very accurate and may not lead to significant reductions
in error®. The inability to predict the error encountered at a given time indi-
cates that accurate systems musi operate at frequenci.s high enough to reduce
the initial values of ionospheric error to a tolerable value.
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MAXIMUM RANGE—RATE ERROR (METER/SEC)

100 E—F —F e
L 1 — I i 3 3
136 MH , (IONOSPHERE) ]
—— P
X —
-——..Z-..___ S
1o}
A
\
I A
-\
- — 1,500 MH, (IONOSPHERE)
\ \ i
b | ——
\ e
\ == b -
A S -..__“-—-
K
0.l ~ — TROPOSPHERE (FOR 136 MH, AND 1,500 MH,)
0.01
0 i0 20 30 40 50 60 70

ELEVATION ANGLE (DEGREES)

Figure A-5-Comparison of Tropospheric and lonosgheric Range-Rate Error
Vs. Elevation Angle (at 136 MHz and 1,500 MH2).
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APPENDIX B

COHERENT PHASE DEMODULATION

I. INTRODUCTION

A number of approaches exist to the reception of angle-modulated signals
which are below the threshold of conventional demodulators. One approach to
threshold-reduction is to construct signal-tracking demodulators using phase-
locked loops. This technique partially eliminates the effect of the noise com-
ponents whose frequencies differ from the instantaneous frequency of the signal
by more than a predetermined amount. That is, the expected square error be-
tween the modulating signal and the signal-tracking demodulator estimate of
the modulating signal is minimized.

The purpose of this paper is to consider the communication system which-
is illustrated in simplified form in Figure B-1. In either case shown, it is as-
sumed that the moduiated signal has been constructed so that a sufficient carrier
component is present to permit adequate tracking of the carrier by the phase-
locked demodulator. Alsc, the modulating spectrum is not allowed to have sig-
nificant energy at very low frequencies so that the modulated spectrum does not
extend into the equivalent tracking bandwidth about the carrier fr juency. If
the effective closed-loop bandwidth of the carrier-tracking lcop is very small
compared with the bandwidth of the received signal and noise, r (t), (shown in
Figure B-2) will be an essentially noise-free copy of the received carrier both
in frequency and in phase.

Under the above conditions, the system of Figure B-2(a) can be further
simplified to that of Figure B-2(b) where the input signal is multiplied by the
carrier coherent VCO output, r (t). Thus, the equivalent receiving system is
simply a synchronous detector and if the power spectrum associated with y(t)
is centered about the carrier frequency, f_., the result is a linear translation
and folding over of the received signal to zero frequency. If the received signal
is perturbed by the presence of narrowband additive noise with a power spec-
trum centered at f_, the noiseband will also be linearly translated to zero fre-
quency and folded over. Therefore, the assumed receiving system produces an
output signal-to-noise ratio (SNR) which is a linear function of the SNR at the
input to the demodulator for all values of the latter so long as the conditions
imposed on the carrier tracking loop are satisfied.

This being the case, it is at least heuristically evident that while the re-
ceiving system described above does not exhibit a threshold characteristic in
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vco ()

y(t) _ i z(t)
r{t) _J

(a)

y(t) 2(1)
Fp (S) et
rit)

(b)

Figure B-2—(a) Functional diagram of the carrier-locked
demodulator. (b) Simplified equivalent diagram.

the conventional sense, neither does it provide a demodulation improvement
factor in the usual sense. That is, the possibility of obtaining an improved output
SNR in exchange for channel bandwidth has been obviated and one must look
elsewhere for any potential advantages that the system may hold.

It is well known that for small values of the mean square modulating signal,
x (t), that the spectrum of y (t) approaches that of a sinusoid amplitude modu-
lated by the same signal, x (t).! The applicability of the assumed receiving
system under this condition is obvious and the relative performance of such a
system compared with an equivalent amplitude-modulation system is easily
calculated. However, as the amplitude of x (t) is increased, the modulating op-
eration becomes an increasingly nonlinear one. If the resulting modulated
spectrum can be represented by a series expansion containing a component
which is linear with the modulating signal along with higher-ordered components,
the most that one could hope to do with the linear receiving system described
above is to recover the linear component and accept all the higher-ordered
components as interference.

If this technique is to offer any advantage at all, then it will have to be as
a result of the amount of power that can be packed into the first-order modulation

1Sec e.g. Stewart [1].
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component compared with the higher-ordered components. Practical systems
using these ideas have been demonstrated and Martin’_ has precented an analysis
based on a deterministic modulating signal consisting of unmodulated sub-
carriers. Martin's analysis indicates that for a frequency-division-multiplex
system (FDM), consisting of a limited number of subchannels, that a significant
improvement may be obtained using phase modulation (FDM/PM) over a com-
parable amplitude-modulation system (FDM/AM). Unfortunately, his analysis
does not consider a general case with random modulating signals and the effect
of the higher-ordered interference components is completely neglected. How-
ever, Martin does provide a number of practical guidelines which he states have
been experimentally verified and which are in agreement with the results pre-
sented here.

II. GENERAL ANALYSIS

In the analysis which follows, it is assumed that the power spectrum of the
baseband moudulating signal is a member of a Gaussian ensemble and hence
that all its statistical properties are derivable from its second moments. We
shall use both the auto-correlation function, Ry (7), of a sample from the time
ensemble given by

R, (7) = L) Lt + ™ = 517,- J"’ Stl(f) el“T dw, (1)

and its corresponding power spectrum as

@

Sy (f) = J R, (7) eleT d7. 2)

The power spectrum, being proportional to the mean square response of a filter
of bandwidth df centered at f when { (t) is applied as an input, will be assumed
to have limited total fluctuation so that {(t) is restricted to be free from both
dc and sinusoidal components.

To begin, we write the received signal as

y(t) = A, cos [&oc (t) =x(t)]. (3)
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Here, w, =2mf_1is the fixed-carrier radian frequency, A, is the peak ampli-
tude, and in the case of phase modulation, the angle of y (t) varies directly with
the message x (t) while with frequency modulation, the message is the derivative
of x (t) or x(t). We form z(t) by multiplying y (t) by the sinusoid r (t) = 2 sin
w.t. After expanding the product and selecting the video component by means of
F,(s), there remains the remarkably simple result,

z (t) = A, sin x (t). (4)

The autocorrelation function corresponding to z (t) for a typical sar.ple
from the modulating ensemble is

R, (M) = {z(t) " z(t + 7))
A2 T/2
= lim = sin x (t) sin x (t + 7)dt. (5)
™~ T
-T/2
By expanding (5) we obtain

Ag 1
R, () :-E- {<cos [x(t +7)~ x(t)]> - <cos [x(t +7) +x (t)]>)

which is easier to handle in the following form.
A2 '
_R_(T) =—29- {Re expi [x(t+7) -x(t)]> -Re {expi [x(t+7) +x(t)]>} (6)

Since the random properties of the received signal derive from those of the
message, our immediate goal is to reduce (6) to a form which relates the auto-
correlation for z (t) to that of x (t). The steps necessary to accomplish this are
rather lengthy and so they will not be done in detail here. However, the follow-
ing outline of one approach to the problem is offered in the hope that it will
provide some clarity to what follows.
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Consider first the expectation in (6) given by
expi(y, -y, (7)

where y, has been written in place of x (t + 7) and y, in place of x (t). Equa-
tion (7) can be compared directly with the definition of the bivariate joint char-
acteristic function which is the two dimensional Fourier transform of the joint
probability density function of the random variables* y, and y,. That is,

M(v,u) = {exp i (vy, +uy,))
®
= J:mj exp i (vy; +uy,) P(y,.¥,)dy, dy,, (8)
where
Py, ¥, = -2717—AeXP [-o?y?+olyd-2u,y, v,]/2A%. (12)

In (12), A has been written for of og - {4, @nd p,, is the convariance of y,
with Y,e

We now note that (7) is the bivariate characteristic function evaluated at
v=1,u= -1, Thus,

M(1, -1) = {expi(y, - ¥,)»

= exp [- ;—(oi -2y, ¥ 03)] (13)

= exp [- R (0) +R, (7‘)]

*See e.g. [6], eqs. 8-12 and 8-23.
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where the relations o"l’ = o2 =R, (0)and 4, =R (7) have been used. In a
completely analogous way, we can evaluate the second expectation in (6) to ob-
tain

{expi(y, +y,)> =exp [-R (0) -R (N)]. (14)

Note that both (13) and (14) are entirely real which is a direct consequence of
the assumptions that have been made regarding x (t). Now, (6) can be simplified
to the following form by use of (13) and (14).

2 3] - (- ]
R, (7) =ﬁ2°- exp [~-R, (0)] {exp R, (7 5 °xp R M } (15)
Using the identity,
e* -e~% _ = z2n-1
2 (2n-1)! ’
n=l
equation (15) becomes
@ [Rx (7-)]2!\‘1
R, (7) =R, (0) exp R (0)] Z:l: ‘(—26_—1T (16)

where R, (0) has been written for Ag /2. The spectrum of z (t), S, (f) is found

by substituting (16) into (2) and taking the term by term transform. The result
is,

o

S, ()
S, () =R, (0) exp R (0)) ) Ex—, a7)
(kk;:ld)
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where

X

Sy (F) =3 {[Rl (7')]"‘} = J. (R, (7)1* cos wr dT.

-

II. MODULATION WITH A RECTANGULAR POWER SPECTRUM

To proceed further, we need a specific expression for the autocorrelation
function of the modulating signal x (t). The rectangular power spectrum pre-
viously discussed and with parameters indicated in Figure B-3(a) permit us to
write

_[h |fl<a
S, (f) = {0 otherwise
(18)

sin u
u

Rx (T) =h “ ei?”f? df = Rx (0)

where the substitution u = 27aThas been made and the relationship R (0) = 2ah
has been used.

Examination of (16) and (17) shows that the detected signal is composed of a
component which is linearly related to the modulating signa!l in addition to a
sum of terms of higher orders. Equation (17) further shows that the higher-order
terms involve multiple convolutions and therefore the total power associated
with these terms is effectively interference noise. If we write the sum of these
terms as

@ S f
I(f.R, (0)] =R, (0) exp [-R, (0)] Z 5—’;:-(,—) (19)
(* ody
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we can detine a signal-to-interf.rence power density ratio as

§§ [Sz (f)]k.] _ Sx (f) (20)
I f, T T
I(f,R, (0)] S, ()
k!
ka3
(k odd)

To make use of this definition, we must furtier evaluate (19). To this end

we write (19) as

I(f,R_(0)] =0Q Z R‘(T) @1)

ka3
(k odd)

where Q has been substituted for Ry(O) exp [ - R, (0)] to reduce the notation
Using (18) in (21) and after some further manipulatior. we obtair

G

= [R_(0))% ;
I[f/a,Rx(O)]z.z_%; L ——xi(-(|—)- J;m (Sl:u)k cos (f/a) u du.(22)

k=3
(k odd)

We wil! now evaluate the signal-to-interference power density ratio at the
band limits by letiing f/a =0 and f/a =1. To this end, we define
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Figure B-3-Intensity spectra of the modulating signals. (a) Low pass case.
(b) Narrow-band case.

and

0 . K
G = (51:: h ) cos u du, (24)
-

so that the interference power density at the band limits can be simplified to

= [R (0)]*
-9 Z : x 1
I[0,R (0)] T = B, (25)
(o oad)
and
= [R, (0)]*
- Q (26)
I[l,Rx(O)]-2—_”5 E TG
(:-o‘zld)
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As noted by Lewin’, a very good approximation for B, is

7k
N—. (27)
B3 (k - 1)

Equation (27) is exact for k between 2 and 4 inclusive, and only becomes signifi-
cantly in error for k = 8 and greater.

Now, by integrating (24) by parts, it is not difficult to show that -

j (Sinx>ncosxdx:( n ) JA (sinx)“*‘ dx. (28)
X n+1 o X

- k 29
Ck_(k+l\)Bk*l @9

Substitutiag (27) into (25) and (29) into (26) provides the result that

[++]

I[O,&‘(O)]%f_a Z (T{_:“l—)l(—![kx(om (30)
o)
and
=~ [R (0)]*
1[1,Rx(0)]x498. Z 5‘—:'——- (31)
(ot
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Returning to Equation (20), we can substitute the pair of Equations (30) and
(31) to obtain

2R (0

Sx =@ x 8 (32)
I = . . RZ(0) +R}(0)/24

Z k - 1)k! R, 0]

k=3

(k odd)

for frequencies near zero and

S . 2R, (0) ~ 12 (33)
I o . R2(0) + R4 (0)/20

ke3

(k odd)

for frequencies near the upper band edge. The second approximation in the
above two equations utilize only the first two terms of the series representing
the interference. Keeping in mind that Equation (27) is exact for k = 3 and very
nearly so for k = 5, it is easily verified that (32) and (33) are very good ap-
proximations for the range of R, (0) of interest as plotted in Fig, B-4. For
small R_(0), (32) becomes 8/R (0)? and (33) becomes 12/R (0)* which estab-
lishes the lower asymptotes in Fig. 4.

IV. MODULATION WITH A NARROW-BAND
RECTANGULAR POWER SPECTRUM

The parameters for the assumed narrowband Gaussian modulating signal are
indicated in Fig. B-3(b) and in the following description of S__ (f).

otherwise

[f -f | <2a
Sye (F) = {*3/2 § (34)

In (34) the extra subscript has been addea to indicate that the spectrum of
interest is now centered about some frequency f_ and further, it is required that
the b "vidth 2a be small compared with f_.
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Figure B-4

In a straightforward manner, we can obtain R (7) as

R_.(7) :-g- r e’ dr =R_(7) cos w, T
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Thus,

See () =3 {[R, (MI*} =3 {[R, (1)]*} * 3 {[cos w_ 7]*}

(36)

=8, (HH*< L i (T) 8 [f - (n-2i)f,)

and for the special case of k = 2, (36) reduces to

1 1 1
Zch (f) =52Sx (f) +I2Sx (f - 2fc) +E 2sx (f + 2fc)

which is sketched in Fig. B-5. The situation for k = 3, 4 and 5 are also
sketched in Fig. 5.

For the assumed narrowband case, F, (s) can be selected to pass only com-~
ponents with frequencies near f_ and the factor within the braces in (36) can be
reduced to

Lp [s(f+f)+6(f-£)]
2n

n
((n '2' 1) for nan odd positive integer

1 0 for n an even positive integer.

where

D =
Dn—-
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Now, equations corresponding to (32) and (33) for the narrowband modulating
signal can be written as below;

Sa 2R, (O N 64/3
I ® k Y o2 5 p4
R2(0) + =2 R%(0)
Z 1k (k - 1) R, (0)1* 144 -
ok (k- 1)k! 2 (37
k=3
(k odd)

for frequencies near the center of the modulating band and

S. ~ 32
I ~ ® k ~ 1
1 R2(0) + — R3(0) (38)
E 1L (———k 1) (R, (0)) 237
ok k! 2
k=3
(k odd)

for frequencies near the band edges. The right-hand approximations in (37) and
(38) result from using the first two terms in the denominators of the middle ex-
pressions. Again it is easily verified that (38) and (39) are excellent approxi-
mations for the range of R_(0) of interest as plotted in Fig. B-6. The asymptotes
for small R_(0) are 64/3R2 (0) for (37) and 32/R2 (0) for (38).

V. MODULATION WITH AN FDM SIGNAL

When the modulating signal is a frequency~division-multiplexed (FDM) sig-
nal comprised of more than one subchannel, a complete prediction of the per-
formance that can be expected becomes difficult to obtain, However, it is possible to
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Figure B-6-5/1 for a bandpass rectangular modulating spectrum.

establish some guidelines for design which are of value. Figure B-7 is a plot of
the spectral densities for k S, _(f) for k =1 and 3 where no attempt has been made
to indicate actual shapes. Two subchannels are assumed, each of which have
bandwidths small compared to their center frequencies, and the center frequen-
cies have been selected to prevent overlap of any of the resulting spectra. The
situation for fifth-order products (k = 5) have not been included since in what
follows, fifth~order products are relatively insignificant and do not alter the
conclusions for the range of phase deviation of interest.

The reader should carefully consider how Figure B-7 is modified as the
center frequencies, f . and f ,» are brought closer together. The shaded blocks

107

HT

e e vAdoRARSr

il i




'$]2UUoy3qns omi yiim uonp|npow o4 Butuioiiad wopiboig—/-g 2anbig

108

P4 [o]] 8 9 1 4 > (o] r & 9 8
__________________“___
(9)
e 1y 1y~ e -
Il v | B
Ol
2, |
(3-'%) »9
8/g — o2
vw\On
(q)
('12-%)- 1-32)-
¢ ‘32 GBadedn 9 U Y%edH Y - e G- - /  (nh2)-
o NN T . I_.ZJFLE r_ll_l._ - W
+9/¢ PVE ¢9/¢ . $9/¢
v9/6 +9/6 01
A
(0)
N& _h _l N&'

———— e o] M

0
c\_tﬁ
I
I
{

-




converge to 3 f, while the unshaded blocks converge to f, as f, and f, are
made to coincide as is shown in Fig. B-7(c). It should be noted that the spread
of all the third-order products are three times the original subchannel band-
widths, Therefore, so long as f, and f, are separated by more than three
times the subchannel bandwidths, the third-order products which are centered
about f, and f, do not overlap the opposite subchannel. The individual sub-
channel filters can then entirely eliminate the most severe single third-order
component due to the presence of the opposite chanrel. Since each channel alone
must still contend with its own third-order component under any condition, the
only additional interference produced by the existence of the opposite channel
are the sum and difference components. However, all of the sum and difference
components are smaller than those centered about f . and f , by at least the
ratio of 9/64 to 3/64 or three-to-one as indicated in Fig. 7(b).

A similar arguinent when three subchannels are involved can be presented
using the relative values given in Table B-1. To conserve space, the corre-
sponding plot has not been included, but it is easy to deduce that the three-times
bandwidth criteria for subchannel separation holds when there are any number
of subchannels. The ratio of the components centered at f,,f, and f, tothe
sum and difference components becomes approximately five to one. The follow-
ing design guidelines have been established when more than one subchannel is
involved.

(a) The plot of Fig. B-4 applies for any number of adjacent subchannels for
which the combined signal is such that the assumptions of section III
are appropriate.

(b) The plot of Fig. B-6 applies for any number of adjacen: subchannels
for which the bandwidth of the combined signal is less than one-third
0. the center frequency and for which the assumptions of sectio. IV
are appropriate.

(c) When two or more narrowbhand subchannels are involved for which the
combined signal bandwidth is more than one-third of the center fre-
quency, a channel spacing of three times the subchannel bandwidth is a
necessary but not sufficient condition to minimize cross-channel inter-
ference. A complete minimization would require careful selection of
center frequencies to minimize sum and difference inter-modulation
products as well, If all third-order cross products can be made to fall
outside of the desired subchannel bands, the performance per channel
can be slightly better than that predicated by Fig. B-6.
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Table B-1

Conaparison With Three Subchannels

(m +n=3)
Location of Center Frequency Relative Value
f:' f2 and f3 19/216
3f,, 3f, and 3f, 1/216
mf :nf, 4/216 p
mf, ¢ nf, 4/216
mf, ¢ f, 4/216

V1. CONCLUSION

A phase-locked coherent receiver is a linear device which folds the received
signal over about the carrier frequency and translates it to baseband. The re-
sulting output signal-to-noise ratio is linearly related to the input signal-to-noise
ratio for all values of the latter. That is, it does not exhibit a threshold charac-
teristic in the conventional sense. With a 7/2 shift in phase of the synchronous
oscillator, all the desirable characteristics of a coherent receiver can he ob-
tained in receiving an angle-modulated signal with a small phase deviation. Asthe
phase deviation is increased, the nonlinear operation of angle modulation
produces additional sidebands which, in a sense, are multiple copies of the
modulating signal. The modulated signal can now be represented by a series
of terms containing a component which is linearly related to the modulating si_~
nal along with higher-ordered components. The coherent receiver will still
recover the modulating signal without threshold limitations. It cannot, however,
take advantage of ihe multiple copies contained in the higher-ordered components
to provide a signal-to-noise ratio improvement. Instead, it must accept these
components as interference and any advantages of such a system must be looked
for elsewhere.

In the analysis contained in this paper, it was found that only odd-ordered
terms are present in the receiver output, as weuld be expected on heuristic
grounds when the phase relationships of the sidebands are considered. Expres-
sions for the received power spectrum are derived for the case of the lowpass
and narrowband modulating signal with stationary Gaussian characteristics of
nearly arbitrary power density. A signal-to-interference power density ratio
was defined and modulating signals with rectangular power density were

SRt
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assumed to derive explicit equations and curves predicting the performance of
the assumed models. The results were extended to provide guidelines for the
design of practical frequency-division-multiplexed (FDM) systems with a
number of subchannels.

It is concluded that for digital transmission systems, the technique described
is usable with rms phase deviations up to, or even slightly greater, than one
radian. The method is particularly advantageous over channels with poor signal-
to-noise ratios since a greater portion of the total transmitted power can be
packed into the first-order sideband over that of a comparable amplitude modu-
lation system. The distortion products which result are more easily tolerated
if the channel signal-to-noise ratio is already relatively high. Since only odd-
ordered distortion products are involved, a necessary criteria for minimizing
adjacent-channel interference is to separate subchannels hy three times their
bandwidths in a multiple-channel system.
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APPENDIX C

SIND ERROR ANALYSIS

I. INTRODUCTION

The error analysis for the SIND system is summarized in Figure C-2
through Figure C-3. A general matrix relation describing the linearization
and coordinate transformation between the output errors and the input measure-
ment errors is shown in Figure C-2 where A is a coordinate transformation
matrix derived from the geometry of 'he system. Figure C-2 presents three
additional! important relationships developed in the error analysis. The char-
acterization ol *he input measurement errors is given by the covariance matrix
of the :nput measurement errors, cov om, in which all measurement errors
are assumed to be independent. The output position and velocity errors are
characterized by the covariance of the output error matrix, a 6 by 6 array,
expressed in terms of the transformation matrix, A, ard the covariance of the
inverse of the input measurement error, cov (5m)~!. The aircraft intrack,
crosstrack, and altitude errors can be extracted from the position-velocity
ervor matrix, cov Sp, and are presented as the output errors in position which
are located along the priacipal diagonal of the matrix, cov R. The off-diagonal
elements of this array are nonzero indicating the dependence between the error
components which is specified by the correlation coefficient, Fij

The culmination of the error analysis is manifested in the geometrical
interpretation of the error ellipsoid which is shown in Figure C-3. The distri-
bation function of the position errors is given by the expressio: for f (3R,
SR, ,R,) where ¥ is defined as cov (8R). The 1, 2, 3 axes shown in figure
are in the direction of the eigenvectors of ¥ and are the major and minor axes

of the evror ellipsoid. The quantitieso, , o,, and o, ar: the eigenvalues of 1.

II. ANALYSIS

The analysis assumes that linearization is possible; i. ., differential
correction can be employed. The equations which describe the latitude and
longitude of the aircraft are not ¢ asily solved by direct means, but can easily
be solved hy differential correction. For differential correction, an estimated
position is prstulated. Then by taking the difference between the measured
parameters ussociated with actual position and the postulated position, a second
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1. LINEARIZATION

AND S« = A &y
COORDINATE Input Output - GENERAL
TRANSFORMATION Messurements S Errors RELATION
—512 ] -SR T A s 6xe mamix
: . v DETERMINED FROM
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Figure C-1-Linearization and Coordinate Transformation
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POSITION § VELOCITY  cov 677 § oxe = { Alcov (6%)°A)"  -ceneraL

4, OUTPUT ERRORS Or 40,0, A, 0,0,
IN POSITION cwoow-$,,.-12 0.0, 0 &40,

2
/9's ARE CORRELATION COEFFICIENTS h O Gm ck C O’ Ok J

RAICH SPECIFY THE INTERRELATION OF
THE ERROR COMPONENTS.

Figure C-2—Error Characterization and Output Error
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5. ERROR ELLIPSOID
T
DISTRIBUTON FUNCTION (6%, 6%, 6R,)- G € B0 {-% 6% ‘4 R}
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GEOMETRICAL INTERPRETATION '

«0,0,,0, ARE EIGENVALUES OF §

» AXES 1,2,3 ARE IN DIRECTION OF
EIGENVECTORS OF § AND ARE
IRAJOR AND MINOR AXES
OF ELLIPSCID.

Figure C-3—Error Ellipsoid

postulated position is obtained. Successive iterations by the technique of linear
differentials pinpoint the location of the aircraft. It can be shown when |V,| > 1C
oy that the estirnates are essentially unbiased and the only significant errors
can be determined from the covariance (error) matrices.

The covariances of a set of random variables with themselves can be ex-

pressed conveniently in matrix form. Let X be an n-dimensional column vector.

Then X' is ann by n symmetric matrix whose ii'" element is x,x.. Further,
let us define the expected value of a matrix as the matrix of the expected values
of the elements. Then E( RT) is the covariance matrix for x. It is seen that the
s T v 2
diagonal elements of E(3x ") are simply the o
One theorem is required for the development of the linear model. If A is
an n by n matrix of constants and B = %', then

E(AB) = AE(B)

This follows from the fact that the E-operator is a linear operator and matrix
multiplication is a linear operation.
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For the problem at hand we have

y = Ax (1)

and we seek the covariance matrix of x. First, we define the n by n matrix 3
whose ij'" elementis o0 ¢ ;, where ¢, isthe Kronecker delta. The I is
in fact the covariance matrix of y follows from the assumption of independence
of measurements. E (yiyj) =01i 7 j. From Equation (1)},

¥v7 = Ax (Ax)T

= AxxT AT
whence,
xxT = A-lyyT AT
E(xxT) = A= E(yyT)AT ™ )
—Ats AT

Although this completes the theoretical derivation of E(xxT), we note that this
does not provide a good computational scheme. Eguation (2) requires two
matrix inversions, whicii are computational procedures that often introduce
significant round-off error in the final result. To avoid this pitfall (although,
we cannot completely circumvent it) we proceed as follows.

Define £/ 2 as a matrix which when multiplied by itself yields $. In the
case where T is a diagnonal matrix, 172 is cimply that matrix whose x-y ele-
ment is o &, .. Furthermore, let 5-1/2 pe the inverse of 172, which in this
case is the matrix whose ijth element is 5 ij/”;‘
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Now we rewrite Equation (2) as

L(xxT) = A1 (517 25172y 417!

= APl (317 2y1 (5-1/2y-1 AT

= Al (3-172y1 (5-1/2y-1 417

-1

- (2—1/’2 A) (AT 2—1/2 )—1

Defining A_ = $-172 A and noting that 5-1/2 = >-1/2T we have
E(xxT)y = A -1 (A T)!
T -
=(A_ A =pt

We have thus reduced the computation to only one matrix inversion.

There still remains an additional computational problem concerning the
inversion of the P-matrix. P may be ill-conditioned, which means that the
determinant of P may be close to zero though a true inverse may exist. To
avoid this difficulty, we introduce the matrix S, where Sij =3, i VF;. and
where p. . is the element of the P matrix. S-! isthen $. /vp.. . Let Q=
S-!'P S-1') where Q is related to P by a scaling or normalization process. Th's
procedure makes Q less ill-conditioned than P.

Now:
P-S8s-tps-is
=SQS
and P-! =s-1Q-!s-!

In other words we scale, invert and rescale. This concludes the develop-
ment of the computational technique used in the computer program.
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Measurements are taken of six quantities: aircraft altitude, range, range
rate and the velocity components. From these measurements, six quantities
are to be determined: three components of position (in spherical coordinates)
and three components of velocity. In reality, we are primarily interested in
position determination from range, range rate and altitude. Let us define the
M-space as the G-dimensional vector space, in which the components of the
vector are the measurements. Similarly the P-space is the space of position-
velocity vectors (six-dimensional). Since we know the covariance matrix of a
vector in M-space, and we wish to calculate the covariance matrix for a related
vector in P-space, we seek a linear transformation between the two spaces.

To start, we write down six equations relating M quantities to P-v quanti-
ties:

m, =f (p. Py * " D)
my, = f,(Py, Pys * * " Pg)
Mg =t (P Py * ° 7 Pg)

or, in vector form, m = f(p). Let p* be a fixed point in P space and let m* =
f (p*). If we expand f , ina Taylor series about the point p* , we obtain

6

of
E : 1
m, = f, (P*) + p (P, - P, *) +higher order partials (a)
k
k=1

It can be seen that if the higher order partials are considered to be negligible,
Equation (a) reduces to a linear relationship between m and p. In particular,
defining

ol -

Amlzml—fl(p*):ml-ml* and

tyuiriee

op, =P - B
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we have

Similarly,

op .
Ami:ZB, bp, i=1,2 6
p
kul n
In vector form,
Am=A Ap
where
afi

This is the linear model for the position-velocity determination problem. In it,
we assume that the Aﬁj are independently, normally distributcd with mean 0.
and given covariance matrix =.

Let x, y, z, x,y,z be coordinates of position and velocity, respectively.
Also, let 6 and @ be latitude and longitude of plane, R, be plane distance from
geocenter, R, be satellite distance from geocenter. We shall assume that the
satellite is in an equatorial, circular stationary orbit with longitude zero.

Now in spherical coordinates:

» >R, cos 8 cos @
y=R_,cosfsin@

z:Re sin 8
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Since the satellite is at x =R, the equation for range becomes:
R?=(x-R,)?>+y?+22=R?24+R,2-2R_R, cosfcos¥ (b)
To find range rate (dR/dt) we differentiate both sides of Equation (b):
2RR = 2(x -R,) % + 2yy + 2z2
or

. (x-R)) % +yy +22
R = R

The six f functions relating m to p become

1. Altitude

2. Range

R = [Re2 +R2 - 2R R, cos 0 cos ﬂ] 172

3. Runge Rate

. (R, cosfcos@-R)x+ (R cosfsinf)y+ (R, sinb) z

R
R
4, Velocity - x x = x
5. Velocity -y y =y
6. Velocity -z z =z
119
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It is clear that the problem reduces to determining :/ and @, given measure-
ments of R andR.

Since we have assumed the y, to be jointly normally distributed, it follows
that the x 's(x = A-1y ) are also jointly normally distributed. The joint nor-
mal probability density function may be written as:

F(xy x50 00 o x );-——ml-———exp[-l”.’ (i-G)Tp’l(i -G)il (3)
n 21y 2 |Pll./2

-1
where u is the vector of means and where P = ~~'% (.T)" is the covariance

matrix. Inthe problem at hand n = 0. Since the expression in the exponent:

~T = -1
X p X = constant

is the equation of an ellipsoid in n-dimensions, it is natural to ask probability
questions in terms of the probability that a point lies in a certain ellipsoid.
This entails integrating Equation (3).

It is obvious that the integration would be easier to perform if [xT -1 x]
did not involve crossproducts. To eliminate cross-terms, one can change vari-
ables in such a way that the resulting coordinate variables lie along the axes of
the ellipsoid that they define. That this change of variables can always be done
is the Prvincipal Axis Theorem.

In terms of matrices, the resulting variables will lie in the direction of the
eigenvectors of I and the coefficient of x; in the quadratic form will be the ith
eigenvalue. Let us assume that this change of variables has been done. Then
the quadratic in the exponent of (3) has the form:
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and

n
AL
I:TI-J"%;_ exp (-1/72A; xf) dx,

i=1

Now let z = ‘/—)‘—. x, i=1,2,...n which leads to

n
1
- ﬂ' Iﬂ—ﬂ exp (-1/2Z,%) dx, @)
iml

It can be shown, with some manipulation, that the integral of (3) reduces to an
expression in terms of only the error function and its integral.

For the problem at hand, we deal with the covariance matrix of R and R.
This is merely a submatrix of the total 6-6 covariance matrix. In general,
this 2 by 2 matrix may be written as

xb
R}
Q
qQ

0-b

The solutions are:

2 2 /4 4 _ 02 2 52
ch+0'§t op t% 2(1 Zp)a‘ oy

A=
2

If relatively accurate measurements of range and altitude are assumed,
then almost all of the system error occurs in the measurement of range rate
and the aircraft velocity vector. As will be seen later, the actual operational
gituation closely approximates these assumptions.
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Similarly, the measured aircraft velocity vector, Vm , may be expressed as:

(v 7] B . .2 .,

Vo, 1 ecost¢é -€sinf Vo

V! |= |-€cosé 1 0 Von ()
4 .

V .|=[+esin@ 0 1 V..

The case of interest affecting the position fix accuracy occurs when the measured
component of aircraft velocity between the satellite and aircraft, v! , is equal

to the measurzd Doppler, fm ,or V' = im . If the actual velocity,ﬁl" , 18 equal
to the actual Doppler, f, , V. = f, , suchthat e represents a positional error
on the circle of position then:

- 4)
vmr = Tap el"
Also, from the matrix retlationships (3):
"r;r =€ sin 5th + Vn;r

(5)

V:M =esin6V, +e +V, e

Equating V:M from Equatioils (4) and (7}

r.+e, =€sinfV e ,V, +e (6)

If v, > e, , an assumption which will be discussed in detail later and, since

r,, =V, ,equation (6) simplifies to:

€ ,N\, r r
V",gi‘n:Q
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Thus, if

-er+e, 20

the positional error on the circle of position is described by the angle ¢, which
corresponds to a linear distance error, d, on the circle of position equal to the
product of the small ange, <, and the normal distance from: the aircraft, r,,,
to the satellite to center of earth range vector.

d=¢€ !'"
where
r,,=r,sinf
and
d=er, siné
Therefore

This formula approximates ail the important error characteristics of the
system.

There will be a linear solution for our problem as long as V, 2 10 o, .
The projection of the velocity vector onto the satellite direction has been shown
tobe a monotonic function as long as the projection of the velocity vector onto
the ring is not zero. This justifies the concept of sliding the proposed position
along the ring until the projection iu the direction of the satellite is equal to
the Doppler.

If the inequality in V, is not satisfied, then V, ~ 0. This means that the
aircraft is flying directly away from the subsatellite point. The position can
still be determined, but the linearization used in the analysis is not valid for
this specialized situation.
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III. DISCUSSION

In discussing the properties of the system, the position and velocity time
histories of the aircraft have not been considered. Only the capability of obtain-
ing the instantaneous fix has been discussed. It must be noted, however, that any
actual realization of Vthe system will» utilizeA suqh time histories.

From the preceedmg dlscuSslon, it’ ‘ean be seen that the linear model is not
valid for [v,| '< 105, i.e., if the tangential projection of the aircraft's velocity
on the circle of position is zero. This indicates that the aircraft heading is
normal fo the ""'ring" direction. Viewed in this light, the system presents no dif-
ficulties when the velocity prcjection in the ring direction is zero. R is noted
that this situation exists only for the linear analysis presented here. There is a
quadratic solution which has not been considered because of mathematical diffi-
culties and the time allowed for this report.

H over ocean flight patterns are considered, particularly over the North
Atlantic, a large velocity component will always exist tangent to the circle of
position, or position ring. In fact, a satellite can be in positions such that the
velocity vector very roughly parallels the ring over all flight paths. Aircraft
almost never fly directly away from the mot-ocean subsatellite point in crossing
the ocean. Therefore, although the case for V, X -0: was not studied, this report
essentially applies to all over-water air traffic control situations. The error
analysis has shown that the error ellipsoid for the SIND system is cigar-shaped
while the error ellipsoids for other techniques are generally "football" -shaped.
In both cases, the minor axes are in tens of meters for the current state-of-the-
art. The length or major axis of the cigar ellipsoid will normally be of the order
of kilometers. The major axis of the cigar ellipsoid points in the tangential
direction of the ranging line-oi-position ring dnd therefore tends to be pointed in
the direction of flight for typical North Atlantic great circle routing. The SIND
system can accurately monitor the separation of air traffic lanes while the ac-
curacy for momtormg in-Tane separatlon of aircraft is somewhat less. From an
operational point of view, when not using time histories, this characteristic is
not serious _as the relative speed between alrcraft w1th1n an air traffic lane is
small. Alrcraft today “often I;ave ‘weathet radars, so the chance of one aircraft
overtakmg another is generally smalL 'However, the closure speed between air-
craft traversmg lanes in the opposxte ﬂ1réctmn will soon be as high as 4000
knots. It is therefore eriticdl fhag Iane sepamtmn be maintained. The SIND
technique can do this.

Th ygtem 1s less accurate for the slower moving aircraft, but again the
need for beﬁer 1t10n,ﬁxingmc “as the aircraft speed increases. The

o) ngg 3 5
SIND techm Tﬁ}s the desqable‘ erty of increasing its accuracy when

P ) PR L
Y SO T F .»5: R ER



more accuracy is needed. The accuracy of SIND is basically limited by the ac-
curacy with which the velocity vector and Doppler can be determined. The SIND
technique using onboard inertial data should be better than an independent inertial
system using the same data. This assumes that the SIND implementation would
have available moderately accurate altitude, range and range rate measurements.

If two communication satellites were available in the North Atlantic region,
the SIND approach could be employed reliably in that one satellite could serve
as a backup system and prevent navigation service outages due to the failure of
a single communications satellite.

In the above discussions, the existence of some sort of gyro-accelerometer
platform aboard the aircraft has been assumed. Future aircraft may not have
this equipment. Such aircraft must, however, have some sort of real time
dead-reckoning capability. With almost continvous updating that could be de-
veloped from satellite systems, the dead-reckoning system could be very
ciude, but some real time dead-reckoning system is needed.

If the dead-reckoning system did not contain acceleromaters, the SIND
system could obtain crude velocity vector information from the Doppler radar
and compass heading of the aircraft. Under these conditions, the major axis, or
length of the cigar-shaped error eliipse, would be of the order of tens of kilom-
eters. The system still could probably maintain adequate lane separations and
provide operational "back-up" to the other navigation systems utilized.
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