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ABSTRACT

This report describes and analyzes a synthet{b apertufe
interferemeter method of usingbsatellites to provide navigafihg
aircraft and ships With'angular position information. aThe sateilites
transmit in the 1540 to 1660 MHz aeronautical mobile band already
allocated for havigation satellite use, and‘the‘sysﬁem1isfdesigned
to keep the user's navigatibn eqﬁipment as Simple as pessibie;'fA{
navigation satellite experlment based on the synthetlc aperture’
1nterferometer concept is recommended both as a means of demonstratlng'
the concept and to learn more about propagation phenomena at these
frequencies.

It'is found that the synthetic aperture interferometer
nav1gatlon satelllte concept is a very dlfflcult one’ to 1mplement
successfully in an operatlonal system because of the need to know the
motlon of the satelllte and the user w1th‘extremely hlgh accuracy,
Moreover, very high-accuracy frequency standards are”fequirediibth
at the satellite and the user vehicle. Neveftheless,vthe.ebneeéf is
attractive because it offers the advantages of the already operatlonal
‘Navy Navigation Satelllte System, without requlrlng many sateLlltes

for ‘continuous coverage or long perlods of tlme for a p051t10n flx.

it



/

TABLE OF CONTENTS

ABSTRACT ...l..'..l...."o...ll..l.......OOOOOOQCOOCI.C;OJ

Table Of Conténts o.ln.c....;.o-.o-oa--'.oo.oo.ll.c‘oooooo

.LiSt Of Figures -o--o00..00.0conm-00-0..0.0..-0‘-.--.0000."

LiSt Of Tables.Qoo.o.oon.c-oodc.Qo.-;tl;..coaloncoooooco;o

l.o INTRODUCTION'0..'..0...‘...;.O.l.‘l'....;..i;'..lll;.

2.0 NAVIGATION SATELLITE CONCEPT ANALYSIS seevecsvcsscosse

2.1
2.2

2.3

2.4

General Descripbion seecececcccsscssssoscecccosses
Signal ANAlYSiS cescecveccsccvossscssossosasoncos
Extension of the Concept to Two Perpendicular
Interferometer Baselines ..cessecessccescccsscss
Data Links, Processing, and Traffic Control
Provisions ccesececescscscoscessscscsscccssssans

3.0 NAVIGATION SATELLITE ERROR ANALYSIS .eccoccesecscesass

3.1

3.2
3.3

L,0 RECOMMENDATION OF A NAVIGATION SATELLITE EXPERIMENT .

5.0 SUMMARY AND CONCLUSIONS «.elenesnennenesncnnsncnanass

Figure

2a

2b

Eﬁuipment Error u.ooouo..ao-c.unao..o.ooo-aocaoﬁ

3.1.1 Carrier-to-Noise Ratio Limitations on '
ACCUTACYT soveacocoosscacsccssssanssanssnsns
3.1.2 Frequency Stability Requirements and
Calibration Methods ecscececsscccsanscosse
Error Due to Uncertainties in User, Satellite
and Satellite Antenna MoObLiOn scecescecscacsscaocas
Pl‘opaga.“bion Error 'o-oo;-ocoooaoo-ooco'oooc-oooona

LIST OF FIGURES

Synthetic Aperture Radiating Interferometer
Navigation Satellite GeOmMELIY +ecevecececcondons

‘User!? stav1gation Recelﬁlng ‘Equipment with

Cycle-Counting Circuits (Simplified Block
Dlagram) "...'......"-.................'.'.-.o

USer s'Nav1gatlon‘Rece1V1ng Equipment with
Period-Counting Circuits (Simplified Block

Dlagram) ooac..co.b-o---..lco....cnnoanuooaoe;cr

iii~

ii
iii
iii

iv

I..—l

CEwWww

10



LIST OF FIGURES (Cont.)

Pigure - Page
3 Angular Position Measurement Error as & Function
of Carrier-to-Noise Ratio, for Several Values of
D(T)/KO ...0..............’.CI.‘...'....I...O...‘. . 17
4 Angular Position Measurement Error as & Function

of Total System Frequency Accuracy and Stability,
with Satellite Rate of Motion as a Parameter
(fo=l6oo mz) .......3’..‘....'......‘..‘..0..‘. 20

LIST OF TABLES

Table Page
1 Power Budget for a Synthetic Aperture Radiating
Inbterferometer Navigation Satellite System .e... 18
2 Angular Position Error Due to Motion of the

. Satellite Antenna Phase Center About the Center :
of the Satellite 0.3'l.‘.ﬂ..000.....'...0\9.‘9.0‘029 23



.l 0 INTRODUCTION

There is currently a need for a general—purpose, wcfld-
_uide navigat ion sys@em capable of prov1d1ng accurate posltlonvflxes;’
continuously and automatically, under all wéather’ccnditionsf;'The
System is most urgenﬁly needed for the North Atlantic region, but'
must be expandable for global coverage, and should not be overloaded
by a large number of users. Any nav1gat10n system must be rellable,
dependable, and provxde pos1t10n 1nformat10n in a form acceptable to
the user. System obsolescence potential should beclow, and the
inVestment required by the user‘for navigation equipmeut should‘be as
small as possible.

Potential users of a naﬁigation system include'commercial,
private, scientific, and military aircraft and ships having a wide
range of navigation requirements;' The system shculdebe capable‘of‘
providing fully eguipped users with position fixes haviné accuracies
' on the order of a nautical mile (l 85 kn) or better.l'For.uSereanot '
‘requlrlng maximum’ nav1gat10n accuracy, nav1gatlon with less expen31ve'"
user equlpment,v(w1th consequent*trade-offs in pos1t10n-determ1n1ng
capability and'accuracy)‘is highij desirable.x Oceanographlc shlps
generally requlre the hlghest accuracy, but usually can afford to -
take more tlme tO'determlne thelr 9051t10ns. At the other extreme,e -
supersonlc alrcraft requlre rapld and frequent p051t10n flxes 51nce:;:

errors accumulate quickly at high travellng speeds.
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In addition to these requirements, the Ad‘Hoé Joint
Navigation Satellite Committee has concluded that an urgent need
exists to provide North Atlantic;air traffic cdntroilers‘With' -
édequate communications, and that'an independent means of deﬁe?ﬁihigg 
~éircraft positioﬁ is desirable for traffié SurVEillance purposes.l
The Committee further recognized that a communications link could
‘aléo prbvide additional functions such as the relaying‘of meted%élogical
‘iﬂformation, warnings of excessiﬁé radiation for high-alﬁitude super=-
sonic transports,'and transmissibn of distress messages.

'It has become widely reéognized that earth satellites are
'potentially capable of meeting these requirements for a global
ﬁavigation and traffic control System. Several studies have alfeady
considered various navigation satelliﬁe concepts based on Doppler,
fange—range, range-difference, and angle-measurement techniques. .The
synthetic aperture radiating interferometer navigation‘satellite
. cbhcept to be developed in the fbliowing sections of this report has
not previously been reported upon in any greaﬁ detail.’

Section 2 introduces and analyzes the synthetic apérture
fadiating interferometer conceptuand Section 3 contains an érrofa -

. analysis. The fourth section recommends a na;igation,saﬁélliﬁe ;.
 ex§erimentvbaséd on the concept,'and'the last section summarizes‘the

results, implications and conclusions of this reSearbh.'vu

L Final Reporu of the Ad Hoc J01nt Nav1gatlon Satelllte Commlttee,,.
May 1966.
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2.0 NAVIGATION SATELLITE CONCEPT ANALYSIS

2.1 General Description

" The synthetic-aperturelradiating satellite interferomefer: ﬁ
_concept utilizes the motion of a satelllte t0 sweep out (1 e.,
.synthe51ze") an effective 1nterferometer baseline. The satelllte l
:is~placed in inclinedQSynchronoushor:subsynchronous orbit so that
‘there is satellite motion with respect to the user. The navigating
user measures the change in phase of-a CW signal radiated from the
satellite over a known interval of time and uses this informaﬁion to
determine his angular position Wlth respect to thelinterferometerc
baseline synthesized by fhe satellite. The user's operation fs
‘entirely passive, l.e., the user need not transmit,a signal-in order
‘to’navigate. During the measurement interval, the coordinates‘ofbl
the satellite are calculated by ground reference | stations, and this
information is transmitted in real-time to the user bﬁ means of a -
modulated subcarrier radiated from the satellite. ;A digital coméuter,
which constitutes a part of the user's equipment.hdeterhfnés thei
dlrectlon cosines and spac1ng of the effectlve satelllte 1nterferom-
eter and then calculates the user’ s p051t10n w1th respect to thexi
rnterferometer. | )
B " The synthetlc aperture radlatlng 1nterferometer concept.ls‘
~janalogous to the 1ntegrated—Doppler cycle countlng method used 1n f'
the Navy Nav1gatlon Satelllte System, but offers the advantages that
. fewer satellltes are needed for contlnuous coverage, and a much

shorter perlod of tlme 1s requlred to obtain & p031t10n flxg ‘:”fﬁ'



2.2 Signal Analysis

Assume a navigation satellite radiates a continuous-wave -

(cW), signal
s(t) = Ao cos@Dot +v) 4'-(1)'

where A is the amplitude of the radiated carrier,
wo is the carrier frequency, and
¥ is some arbitrary carrier phase.

The signal and additive noise received by the navigating user is
sR(t) + nR(t) = A, cos[w t +y - #(t)] + nc(t) cqsﬂnd§‘+ y - 6(t)]
- n,(6) stafot + Y = H(t)] (2)

where Al is the amplitude of the received signal,
vnc(t) is the'in-phase component of the noise,
ns(t) is the quadrature component of the noise; and

" @(+) is the propagation phase delay given by

p(t) = 2n E%El radians  ‘; : 7 1J(3)i

(o]

where r(t) is the distance. from’ the satellite to the nav1gat1ng user, and

k is the wavelength of ‘the 51gnal radlated from the satellite.
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Figure 1 shows thé geometry of the synthetic aperture

interferometer navigation satellite. At time t, the signal rediated

. from the satellite is
' = ‘ -+ N
s(tl) Ao cos@notl | v) (h)
while the received signal-plus-noise is

s(6y) + np(6)) = Ap cosf® 5, + ¥ - $(6,)] +n () cos[o ty +v = (t,)]

- n(6)) sinfe b, + ¥ - B(t)] )
r(t ) ,
where ¢(tl) = 2x kl (6)

At a later time (tl + T), the satellite will have moved a distance
D(T) with respect to the earth, as shown in Fig. 1, and the signal

radiated from the satellite will bé
S(tl +7T) = A c§s[wo(tl +7T) + V] ' (7) _‘

while the received signal-plus-noise will be

ey + )+ gl +7) =y colin (g +7) 5 ¥ = Bley 0]

’:i-'+ n (t; +,'%’)"c"os[aso(tll‘#%) +yo- B(ey # "r)], o

- ns(‘bl +"Vr)' ‘s'in[(bo('t‘.l +7) +'Y - ¢(tl + T)] S - E (8) i
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NAVIGATION SATELL!TE GEOMETRY



where
- r(tl_+ T)

Bty +7) = on — 2 (9)

0,

From the geometry of Fig. 1, the direction (9)'of the .
navigating user with respect to the baseline synthesized by the

satellite is'given by
D(T) 8in 6 = r(6, +7) - r(t)) - (10)
or, substituting (6) for r(’cl) and (9) for ‘r(tl +7),
o : S L
sin 0 = 5oy [(6) +7) - #(e)] (1)

Block diagrams of two poséible types of navigation; f;f
receivers are given in Fig. 2. 1In both cases, superheterodyne
receivers are used with coherenttdetectors and narrowband post-
'detection integrating filters. A high-stabiiity reference oéciliafor
‘is required, end this oscillator must be synchronous With'the satellite
_carrier frequency mo. The stability requirementsednd;method ef
assuring oscillator synchronizafion are the subject of a 1emef‘sectien.
- The two receivers differ in'thefmethod of measﬁiement. The.reCeivef.°‘
" represented in Flg. 2(a) counts cycles and fractlons of a cycle
(i.e., phase) during an accurately known interval of tlme.‘ ThlS
~time interval is obtalned by leldlng—down the known reference

.osc111ator frequency and u51ng,the resultlng clock pulses to control
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a gate to the cycle counter and phase readouts. The receiver shown
in Fig. 2(b), on the other hand, counts the period of one cycle of

change in carrier phase, i.e., the value of T for which

[¢(tl +T) - ¢(tl)] = 27 radians (12)

In this case, (11) becomes

A
 sin 0 = 5(27 (13)

The function E5($7], i.e., the rate at which the satellite synthesizes
the interferometer baseline, is calculated by a central ground
‘station and this information is part of the data sent to the user

via the satellite in real-time.

2.3 Extension of the Concept to Two Perpendicular Interfefometer'
: Baselines

A single satellite synthesizes a single intérferometer
. which provides the navigating user With‘only a single angie, actually
an angular line of position."A€second interferomeﬁer perpendicular
'to the first is needed to provide a second angular line of position
 that will intersect the first line at alpoint% fhereby fixingvthe
user's position. In the case of navigating airéfaft; it israséﬁmed
that an altimeter is available‘to provide informafion‘on the |
‘aireraft's altitude.

The)second pérpendicular interferdmetei baseline can be

obtained by means of a second satellite whose orbit is pernendirular
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to the first. In practice, one satellite could be in a circular
near-synchrqnous equatorial orbit, while the bthér satellite would

be in a circular nearésynchrondué polar orbit. For continuoué,”
world-wide coverage, approximately three equally spaced satellites
are required in each of the two perpendicular orbifai planes. The
:user navigation equipment is switched alternateiy betﬁeen‘two
perpendicular satellites (radiating on slightly different‘frequencies)
in order to obtain a complete position fix. MEthodé of calibrating
the user's local reference oscillator to the'different'sétellite

transmitting frequencies are discussed later.

2.4 Data Links, Processing, and Traffic Control Provisions

Before the user's posifion can be determined in a geodetic
frame of reference, it is necessary that the navigator be supplied
information on the position of'eéch satellite as a function of time.
This may be accomplished by pulse-code modulating thé data onto a
phase-modulated subcarrier of the satellite transmitter. The
subcarrier is located within a few kHz of the radiated CW carrier
so that a single navigation receiver can receive the navigatidn:
signals and the data simultaneously. The position coordinates are
given as alﬁitude, longitude and 1atitudg, each with a precision of
0,1 millimeter. It should‘be noted that the accuracy of these threg
parameters need not be this godd;‘instead, it is;the aiffereﬁces.in
these variables with time that_must'have this high degree of accuracy.
The data are transmitted from the‘satélliﬁé at a Qﬁeésecbnd fféﬁe»

rate., The received data are entered into the user}s computer which
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subtracts two adjacent frames to. obtaln the difference D(T), where
T = 1 second. The magnitude of D(T) represents the length of the
interferometer baseline synthesi;ed by the satellite and is needed
to solve (11) and (13). The ébmébnents of ﬁzT)'de3cribe'the o
direction of motion of the’satellite’and hence the orientétion of the
interferometer.

The satellite motion ﬁzf) is solved by ground'refexenée
stations whose positions are already known. These stations measure
the change in phase of £he sighéi'received from the satellite. The
phase-difference data arefsent'to‘a'centrél.computation center which
uses this information to solve backwards for ﬁzf); best-fiﬁtihg the
sélution to the observed data. ﬁzT) is then expressed.in.the form of
the altitude, longitude and latitude of the sateiiite, and this
information is telemetered to the user via the Saﬁellite'data-link,
és mentioned previously} The central computation center alsq provides
adjustments of the satellite transmitter frequency by grouhd command.

Tt is envisioned that two classes of users would navigate
-with this sjstem. First is the independent pasSive user which is
equipped with a digital computerkfor performing its own calculétions;v
Second is the traffie control sysﬁem user'whichsdoes ndt.havé é:
"computer and depends upon a central traffic conﬁfol center to perform
the calculations. A method of télemetering.the measurements toithé‘
central traffic control center‘hés already_been described ina previous

report2 and is straightforward.’
2

P, I. Klein, Analysis of a Short-Baseline Radiating Interferometer. -
Navigation Satellite Concept Incorporating Methods to Eliminate
Systematic Navigation Error, Univ. of Pa., Moore School of E. E.
Report No. 66-26, prepared for the NASA Space Applications ETograms
Office under Grant NGR-39-010-087, May 1968.
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3.0 NAVIGATION SATELLITE ERROR ANALYSIS

Further analysis of the synthetic aperture'fadiéting:{ 
interferometer navigation satellite indicates ﬁhat thevbrimaﬁy f7
épntributionsvto navigation error, and to the feaSibiiity of tﬁé:
ééncept itself, are those due tozeqﬁipment errof; uhceftgintiésLin
the motion of both the satellite and the user, and prdpagafién.A

3.1 Iguipment Error

 3.1.1 Carrier-to-Noise-Ratio Limitations on Accuracy

Suppose that the reference oscillator in the user's
receiver (Fig. 2) generates a signal of the form sin@bo‘t +8)..
This signal is effectively multiplied by the received signal (2) in

the receiver phase'detector to produce the diffefence‘signal output |
s(t) + ny(t) = Aé sin[(@ ' - @ )t +8 - ¥ + §(t)]
+n (t) sinf(@ ' ~® )t + B - Y + @(t)]
c o o :
- n(t) cos[(0 ' -~ )t +p -V + @#(t)] (1b)

:ﬁhere A2 is the émplitude of the signal portion of theiphasé deﬁector
“output. -
If the gate to the‘phase counter readout is triggered by positiﬁe#

‘going zero crossings of (14), then betWeen'time'fi and t, + T

1
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[y = @ )(6y +T) +B =¥ + gty +7) + Nty +7)]
- [ -<b§) ty + 8-+ B(s,) : N(t,)] -2 X iadiané  (15)

oy - @)7 + $6, +7) - §(6) + e, + 1) - N(ty)]
= 2n X radians (16)

where ﬂ(tl) and ﬂ(tl + T) are the quadrature components of the phase
noise in the phase detector output at timg tl andgti + T, -
respectively, and X is the number of cycles countéd'by.thg cycle
counter and phase readouts.* These noise terms are obtaiﬁed from

the second term of (14), i.e., the quadrature noise term. From (1k4)
it can be shown that the rms value of the phase noise is
1/2 N

<12e) 572 [ (17)

where C is the received signal power and
N is the noise power in the post-detection filter noise

bandwidth.

In the case of the receiver shown in Fig. 2(a), the full integral
number of cycles is measured by the cycle counter readout, while the
rmaining fraction of a cycle is measured by the phase readout In.. -~

“be case of the receiver in Fig. 2(b), the value of T corresponding o

tr a given 1ntegral value of X 1s dlsplayed.,:
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Assuming independence between the noise terms in (16), the noise
adds in the root-sum-square sense, and the expected value of the

" phase readout is

cx>-1 [@o' C o) o, 4T - gls) +\/§] (18)
Substituting (11) for ¢(tl +T) - ¢(tl), this becomes

(r - D) gino s | y
<X>= (fo fo)T + ) sin 0 + 5= (l9)

C
or solving for sin 6,

1

N .
sin6=m[<x>-(fo'-fo)7--2—£\ﬁa] (20)

In this equation, 0 is the space angle from the interferometer to
the user, and X‘is the number‘of‘cycles of phase shif®t measured by
the cycle counter and phase readouts. The'(f - 7T )T term
represents an error in the angle measurement due to an offset in
frequency between the user's reference oscillator frequency (f ')

and the satellite transmltter frequency (f ). ' This source of error

Cis discussed later. The é;”JN/C 'term represents the error in”the

angle measurementadue'toelimitatiOns in the°6arrier-to~noise ratib
of the received signal. It is evident from (19)ythat increasing“"
D(T)/A.o will increase the sensitivity of the cycle counter (reading

X) to small changes in angular position 6. 1In addition, (20) shows
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that increasing D(T) /)\.O reduces the error in angular position caused
by the (fo' - fb)T and é; /C terms . ‘Figure 3 shoﬁé ‘the fel@tion-'
ship between angular position meésurement error and carrief—td?nbise/
ratio, for several values of'D(T)/ho;

Table 1 listsvthé' powef budget for a sateiiité at near-
synchronous altitude transmitting at a frequency'of 1600 MHZ ﬁith
a power of 50 watts and a gain of 18 4B (assuming a-satéllite'anfenna
with a half-power beamwidﬁh of 20'degrees for full earfh covefége).
An omnidirectional (0-dB) user receiving antenna is assﬁmed; and |
‘the receiver effective noise temperature is éssdmed to be lOOOOK;,
It is seen fromnTable lyand Fig. é'that if a l-Hz’post-detection;
filter bandwidth is used; the angular position measurement error due
to fhe 43,5-dB carrier-to-noise ratio will range from 20 miles f§
0.1 mile proportionately as the baseline of the interferometerbis
increased from 1 wavelength to 200 wavelengths. Thus it is dééirabie‘
tb use long synthesized interferometer baselines if high'agcuracy

navigation is to be achieved.

3.1.2 Frequency Stability Requirements and Calibration Methods -
The term (fo' - fO)T'inf(zo) represents an ef;qr in:£hé f
angle measuremenf due to 5ias erfors in the*user*sﬁréfErence ';.
oscillator frequency (fo') and the:satellrté transmitter frequehcyt
(fo). Since D(T), the interferometer baseline syﬁtﬂesized:in anff: 
interval of time T, is very nearly a linearafunCtiOnfof“T,wthe; e

error (86) due to frequency offset bias error is:(frdm‘zo) L

: A : N, o :
= - =2 - R ) ' :
80 = - g7 (F7 - L) == 5 (£ - £5) (en)
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Table 1

POWER BUDGET FOR A SYNTHETIC APERTURE RADTATING
INTERFEROMETER NAVIGATION SATELLITE SYSTEM

Satellite transmitter power (50 watts) 17 dBd
Satellite antenna gain (20° beamwidth) 18 4B

Free space loss at 1600 MHz, from
synchronous altitude to horizon -190 . dB

Navigation user receiving antenna gain
(omnidirectional) , 0O 4B

User receiver noise powér density kT
(T = 1000°K) ~-198.5 ABW/Hz

Received carrier-to-noise power density 43,5 dB-Hz
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where V is the speed at which the satellite syntheéizes ‘the inter-
ferometer baseline.

Figure 4 shows the relationship between the angular
pbsition measurement error and the frequency offset, assuming{aA
transmitting frequency of 1600 MHz. It is evident fro@ the curves
that the fregquency accuracy and étability‘requirements'arebquite’
severe if position measurement errors are to be képt below one
nautical mile. If the satellite is at nearmsynchfonous altitude,

V will be on the order- of 100 wavelengths per second, and the

accuracy and stability of the frequency standards at both the.
12

satellite and the user are required to be on the order of 1 X 10,

or better. Thus it appears that atomic ffequenéy standards may be
required, unless the frequencybstandards can be calibrated. One
method to accomplish such a calibration is to make additional
measurements of the user's angular position with respect to the
satellite. This permits an oversolution for position from which
it is possibie to solve for any significant frequency offset in the
user's reference oscillator. Thié same mgthod of solving for bias
ﬁin the reference oscillato? is used in the Navy Navigation Sateliite
System. An accurate knowledge of the‘user's veiocity is required
before the frequenéy offset can be computedf

Satéllite oscillators having sufficienf.accuracy have
‘already been flown."The U. S. Naﬁal Research Iaboratory*s TIMATION
'sétellite employs a speéial.crystal oscillator reported to be

accurate to 3 parts 1n‘1ol?. Adjustments to the satellite oscillator
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~ frequency can be performed upon ground command through the use of
ground reference stations at known locations on the earth.
.Observations by these gtations can be used to solve backﬁards fof‘
the frequency of the sateilite transmitter, so that the satellite
osciliator‘frequency can be corrected accordingly. Atomié ciocks
having frequency stablilities on;the order of parts in 1012 are
available commercially, and stabilities of parts in lol3vﬁo lolu
are available from atomic hydrogen masers.3 These devices have not

yet flown in spacecraft, however.

3.2 Frror Due to Uncertainties in User, Satellite and Satellite
Antenna Motion

The measurements of phase difference made by the navigating
user corresponds to changes in the path length between the satellite
- and the user, and this information locates the user's angular
position with respect to the satellite. The total path-length

change §7(T) is actually made up of three component vectors:
§%(r) = D(T) +u(r) + q(7) (22)

vhere 67(T) = 7(t +7) - 7(t) -(23)
D(T) is the orbital velocity vector of the éatéllite,
A(r) is the velocity vector of the user, and
(1) is a velocity veetor corresponding to motion of the

satellite antenna phase center about the center of the

3 A. 0. McCoubrey, "A Survey’of Atomic‘Freqhency Standards," Proc.
of the IEEE, Vol. 5k, pp. 116-135, February 1966.



- 22 -

satellite.
The B(T) component is desired, while the u(T) and E(T) components
_represent errors due to uncertainties in the motion of the user énd .
_the satellite antenna. If Z is the amount of motion of the satellite
antenna phase center about the center of the satellite,‘then the

corresponding phase difference error is

8¢ = §§§ radians (24)

and the angular position error is

. 1S _
69-—-2—]_-[-5595—-

[w]in

radians (25)

'Table 2 shows the expected angular position error for several values
of antenna motion (%) and synthesized baseline léngths (D);, It is
evident from the Table that very constant attitude control is
required at the satellite in order to limit motion of the sateilite
ﬂantenna phase cente; about the center of the satellite., In addition,
- the faster the satellitevsweePS(out the inferferometer baseliﬁé; the
;gmaller will be the error for a given vaiue of‘antenng‘motiop;ﬁ “
| The’éffects of user motion can be looked upon in much
,the same way; i.e., unknown motion of thé QSér antenna-can cause
errors in angular‘pbsition'b& ﬁhe,same’amounfs‘aé‘thoéé_indicéﬁed in
Table 2. Iﬁ the 6ése oﬂ;the'mbying ﬁser, unle§s the'number'ofj'
‘Wavelengths swept out by tﬁe‘saﬁellifé is desigﬁed-toibé muéh 1argér

than the number of wavelengths swept out by the user, the system



- 23 -

Table 2

ANGUIAR POSITION ERROR DUE TO MOTION OF THE SATELLITE
ANTENNA PHASE CENTER ABOUT THE CENTER OF THE SATELLITE

Note 1 - Note 2 : Note 3
Z in millimeters | D in meters 80 in microradians {8X in n miles
0.1 ; 2 50 1
0.1 . kb 25 0.5
0.1l {10 10 0.2
0.1 20 . 5 0.1
0.1 4o 2.5 0.05
0.1 100 1.0 0.02
0.1 200 0.5 0.0L
1.0 2 500 10
1.0 L , 250 5
1.0 10 100 2
1.0 20 50 1
1.0 40 25 0.5 .
1.0 100 10 0.2
1.0 200 5 0.1
10 2 5000 100
10 L 2500 50
10 10 1000 20"
10 20 500 10
10 Lo 250 5
10 100 100 2
10 200 50 1l
Note 1 . . .
Z is the amount of motion of the satellite antenna phase
. center about the center of the satellite. -
Note 2

D is the length of the synthesized interferometer baseline.

Note 3 ¢x.1s position error at the subsatellite point fram a near-
.synchronous satellite.
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would actually be a ground-based interferometer (with the baseline
swept out by the user) rather than a satellite-based interfercmeter.

3.3 Propagation Error

The effects of ionOSphefic refraction and'disperéion'aﬁd 
tropospheric phase fluctuations’ have already been analyzed in a‘
prévious report,u the results of Whiéh can be expeétedlto apply ”
here. The effects of multipath have also been analyzed‘in the
previous report. Multipath is'found to be a very‘gﬁgnificant sourde
of'error; howéver, mult?path effects can be reduéedfconéiderably.h
through the use of narrowband filféring which ﬁeﬁdszﬁo'avérage dﬁtl
multipath phase error.5 The effects of multipath can als§ be
reduced through thé use of spread spectrum signals at the satellite

in order to achieve ensemble averaging of the multipath errcr,6'

)+. Klein, Ibid, pp. 75"780
> -Ibid, pp. 78-8L.

"An Angle-Measurement Nevigation Satellite Concepts Study, "
“(Phase II) Proposal submitted to the NASA Space Applications
Programs Office by the University of Pennsylvania, December 1968,
pp. 32-3L. " :



- 25 -

4.0 RECOMMENDATION OF A NAVIGATION SATELLITE EXPERIMENT

The synthetic aperturevinterferometer satellite coneept
is one that can be evaluated reedily by means of a satellite .
experiment. There are several reeSOns why such?an experiment is
veluable: |

1) A synthetic‘aperturetinterferometer is the easiest
method of obtaining a satellite imterferometer.'.Other‘interferom-'
eterbconcepts'which require at least two coherent radieting sources
separated in space, are much more difficult to realizeiwith satellites.

2) 'Specialized sateliites are not necessariiy needed for
a synthetic aperture interferometer satellite experiment. An eiisting'
or plamned satellite that contaihé a high ffequericy;sta;biiity ew trans-
mitter can be used for the experiment. TIMATION or Namy Navigation
Satellites might possibly be used to demonstrate the concept

3) A synthetic, aperture 1nterferometer satellite can
provide a large amount of much-needed data on propagatlon of"
satellite signals., ‘The use of a stable 51gnal transmltted by a
satellite and a coherent referenCe at the user recelver prov1des
a .very sensitive measurement of multlpath and other Sp&tl&lly-i ‘
sensitive propagatlon oharacterlstlcs.

| Several of the problems assoc1ated with' the synthetlc

‘aperture concept_can be ellmlneted through the.use of a statlonary
user statioh with'thetsetellite.; A statlonary user has no
uncertalnty in ve1001ty, and henee a potentlal source of error is

1mmed1ately ellmlnated. In additlon, the effects of multlpath
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propagation can be assessed by comparing results from a high-gain
user antenna with those obtained from low-gain antennas. The
directional characteristics of the high~gain antenna caﬁ be used
to isolate and meésure the propéfties of the direct and reflected
mulﬁipath signal'components. A médium or low-altitude satellite
orbit can be used for the experiment in order to greatly reduce'the
- frequency stability'requirements'Cf the satellite oscillator and
the user reference oscillator, and at the same timeyreaude errors

due to uncertainties in user velocity.
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5.0 SUMMARY AND CONCLUSIONS

This report has 1ntr§duced a concept of u31ng the motlon'
of a non-synchronous satelllte to ‘form the basellne of an 1nter--
ferometer. The 1nterferometer lS capable of prov1d1ng a pa551ve
havigating user with angular p051t10n 1nformatlon, In effect, thé
léngth of the measurement interval determines the length of:thé"
syntheﬁic aperture baseline. ,HbWéVer, it is foand that theilbﬁger
the measurement interval, the more stringent are the'fréquéncy‘?r
stability requirements of the sateilife'ahd user'reférenéé'.
oscillators, and the need to know the exact amount of ﬁdtion'qf :
the satellite and the user.

It can be conciuded frbﬁ'the error analysis of SBection 3
‘that lower orbit satelliteé are more desir%ble than near-synchrondus
ones for the synthetic aperture interferometer because of the
shorter period of time required tb synthesize a given-interferométer'
baseline length, A lower orbit satellite relaxes the reference
oscillator frequency stability requirements and at the same time
introduces less error from ﬁncertainty in the motiqn_of the usei'n

While the synthet;c aperture interferometer éoncept appears
to be a questionable technique to’implement as an bperafional
navigation satellite system, the concept should provide the basis
for an invaluable interferometer éxperiment. Such’an'experiment‘“

was discussed in the previous sectilon.
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