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ABSTRACT

The high performance of avallable oscillators hus per-
mitted the development of invaluable navigation and geo-
detic satellite systems. However, suill higher performance
cscillators would further improve the accuracy or fiexi-
bility of the systens.

INTRODUCTION

Oscillator performance isg a critical factor in the operation of the
Navy Navigation Satellite System (WAVSAT) and of the HNAVSTAR Global Po-
sitioning System (CPS). [ is alsc an lmportant element in the geoo-
detic applications of these systems. The WAVEAT system 1s baseun on
Doppler chservations of satellites at 1000 Jm altitude., While the GFS
system is based on simultanecus ranges observations %o four satellite

at altitudes of 20,000 km, it iz useful to think of tne computation

of the ephemerides of the satellites as belns hased upon Doppler data
also. The reason for chcosing this Interpretation stems from the Tact
that it is desirable tc base the computation of the ephemeris on several
days of observations in order to mirnimize the uncertainties in the com-

puted orbit period and solar radiation parameters Over a five day
period, an error of one part Iin 13 in oscillator frequency would

produce an error in time of L3 me, or 12 m in range, since the range

is based on the measured Lravel tTime oF algnals propagating at the

speed of light. As will be shown below, analvsis of Doppler datas during
the five day periecd would sgive range to the satellite which is accurate
to better than a meter E cseilliator. U is pogsible to

use the range information nile stili aceounting for the osell-
lator instability either

tal proceasscr by introducing  pro-
cess noise or in a bateh using & corvoiated welght matrix.
While these alternatives “lcally more rigorous than the
conversion of range data to Zoppler data, the fechnlques fundamentally
weaken the accuracy ci rel i meazurenents made at widely spaced
times, tending to approac interpretation of the datsa.
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TIMRE TAGGING

Both the NAVSAT and GPS systems require time tagging of observations
and of ephemeris data to sufficient accuracy to allow interpolation in
the relative positions of the satellite and observer to the desired
accuracy. Since the relative accuracy of the satellite and observer
is about 5 km/sec, an uncertainty in the time tag of 0.2 ms would pro-
duce a relative position error of one meter. In both navigation sys-
tems, one or more ground oscillators is adopted as a standard, the
satellilte oscillator is calibrated against the standard, and other
ground clocks are calibrated against the satellite clock. Therefore,
the satellite oscillator must be sufliciently stable to maintain the
desired accuracy of the clock epochs over the time period of several
days used for the clock rate determination and prediction. A 0.2 ms
accuracy objective over a five day period requires an oscillator sta-—
bility of 5 parts in 1010,

RANGE MEASUREMENTS

The most stringent requirement on oscillator performance arises from
ground measurements of the time of arrival of sighals generated from
oscillators in the GP3 satellites. The GPS system is bhased on ranges
computed by multiplying the travel time of the signals by the velocity
of light. The effect of oscillator instability on the computed ranges
was referred to in the first paragraph in connection with the deter-~
mination of the orbits of the GPS satellites. Inverting the calcula-
tion, if satellite and ground timing systems were to be maintained to
an accuracy corresponding to a cne meter range accuracy over a five day
time period, oscillator stabilities of eight parts in 10!° would be re-
quired. The GPS system is able to meet navigation requirements with
satellite oscillators which are an order of magnitude poorer because

of looser tolerances on range accuracy and shorter fit and prediction
intervals for the time signals. The epoch errors of the ground clock
are determined each time a navigation fix is obtained by measuring the
apparent travel time of signals from four satellites and solving for
the clock correction and the three components of the observer's posi-
tion. Therefore the only requirement on the oscillator in the receiver
is to permit interpolation of signals from the satellite to the same
epoch for those receivers which do not make simultaneous observations
to the four satellites (Hill, 1978). The range computed from the
travel time prior to correction of the observer's clock is referred to
as a "pseudo-range."

GEOMETRIC DTLUTION OF PRECISION

In considering the requirements for oscillator stability, the measure-
ment errors produced by clock uncertainties must be transformed to
errors in the posgition of the observer. Positions based on the pseudo-
ranges to four satellites are about a factor of three worse than the
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measurcment errors for the typical geometric configuration of GFS satel-
lites. The ratic of the position error to the measurement error is re-
ferred to as the "Geeometric Dilution of Trecision (CDOP)" (more pre-
cisely in this context, "Position Dilution of Preciszion (PDOPYI" (Milli-
ken and Zoller, 1978)). It is simply the average standard error in po-
silion corresponding to unit weight for the cbservatlicns. The GDOD and
the effects of oscillator instabilily on ﬂoppler pg»iLlun ng cannot be
summarized as conciscly. 3Before 4 '
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For the above frequency offsets, the first equation establishes the

time interval accuracy required per meter precision in range difference
as 40 ws for NAVSAT and 200 us for GPS. The second contribution to

the range difference error imposes more severe requirements on the os-—
cillator. The time interval betweern the first and last time in a satel-
lite pass is about 1000.sfor NAVSAT and 30,000 s for GP3. Therefore,
the fractional frequency stability required per meter precision over
these intervals is 3x10712 for NAVSAT and 1.1x107!3% for GPS.

INFORMATION CONTENT OF A DOPPLER PASS

Direct conversion of the Doppler errors discussed in the previous para-
graph to errors in station position is not useful because Doppler data
for a single satellite pass does not provide enough information to per-
mit accurate determination of all three components of gtation position.
Therefore, GDOP is usually calculated for the two position components
which are well determined. The effects of errors in these two compo-
nents on the calculated frequency are illustrated in figure 1. On a
non-rotating earth, the Doppler frequency (which is proportional to

the range difference) is zero when the satellite reaches its point of
closest approach to the observer and has the shape shown by the upper
curves in the figure. The offset between the satellite and station fre-
guency standards is easily determined since the Doppler frequency, or
calculated range difference per unit time, is equal and opposite in sign
at the times of rise and set of the satellite above the station horizon.
IT the satellite position is known, then an error in the observer's po-
sition parallel to the satellite velocity vector at closest approach
will produce calculated range differences which are displaced in time as
shown by the broken curve in the upper left figure, and bell shaped re-
siduals as shown in the lower left figure. This component of station
position determined from a pass of Doppler data is referred to as the
"tangential” or "along track'" component of position. If the assumed
station position is closer to, or further from, the satellite at the
time of closest approach, the Doppler curve, or range differences, will
have a steeper or shallower slope as shown in the upper right hand

part of figure 1. The residuals will be anti-symmetric as shown in the
lower right hand part of the figure, and define the location of the
station alonw the range vector to the satellite at the time of closest
approach (the "range" component of station position). A tropospheric
refraction bias will also produce anti-symmetric residuals, but the
effect will be greatest at the times of rise and set of the satellite
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and decrease rapidly at the higher elevation angles. The third compo-
nent of station position is not defined for an emitter on a linear path
and a non-rotating earth, since rotation of the recelver about the emit-
ter path at a fixed distance from the emitter wiil not change the Doppler
curve. While the soluticn For three components of station position is
nct singular for the curved satellite path and & rotating earth, the
standard errcr for the third compenent of staticon position is orders
of magni+ud9 larger than those for the ftangential and range component
of station position in the plane defined by the range vector to the
sateL¢1te and the relative velocity vector of the satellite at the time
of ciosest approach, providing no useful information for navigation or
geodetic applications. Therefore in order to determnine three componsnts
of station position, the satelllite should be chserved on a pass to the
left and & pass to the right of the station =o that tne ru*;ﬂ components
can be used to triangulate station helght and the horizontal component
normal to the sabellite track {iongitude for the polar Navy Navigablon
Satellites ), In order to determine a navigater's lstitude and longi-
tude from a single pass of Jonnler data, the heiﬂh* ot the nbserver must
be knowvn; nevertheless the Jlongitude iz ill-deftormined for polar
lite passcs crossing the station's zenith. 2incoe the angular velo
of OFS satellites 1= only Lwice the rate of =artn’s rofation while the
angular veloclty of the NAVSAL satellites iz ten times the rale of
earth s rotation, 1t is not clesar wrnether the informaticon content of a
GPS Doppler pass ig so ldeally contzined in the range/tangential po-
sition components of station pogition as 1t 1z for NAVSAT data Never-
thelesgs, the same Interpretation haz peen aﬁplied to GPE data as a re-
ault of the svailiability of the computer programs and tThe lack of =
better dlagncstic tocl. Actual orhit Leferw_naulu.u wnd ge
tion positicn caleuwiations axro | cdoon o4 least s i
]

detic sta-
ci the nara-

neters of the solution tTo the thc nol to the
position ccmponents calculated 90 nur
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DATA

It was mentioned earlier thal TJuppler observations from most receivers
can be Treated ag either range difference data ¢r sz range data sub-
Ject to an unknown bias. igares 2 and 3 show thoe uncertainty in the
determination of the tangential and range components the position of
the observer, “e°p9c+4ve““ correzponding tow L0 on orandom errcr in
range or range difference
the tangential component
range data ana from thres e
angles to the satellite at clicscst approach
Figure 3 reveals that the G202 Jor the rangs moonent of pju1tlon
varies from ocne half to two for hiasged range Zata and from three to
seven for range difference data for thoese elevart Les. The Tigures
are based on the assumptlon that the tropospheric refrvaction is known

perfectly and the offest in reguency betvween thne osgeillators in the

indicabos that ths ZDO0F for
rLE :Q Pour or o blased
fererce dats for elevation
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satellite and the receiver is completely unknown but stable during the
pass. Uncertalnties in tropospheric refraction must actually be con-
sidered in precise computations. Introduction of a scale bias for re-
fraction does not affect the standard error in tangential position.

The effect on the range component of position depends on the relative
magnitudes of the random error of the Doppler observations and the un-
certalnty in the a-priori refraction data; for typical values of the
quantities, the standard error in range component based on range dif-
ference data is not significantly affected while that for biased range
data is increased markedly percentage-wise, although it always remains
smaller in magnitude than that for range difference data. Since the
random error of measurement for the better receivers is less than 5 cm,
the precision of the Doppler receivers is quite good. However, the
effects of the instability of oscillators used in the receivers pro-
duces larger errors in positicn. Specifications of the stability of
two oscillators used in NAVSAT Doppler recelvers are 1x10711 and 6x10-12
for averaging times of interest (30 to 1000 seconds). Simulations of
position accuracies attainable with these oscillators and an oscillator
with a stability of 2x10-13 were conducted by Monte Carlo methods.
Doppler observations corresponding to frequency variations expected for
each of these oscillators and a random error of 3 cm were synthesized
for six passes for each of five pass geometries, and the components of
station position were computed for each pass. The rms of the six sample
errors for the tangential and range components is plotted in figures L
and 5, respectively, versus the .elevation angle to the satellite at
closest approach. Note that the position component errors are abhout 30
times larger than those due to random error for the specifications of
the oscillators used with this equipment regardless of whether the data
igs represented as biased range data or as range differences. The oscil-
lator stability of 2x10713 which has been achieved for rubidium oscil-
lators over these averaging times, yields position errors reasonably
clogse to those expected from the random error of measurement. Irregu-
larities in the curves are probably due to sampling errors in this
limited Monte Carlo simulation. The rubidium oscillator is inconvenient-
ly large in size for use with the portable Doppler receivers in some
applications.

EFFECT OF CLOCK PERFORMANCE ON POSITIONS DETERMINED FROM GPS DOFPLER
DATA

Results of computations of GDOP for Doppler observations of the GFS
satellites for biased range and range difference data are given in
figure 6 for the range component of position. The curves for the tan-
gential component of position are similar. Results for various data
sampling strategies are given for the range difference representation
of data while the curves for biased range data are proportional to the
square root of the sampling interval. Note that the GDOFP varies from
about one to ten for the different cases for pass lengths greater than
15,000 seconds. Shorter pass lengths probably need not be considered




due Lo the spacing of the satelliites in the GPZ constellation. Bince
most GFS receivers are designed to achieve 1 cm precislon in Doppler
data, the curves Iinply a high precision in position. However, a voery
Ligh osciliator stability would be reguired to achieve these precisions
Simulatlions simllar to those conducted for WAVEAT conditlons were alsoc
conducted for GPS conditiconsg to determine the effect of oscilliator Stﬂr
bility on the accuracy of station positions. Data were simulated [for
the osecillator stability correspending to the curve labeled ''Teat A"

on flgure T. This curve is close to that for a cesium oscillator, Just
a little poorer than that measured by the HNaval Cbscrvalory for the

cesiun tscil’ator used in the TAVSTAR Geodetic Receiver. The rms of
each position component error chtained from the simulated data 1s given
in figure £. Only pass lenghias longer than 15,000 zeconds wore con-
sidered. Thesge errcrs are Tive fTo fifty tlimes worse than those expeoted
from the randeom error of cheervahtlon. n;tempts to accecunt for freguency

varialticns by introducing = freguency drift pauraneter oroduced still
larger errors in computed station vosition. However, this figure illu-
strates the point madc in the [lrst paragravh that the Doppler technique
can be used Lo determine the range to the satellite fo better than a
meter accuracy for satellite passes separaled by any Time interval.

RELATIVE STATION POSITICNING
Even considering the offecta of csecillator 1~a;ut+LLu,, the errors in
computed station positicons 4l e
ey than the errors in cun"wte“ setell I

the higher recelver accuracy iz de-
sirable for ceodetic appiic since the accuracy o the computa-
tion of Lthe relative position or stations observing the satellite
simultaneously is not significantly affected by errors in the satellite
position 1 the distance between the stations is small compared to the
height of the satellite (4nderlco, 1978a). Similarly, errors due to
the sateilite oscillator can be expected bto be cancelled under thege
circumstances. The potential for the determination of the relative po-
sitions o7 stations to centimster accurscy has zsttractsd the atleniion
of geophysicists stadying crustal motlon.,  Since the determination of
reiative station positicon al3o negafes fhe roguiroment Jor accurate Limes

in the previocus secticne are smal-

ite positnions except Tor low

elevation angle passes.

of omission of the ranging slgnals Jrorm Lhe GPS sateriites, near-zimul-

tancous pseudo-range mesasurencrnts Jrom Lwo staticns Lo four sateilites
can be used to make an intoerflercrelric seoiuticon = Lhe relative posi-
tion of the stations (Anderie, 2978n, MacDors . FEowever, s high
gain antenrna or a high redundancy o2 coservaitlons ig reguired fto re-
duce the random range error wnich s aboul a meter for o wide beam an-~
tenna. In this applicatior, ozeillator requirements are modest since
accurate time intervals sre only requlres to lolerpolate non-synchro-
nous but high data rate data.
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SUMMARY

The high performance of available oscillators has permitted the develop-
ment of invaluable navigation and geodetic satellite systems. However,
still higher performance oscillators would improve the accuracy of
flexibility of the systems. Oscillator requirements per meter position
error are listed in figure 9 for the various aspects of navigation sys-
tems discussed in this report. A GPS oscillator stability of 10715
over five days would simplify the orbit determination and prediction
functicns. Highly portable low cost oscillators with a stability of
10~1% for averaging times of eight hours would pernit monitoring of
crustal motion daily with GPS Doppler receivers. Oscillators the same
size and reasonably close to the cosgt of current quartz oscillators but
with a stability closer to 10713 at an averaging time of 1000 seconds
would allow more rapid determination of relative station postions

from NAVSAT data and more accurate orbit determination. Clearly clock
performance is a critical parameter in navigation satellite systems.
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DR.

DR.

DR.

DR.

MR.

DR.

QUESTIONS AND ANSWERS

VICTOR REINHARDT, NASA Coddard Space Flight Center:
Can you define the term, g-dop?
ANDERLE:

Well, loosely speaking, it is the position accuracy per unit mea-
surement accuracy. The detailed definitions of the GPS are given in
the last issue of "Navigation'. A number of conditions are
involved: horizontal, g-dop, position-dop, a number of those terms,
but fundamentally, it 1is, loosely speaking, position accuracy per
unit measurement accuracy.

IVAN NURUR, Ohio State:

In these biased ranges, did you assume that these ranges are inde-
pendent from each other on a given pass, or did you consider corre-
lations hetween them?

ANDERLE:

Each measurement I assume is essentially independent. The only com-
mon bias is the range bias for the pass, but each biased range is
independent of the preceding one.

MIKE MCCONAHY, Johns Hopkins University, Applied Physics Lab:

Would you like to comment, Dick, on what you think the potential of
GPS is for geophysical studies, in view of what you now know?

ANDERLE:

I have addressed that in a number of papers and there are a number
of ways, I think, of achieving centimeter accuracies in fairly short
time spans with better oscillators. This doppler receiver would do
it, and with the existing receivers, depending upon how biases work
out and depending on averaging times, it is theoretically possible
to get a centimeter that way also. There are a number of other
proposals that have been made for using GPS in a VLBl mode as an-
other technique. So, there are four or five different approaches to
using GPS for geophysical applications. There is a question of what
the equipment cost; you know, which one would have the Tleast cost,
the fastest operation, how the various system classes would work out
in each respective application. I don't have any doubt that one of
them will work for centimeter accuracy at some acceptable cost.

Speaker (unheard)

DR.

ANDERLE:

I am sorry. When I talk about those accuracies, I am talking about
relative positioning; I am not talking about absolute positioning.
But, there are two stations equipped with these things, in getting
relative positions.




DR.

DR.

DR.

DR.

DR.

WILLIAM MURPHY, Rockwell:

You might have made this point clear but it wasn't clear to me.
When you were speaking about clock performance, were you talking
about stability or accuracy?

ANDERLE:

In terms of absolute time tags. I never talked in terms of absolute
time tags, absolute epochs because, as I say, we adopt some ground
station as a standard and time tags are with respect to that. Is
that the kind of question you were asking, or were you asking a
deeper question?

MURPHY :

6 parts in 1012, for instance, on this particular oscillator. 1 was
wondering if that was a stability figure or an accuracy figure?

ANDERLE:

It is a figure corresponding to the Allan variance.
MURPHY :
Right.
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