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Satellite-to-satellite trnclcing and orbit  computation accuracy 
is being evaluatccl on thc Ijasis oi  data obtained from near 
Ear th  spacecraft  via  the geostationary A'I'S-b. The near  Ear th  
spacecraft involved :ire Apollo-Soyw, , (;EOS-3 and NIMBUS-6. 
In addition ATS-6 is being tracked by a new scheme wherein a 
single ground transrnittcr interrogates severa l  ground based 
trmspo~lders via ATS-G l o  achieve the precision geostationary 
orbits essential in sxtttcllite-to-satellite orbit  computation. 
Also one way Dopplcr d:ttn i s  being recorcied a i~oard  NIMBUS-6 
lo  determine the position of meteorological platforms. Ac-  
curacy nssessrnerlts nssocinted with thc foregoing mission re -  
lated cxperimerlts a rc  cliscussed. 



1.0 INTRODUCTION 

Orbit determination accuracy of Earth orbiting spacecraft is primarily a func- 
tion of the: 

knowledge of the Earth's gravity field, atmospheric drag, solar 
pressure, solar and lunar gravity effects, 

a tracking system performance and validity of atmospheric refraction 
corrections, and 

tracking geometry and station location accuracy . 

The tracking system makes measurements such as range, range rate, angles 
and direction cosines to a spacecraft relative to a given trackillg station. This 
data, typically on magnetic tape, is preprocessed (i.e. edited, pre-smoothed, 
changed to metric units, combined with calibration constants and so on) prior 
to being used as input to an orbit computation computer program. The quantity 
of tracking data required to achieve a desired orbital accuracy i s  directly linked 
with the spacecraft-to-tracking station relative geometry and dynamics. The 
orbit computation program is a means of mathematically providing a "best fit" 
(usually in a least-squares sense) of the measured tracking data to the physical 
laws of orbital mechanics. 

The span of data used for an orbit determination may be as short as a few 
minutes, such as during critical launch or  injection maneuvers, o r  data sm- 
pling over a period of several days may be used during high eccentricity earth 
orbits and planetary trajectories. 

Assuming reasonable tracking geometry the accuracy of spacecraft pos t '  A lon 
and velocity determination will be primarily limited by tracking system per- 
formance for any computation spanning the data collection interval. That is, if 
continuous tracking is provided from a set  of well surveyed stations the com- 
putation is essentially one of geometry. On the other hand the accuracy of 
orbit prediction based on an initial spacecraft vector determination will be de- 
graded as a function of time in direct relation to the accuracy to  which physical 
parameters are  modeled. This modeling includes gravitational fields, atmos- 
pheric drag and refraction effects, solar pressure, station location determination 
and so on. The most critical of these modeling parameters in terms of orbit 
determination accuracy is the gravity field model which at present is generally 
expressed in terms of a spherical harmonic expansion. 



1 The question to be answered is what does one mecm by "accuracy1' and how is 
1 i t  to be measured? For  the tracking system the accuracy of measurement is 

usually determined by means of static collimatiun tower tes ts  where known 
distLmces, angles, and zero  Doppler conditions are  predictable to the limit of 
physic a1 survey, time delay measurement, xnd f r e q u c ~ ~ c y  measurement. Pre-  
dicting tracking system perlorma.nce under dynamic conditions is usually ac - 
complished by observing the behavior of associated suh-systems under sim- 
ulated signal conditions. Experience has shown that the tracking system 
accuracy can he specified, inlplenlentccl and verified with 3. high degree of confi- 
dence (ref.  I). On thc other hand it is much moye difficult to verify the accuracy 
of the complex modeling required to predict orbits. There is a continuing 
effort underway to improve our knowledge uf such fundamental modeled param- 
e te r s  as the Earth's mass, the ~uiiversal  gravitational constant, speed of light, 
drag coefficients and so  on. For  it is easily shotwyn that assuming p e r ~ c c t  
modcling the propagated (i.e, predicted) orbit e r r o r s  due to tracking system 
uncertainties can invariably meet all current operational requirements for 
navigation, telemetry acquisition m d  satellite based Eartll platform location. 
In this regard it  is well established that satellite position e r r o r s  of tells of 
meters  will propagate into kilonleters after only one o r  two weeks 01 orbit 
prediction. Such e r r o r s  can only bc reduced by increasing the number 01 track- 
ing observation periods o r  improving the I3 arth 's gravitational field modeling. 

This paper presents a number of orbit e r r o r  assessments a s  derived from 
satellite-to-satellite tracking and orbit computation involving the geostationary 
ATS-6 '2nd the near Earth GEOS-3, Apollo-Soyuz, and NIMBUS-6. 

2.0 TRACKIN(: SYSTEM PRINCIl'LES 

All of NASA's  range arid range rate radio satellite tracking systems consist 01 
n,vrowband phase modulated signals where severnl rnnging tones a r e  sequen- 
tially modulated onto the crtrrier- to  provide a degree of range mcasurement 
ambiguity resolution. Once the ambiguity is resolved only the highest frequency 
tone is tr,ansrnitted to assure m,wimurn resolution. The high resolution range 
tone extends from 20kHz to 5OOkHz depending on the specific tracking system 
under consideration. The r ~ m g e  observation i s  basically n propagation time 
delay measurement from ground station to satellite and back. In the case of 
the current  NASA satellite-to- satellite traclung experiments (e .g. ground station 
to  the geostationary ATS-6 to near Earth satellite) Sour distinct propagation 

1 links a re  involved. 

The range rate relative to a given tracking station is generally observed by 
counting cycles of c a r r i e r  Doppler where each cycle of Doppler corresponds 



to a half wavelength change in total path length at the operating frequency. A l l  
satellite-to-satellite tracking is currently conducted at a nominal carr ier  fre- 
quency of 2GHz and hence each cycle of two way Doppler corresponds to 7.5CM 
of path length change. Strictly speaking the basic measurement is one of range 
change and only becomes a range rate when averaged over the Doppler counting 
interval. 

The foregoing is depicted in simplified form in Figure 1 which is appropriate 
for the satellite-to-satellite tracking associated with the geostationary ATS-6 
tracking of GEOS-3, Apollo-Soyuz and NIMBUS-6. Satellite-to-satellite track- 
ing permits the computation of near Earth satellite orbits by means of a single 
tracking station. NASA is implementing an operational tracking system of this 
type in the 1980 time frame by means of the geostationary Tracking and Data 
Relay Satellite System (ref. 2). 
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In two way traclring a signal is transmitted from a well surveyed ground station 
to a transponder which frequency translates tho signal for re-transmission 
either to mother spacecraft o r  directly back to the ground station. This paper 
deals primarily with satellite-to-satellite tracking and hence the ATS-I;/ 
NIMBUS-G tracking system (ref .  3 & 4) will be used a s  an cxample. Except for 
minor details involving the near  Earth spacecraft transponder this discussion 
also applies to the A'I'S-G/GEOS-~ and A T S - ~ / A p c l l o - ~ o y t ~  tracliing. 

The traclcing of a near Earth satellite via a geostationary satellite might be 
accomplished ill n number of different ways. For' example, l r~cking '  signal 
generation and dntn denlodulation might be performed directly at the synchronous 
satellite and sent by telemetry to n ground station. The advantage of such a 
scheme is that inter-satellite measurerrlents (synchronous to low satellite) can 
be separated from the tots1 path delay. The principal cli~adv~mtage i s  that the 
relative complexity of a total ground station must be placed in orbit. Another 
possibility which is easicr  to implement electronically i s  the "bent pipet1 con- 
cept where tracking signals between ground station and near Earth satellite a re  
relayed back and forth via tlze geostationary satellite. In this scheme all track- 
ing data demodulation, digitizing and recording is performed at the ground 
station. The disadvantages is that total path delay i s  combined into a single 
measurement which in turn adds a degrce of cornplcxity to the orbit determin- 
ation program. It might be thought that the gcost~tionnry satellite motion is 
negligible over the observation interval, however this is not the case. The 
reason is that geostationary satellites, a re  generdly not maintained at zero  
degrees inclination. Nominal vdilues of inclination rnaintairzed for current NASA 
geostatiorlary sl~acecrd ' t  extend from 1.5" to 6".  Such synchronous orbits a re  
apparently more stable th,m zero  degree inclination orbits. A s  n result the 
slant range relative to an observing gro tu~d station typic ally undergoes a sinu- 
s o i d d  variation of several hundred kilometers over a 24 hour period. 'This 
effect will also be reflected in the corresponding gro~ulcl to gcostationary satel- 
lite range-rate (Doppler) measurement as tens of meters  p e r  second. 

The "bent pipe" scheme has been implemented for all NASA satellite-to-satellite 
traclring and orbit computatiorl to date. The geoil~ctry of such traclcing i s  shown 
in Figure 2.  This concept has also been used in a "trilateration traclring" 
scheme (ref .  5) as indicated by Figure 3 to pinpoint ATS-B while stationed over 
the U.S.A. at 94"W Longitude. Recent experience indicates that the success of 
satellite-to-satellited orbit determination is to a large measure dependent on 
the accuracy of the a priori estimates used for the geostationary satellite. 
Conventional one o r  two station tracking of geostationary satellites, while per- 
fectly suitcable for most meteorological image registration and data acquisition 



NEAR EARTH 
SATELLITE SYNCHRONOUS ATS-6 

ALTITUDE 

MEASUREMENT TYPE I RESOLUTION APPLICABLE 
FREQUENCY 

RANGE [ R ,  + R,) 2 METERS 100 KHz 

DOPPLER [ R ,  + R ~ ]  0.05 cm/sec 2000 M H z  

Figure 2. Basic Tracking Geometry 

purposes, is not generally adequate for satellite-to-satellite applications. 
Trilateration tracking provides the geometry and tracking data resolution 
which results in geostationary satellite a priori estimates at the 100 meter 
o r  better level. 

The same scheme is being used to track ATS-6 at its current position of 3 5 ' ~  
Longitude with interrogation from thc Madrid site and transponders at Madrid, 
Ascension Island and Johannesburg. 

a SYSTEM DESC.HIPTION 

ATS-6 is in a.n earth-synchronous orbit at 35,800km. 
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Figure 3 .  Arl'S-6 Trilateration Tracking 

NMHIJS-B is in a sun-synchronous ol.l~it xt IlOOlim. Figure 2 shows this k~asic 
geometry m d  the location of n g r o ~ u ~ d  trnc1;ing stgtion. 

The vital  Arl'S elements f u r  trscking Nimbus nnrl relaying Nimbus experiment 
d:tta to the ground are n comn~unicntions trnnspondcr and a 2-[.;Hz nine-meter 
parabolic antelma. The t rmsponder  t ranslates  Cj GIIz ground station signals 
into 2 GHz signals sent to Nimbus :uici also 1r;urslatcs the 2 GHz signals f rom 
Nimbus into 4 GHz signals which a r e  sent to the grou~ld.  Figure 4 shows these 
freclucncy liiilcs be tween S i m  b u s ,  ,Z TS, xrltl the grouutl. 'I'he antenna has  a 
nominal beam width oi 1.1 dcgisees 31d 3 gxin nf Y G  uU. It can be c lec t ronicd ly  
s c m l e d  55 degrees o l l  boresigllt, and 1x1s n ~ n n o l ~ d s e  capability to Ir~nulr the 
Niml~us satell i te.  f lo~vever ,  thc pr jnlsry \TS  :m tcnn:~ poirlting mock for  the 
traclang experiment is for thi. glbotuicl st:~tion to 11rog1':11~1 tllc /ITS with ~0rn1,utecI 
pitch mcl ro l l  comxnancls Ij:isccl upon 117 S :1nci h i ~ n b u s  ephemeris clata. 

Nimhus o l~se rvcs  ATS hy m e m s  of nn up-looking 2 Gllz :mtenna nrray which 
h a s  :I noxninnl gain of 12 dB corresponcling to x 3 r l H  beam ~viclth of 25 degrees. 
The sys tem consists of thc gimbalcd antenna assembly, the gimbal drive elec-  
tronics,  the power amplifier,  transponder,  nnci the cligitd electronics. The 
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Figure 4. Tracking Signal Power Levels and Pointing 

gimbaled high-gain antenna is directed to ATS by programmed activation of an 
X/Y mechanical mount. The antenna is located on the top of the Nimbus 
spacecraft. 

The tracking data recorded at  the ground station consists of range and Doppler 
measurements in terms of time delays. The range data is elapsed radio wave 
propagation time. The Doppler data, which is a function of range rate, is 
recorded as the time required to count a fixed number of cycles of two-way 
Doppler. 

Figure 5 illustrates the overall tracking data processing required for this 
experiment. 
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Figure 5. Data I'rocessing for Sntcllite-to-Satellite Orbit Computation 

The overall ranging measurement consists of a rneasurcment of thc total round 
tr ip sig~ial delay and involves: 

a The interrogation station located at I<osrnm, North Carolina (or  
currently from the ts,msportable site at hlndrid, Spain) 

a The phase-locked ATS translation trnnsponder and S-Band par,&olic 
,antenna, and 

a The Nimbus crystal-controlled transponder used in conjunction with 
the programmed S-Bmcl hclical antenna ar ray  (phase-locked t r m s -  
ponder lor  GEOS-3 ,md Apollo) 

The ra te  of range change ("average range rate") is observed a s  a Doppler 
shift and necessarily involves the relative motions of the two spacec rd t  and 
the ground station. 

The ground station typically will transmit a t  :I 2 IXW (C'W) level, although 
it i s  cnpnblc of transmitting up to 10 kw. The highest resolution range 
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tone is 10  0KHz with lower ambiguity resolving tones used during acquisition. 
The tracking signal generated at  the ground station and transmitted to ATS is 
used for the coherent Doppler and tone ranging measurements. The signal 
generation is indicated in simplified form in Figure 6 (ref. 6). The use of the 
pilot carr ier  at 6150 MHz permits a coherent lockup with the ATS transponder, 
while the tracking signal (6137.85 MHz in the case indicated) can be varied over 
a wide range to permit coherent tracking of other spacecraft or  ground located 
transponders without re  acquiring ATS in the frequency domain. The coherent 
tracking signal translation by the ATS transponder i s  indicated in Figure 7. 

The Nimbus translation transponder shown in Figure 8 is  interrogated by ATS 
at  2062.85 MHz. The four-element antenna subsystem is directed to ATS by 
programmed activation of a gimbaled X/Y mechanical mount. The pointing 
information is normally loaded into the Nimbus memory via VIlF radio link 
when the spacecraft is in view of a Nimbus command site such as  the Fairbanks, 
Alaska, STDN. The antenna can also be controlled by direct access and control 
via the A TS-6 command relay to Nimbus (S-Band). 

With reference to Figure 8 the incoming Doppler-shifted ATS signal is trans- 
lated by a frequency derived from the Nimbus 37.550 MHz crystal oscillator. 
This same reference is multiplied up to S-Band (2253.0 MHz) where i t  serves 
as  the carr ier  for the Nimbus-to-ATS eight-watt link. The translated ATS-to- 
Nimbus signal is phase modulated onto the 2253.0 MHz carr ier  at a nominal 
modulation index of 1.5 radians. This system i s  based on the Goddard Range 
and Range Rate concept, where a crystal-controlled relatively broadband (sev- 
eral  hundred KHz) transponder is employed. This system is made equivalent 
to coherent (i.e., phase-locked transponder) operation by proper ground station 
processing of the transmitted carr ier  which is coherent with the onboard ref- 
erence oscillator. The advantage of using such a transponder is that no fre- 
quency swept acquisition is required by the interrogating signal. The frequency 
excursion at  2 GHz due to one-way Doppler often approaches .t50 KHz, since the 
linear speed of near-earth spacecraft is  typicdly 8 km per second. 

Doppler data is the most accurate form of tracking data available for purposes 
of orbit computation because one cycle of Doppler is recorded for every half 
wavelength the spacecraft moves radially relative to the interrogating station. 

The group delay of the Nimbus transponder has been carefully calibrated over 
a wide range of frequency and temperature. Measured group delay repeatability 
is within e 0  nanoseconds with a nominal delay of 2.6 microseconds. Systematic 
one-way ranging e r ro r s  introduced by the Nimbus transponder are thus expected 
to be less than &3 meters. 
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TRACKING MEASUREMENT INTERPRETATION 

The ftrangof' measurement is performed by comparing transmitted and received 
tone zero crossings, the highest resolution tone frequency in this case being 
100KHz. The "range rateft  measurement is performed by counting a predeter- 
mined constant number of Doppler cycles and recording the time required to 
receive these cycles. Thus, both 11ranget7 and ffrange-ratef7 are  recorded in 
terms of elapsed time. The raw data actually lists elapsed cycles of a 100 MHz 
clock; consequently the time readout is quantized to 10 nanoseconds. 

The highest resolution ranging tone used in this experiment is 100 KHz. Lower 
frequency tones are  sequentially used during acquisition for ambiguity resolution. 
The lower tones a re  a t  20 KHz, 4 KHz, 800 Hz, 160 Hz, 32 Hz, and 8 Hz. 

The tone ranging measurement is quite straightforward. However, its accuracy 
depends chiefly on the quality of preflight calibration of both the ATS and Nimbus 



transponder group delay. Such preflight calibration data have been taken over 
a range of frequencies and temperatures. Indications a re  that with careful cali- 
bration thc total systematic delay e r r o r  in the ranging measurement can be 
held to a few meters  of equivalent one-way range. 

The electronics for ATS-6: satellite-to-satellite tracking have been s o  configurerl 
that the Doppler output i s  approximated by the following equation: 

where f ( ,  measured average Doppler frequency 

f ,  = uplink frequency = 6137.85 MHz 

a, and a 2  a r e  scalar  const,ults determined by equipment frequency 
multiplications 

. . 

?, = average range-rate ATS to ground site 
- 

i, = average range-rate ATS to Nimbus, Apollo, o r  GEOS-3 

A detailed discussion of 1)opplcr factors in satellite-to-satellite tracking is 
given in ref. 7. A description of the observations, data formats and system 
parameters  associated with NASA-GSFC satellite-to-satellite tracking i s  given 
in ref. 8. 

In order  to permit range-rate direction determination a fixed bias frequency 
(500 KIIz) is added to the observed Doppler at the Iloppler extractor. Thus the 
system counts the time, Tr , required to accumulate N cycles of Doppler, f, , 
plus bias, f,, . That is: 

where N is given in Table 1. 



Table 1 
NIMBUS Doppler Cycle Count 

1 

N Data Sample Rate 

31995 8 per second 

63990 4 per second 

127980 2 per second 

255960 1 per second 

2559600 6 per minute 

The GEOS-3 tracking uses a continuous Doppler count such that an accumulation 
of Doppler cycles over a count time T is given by: 

and the bias frequency i s  2 x l o 7  Hz. For GEOS-3 the Doppler equation in tho 
form of equation (1) is given by: 

Here the scalars 2.247 and 1.700 are exact and c is the speed of light. 

a ATMOSPIIERIC EFFECTS 

The range and Doppler measurements will also be biased by the Earth's tropo- 
sphere and ionosphere. Measurement biases of meters in range and tens of 
crn/sec in range rate can be expected at 2GHz. Atmospheric refraction effects 
can to a large extent be modeled out. Some of the work done in this area  at 
NASA-GSFC is indicated in references 9, 10, and 11. 

The atmospheric range bias is frequency independent through the troposphere 
and inversely proportional to frequency squared through the ionosphere. The 
range rate bias, in addition to the foregoing, is proportional to the rate of scan 
through the atmosphere as well as to the magnitude of horizontal gradients. 



a OKEIT DETERMINATION 

I11 the actual orbit determination program (NASA-CSFC Navigation Analysis 
Yrog~arn) the four radio propagation paths a re  considered separately ancl the 
final orbit solution arrived at  iteratively. This analysis program is  a gener- 
alized least squares parameter estimation program dcsigned to accept <and 
process numerous types of tracking observations, :inc3 includes algoritlllns for 
rigorous treatment of single or  m~dti-satellite tinlc delay 311d delay rate meas- 
urements. The geopotential lnodel can bc selected frorn any of a number of 
available gravity field models. One such field currently usod I11 this program 
is the Goddard Earth Model-2 (GEM-2) which i s  given in t e rms  of spherical 
harmonics LIP to order  and degree 22. Lunar and solar perturbations a re  pro- 
vided by means of the J P L  ephemeris residing on perm,ment disk file at the 
NASA-GSFC IBM 360/95 computer facility. 

Studies have shown (ref .  12 & 13) that Earth gravitational anomalies should bc 
observable in near  Earth satellite-to-satcllite Dopplerh data. l'roliminary 
analysis of ATS- po pol lo-Soyuz data bears  out the col~clusions of these early 
studies (ref .  14). 

2.2 NIMBUS-6 ONE WAY DOPPLER TRACKING 

One way Doppler n~easuremcnts  a re  being made abonrd NIMBUS-6 in  conjunc- 
tion with the satellite balloon and buoy tracking and meteorologic~l  experiment 
entitled tThe Tropicnl Wind Energy Conversion and Reference Level Experi- 
ment (TWEXLE). On the daylight portion of each orbit, when the NIMBUS is  
within r,mgo of the meteoro1ogic:d balloons (several  l l~udred  up at present) the 
R,mdom Access Measurement System (HALTS), which is the space-borne segment 
of TWERLE, detects, demodulates and stores the one way Doppler shifted signal 
and sensor dntn transmitted by cnch platform (ref.  15). The power level of the 
beacon i s  on the order  of G O O  rnilliwatts at a nominal c a r r i e r  irequency, f,, of 

I 

401.2MHz. The expected uncertaiirty in this frequency i s  k 5kHz and the maxi- 
mum one way l)opplcr shift at NIhII3US as calculated from - i /c  f, i s  & 10kHz. 
The onboard double conversion receiver derives successive translation fre-  
quencies of 345.6MHz and 55.57SMHz from the NIMBUS 1.6MHz clock and con- 
sequently operates at a nominal intermediate frequency (IF) of 25kHz. The IF 
operating range i s  from 10 to 3011Hz ( ref .  16). Figure 9 indicates the principle 
of operation of the RAMS svstem. The NIMBUS ouerntional orbit i s  comnuted 

as computationd input at the ground based computing center.  Frequency offset 
(i.e. departure from nominal 401.2MHz Doppler) is solved for along with the 
beacon position coordinates S, S, S ,. Position can be determined in a single 
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Figure 9. One Way Doppler Location of Beacon 

satellite pass. Balloon velocity is estimated from two successive passes 
(ref. 17). The software developed for satellite-to-satellite orbit computation 
(i.e. Navigation Analysis Program) has also been applied to the solution of the 
one way beacon problem and consistently recovers such parameters as fre- 
quency offset, timing bias and beacon location. The fixed reference platform 
used in experimenting with this data type (apart from the normal TWERLE 
Balloon operations) is located at the NASA Fairbanks, Alaska tracking station. 

3.0 EXPERIMENTAL RESULTS 

The following presents some recent results in the areas of satellite-to-satellite 
tracking, geostationary satellite trilateration and one way Doppler Earth fixed 
beacon location from a near Earth satellite. 



3 . 1  SATELLITE-TO-SATF:IAI,ITE OK HITS 

The geostationary A'I'S-6 spacecrxft  launched on 30 hlay 1974 has been thc relay 
satell i te for all NASA satellite-to-satellite trscliing to  date involving GEOS-3 
(lawichetl 9 April 1(373), Apollo-Soy~tz (1 3 July - 24 ,July 1975), and hTlMHl'S-O: 
(launched 12 June 1973). 

The expected e r r o r  for the NASA range ;md range rate s:ttellite-to-satellite 
tracldng system i s  a function of many controlled parameters  such a s  range tone 
frequency, sample r a t e ,  bmdwidth settings,  signal-to-noise s p e c t r d  density 
rat ios ,  spacecrai t  t:lyncamics ant1 so  on (ref .  (i). Ilowcvcr the system i s  generally 
used with ivliat might bc tcrnzcd a standard sc t  of options such a s ;  100kI-Iz maxi- 
mum range tone frequency, sign:11 levels such that sys te~r l  i s  not thermal  noise 
limited, 1 per  seco~ld  o r  6 per  rninute data r a t e ,  and n 25Hz range tracking loop 
two-sided noise ha.ndsvidt11. Ta l~ le  2 l i s t s  the theoretical system performance 
for the foregoing selccted options. Doppler averaging t ime i s  approxinlately 
one h d f  the sample time interval for  NIMBUS tracking m d  equal to the sample 
interval for  Apollo and GEOS tracking. 

F o r  averaging t imes,  T, up to about I0 seconds Ihc noise decreases  a s  1/'1'. 
The principal Doppler noise contribution comes from rece iver  voltage controlled 
c rys ta l  oscillators and the malog to digital conversion. Fo r  longer integration 
t imes the Doppler noise i s  also inlluenced by noise 1:illing off ns I/  fi (Fig. 10). 
Tlzis effect i s  attributed to the phase ji t ter in the t rsnsini t ter  reference signal 
used n l  the Doppler extractor .  I t  should be pointed out that the lcast significant 
r m g e  bit recorded is 1.5 meters  which i s  consistent \vitll the best expected one 
way performance of 1.7 ]meters resoluticn. 

Table 2 indicates the preciictecil satellite-to-satellite tracking system mcasure-  
ment resolution. 

Table 2 
Tracking System Aleasurement R e s o l ~ ~ t i o n  

Kange (Meters) Kmge Rate ( ~ r n / ~ e c )  
Systematic I K ,?ndorn Systeinatic 

I 

1.2 Negligible 0.03 

NOTE: 10  Scc. Averaging 
I 
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Figure 10.  Range Rate Re solution 

Measured results indicate close agreement with expected system performance. 
System random e r r o r s  o r  llnoisell a re  generally observed by the least squares 
fitting of short data spans (i.e. 1 to 10 minutes) with polynomials of at least 5th 
degree to account for spacecraft dynamics. Care must be taken such that the 
polynomial itself does not introduce apparent e r ro r .  (ref. 18). If the data is 
horn a static o r  collimation tower test  a least squares straight line fit is 
appropriate. 

Once an orbit is computed one indication 01 valid results is the difference be- 
tween observed and calculated parameters over the data span. Such differences 
a re  oIten referred to as  "orbit  residual^^^. When the data is compared with the 
cdculated orbit over one o r  more revolutions the results will be indicative of 
uncertainty in modeled parameters such as  imperl'ect gravitational field har- 
monics and so  on. It is clear  that in order to improve such modcling through 
orbit solutions the basic orbit determination uncertainty introduced by tracking 
system e r r o r s  must be less  than the perturbation being solved lor .  Another 



tes t  of validity is the independent determination of two o r  more  orbits of a given 
spacecrztft for  the same t ime spcm epoch and differencing the position and veloc- 
ity components. Differcncing independently determined orbi ts  for  a givcn space- 
craf t  over the samc time span is often r e fe r r ed  to  a s  "orbit overlap analysist1 
(ref. 19). 

If independent tracking data  s e t s  a r e  used to overlap the same orbit  interval 
over which the overlap comparison i s  made the differences generally reflect 
trnclring system per formmoe,  tracking geometry, data  qu'mtity, sttxtion location 
uncertainty and computational accuracy. However if one orbit  is computed from 
n given data  s e t  nr~d then predicted o r  "propagated1' severnl  days o r  more to  
overlap m orbit  computed with n new data  s e t ,  the orbit e r r o r s  will be primxrily 
due to uncertainties in gravitxtiond field modeling. Orkit determination e r r o r s  
c,m thus be assessed ei ther  near  the t ime of data observation o r  af ter  orbit  
propag a t' ion. 

Finally, ,mother measure  of accuracy i s  the closeness  of recovery of the same 
parameter  o r  orbit  using two o r  more  indcpencient rncans of conlparison such 
as;  g - ro~u~d traclring by l a s e r s  v ~ r s u s  satellite-to-s:~tcllite trnclring, o r  using 
different orbit  computation programs to recover  the snme paramctcr  and s o  on. 
Again the dillerences in  resu l t s  provide some mensure oS tlccuracy. One must 
be careful in interpreting suull resul ts  since such conlparisons usually imply 
onc traoliing system alri/olb conlputer prograni o:m be re fer red  to a s  a t 'standnrdll .  

Satellite-to-satellite t rncki i~g alcl tr:ljcctory computation nnalysis h2s been 
under way for  approximately (i months. ATS-G/G l7 OS-s  Irbncking provitlcci the 
f i r s t  e x m p l c  of this new data type. Preliminnry indic:itiox~s a r e  lhnt the ac- 
curacy of the a pr ior i  posilion used lo r  the gcosl:itionnry satellite (ATS-6 in 
this case)  i s  a very  c r i t i c d  factor 111 nchius~ing o r b i t  solution convcrgence. 
The most effective procedure f o r  two-way satellite-to-satellite orbit  deter-  
mination nppears to i ~ e  ns follows: 

(A) acquirc satellite-to-satellite range sun1 and range sun1 ra te  data  over 
seveibal successive low satell i te passes  

(8) obtain a r sasonal~ly  acc~u.:lte ( i .c .  position ~vitllin several  hundred meterbs) 
geostationary orbit  by nleans of, for  example, trilntu ration trncliiiig 



(C) obtain an approximate near Earth satellite a priori vector based on 
operational predictions 

(D) solve for both geostationary and near Earth satellites simultaneously. 

In this manner a 34 hour a rc  starting May 2 - 2300 Hours UT and ending 
May 4 - 0900 Hours U T  consisting of ten passes of range sum and range rate sum 
satellite-to-satellite tracking data was processed to estimate the GEOS-3 orbit, 
the ATS-6 orbit, range data bias and solar radiation coefficients for  each satel- 
lite. A priori estimates of each satellite epoch states were obtained from ground 
based tracking. Data rates were 6 per minute. The GEM-1 geopotential field 
was selected for this particular solution since this field has been most widely 
distributed to the user community. Orbit propagation studies are  also currently 
being pursued using ATS-G/GKOS-~ satellite-to-satellite data in conjunction 
with evaluation of the GEM-1 through GEM-8 geopotential fields. Thc a poster- 
iori residuals of the fit were 1.3rnm/sec R.M.S. for range rate sum residuals 
and 16 meters for  range sum residuals (Fig. 11 & 12). The optimal weights for 
a priori estimates of states have not yet been determined. A solution when the 
ATS-6 satellite state is totally constrained yields larger residuals than the 
solution above. An unconstrained solution fails to converge. Preliminary over- 
lap tests indicate that satellite-to-satellite tracking can produce orbits com- 
parable to that derived Irom ground based tracking (ref. 19). For  example the 
34 hour arc  just described was used to produce two GEOS-3 orbits which were 
then overlapped. One orbit was computed from the first 24 hour data span and 
the second based on the last 24 hour span 2nd the overlap consisted of 12 hours. 
Comparison of the two GEOS-3 orbit vectors thus generated resulted in a mini- 
mum position difference of 10 meters and a maximum difference of 30 meters. 

These orbital differences represent the very f irst  result of overlap as  applied 
to satellite-to-satellite tracking. Each of the two overlapped orbits was derived 
from data acquired during only thrce GEOS-3 revolutions. 

e ATS-G/APOLLO-SOYUZ ORBIT DETERMINATION 

The possibility of using high resolution satellite-to-satellite Doppler data in a 
short arc  orbit computation to detect gravitational anomalies led to the Apollo- 
Soyuz Geodynamics Experiment (ref. 14). The purpose of this experiment was 
to demonstrate the feasibility of detecting and recovering high frequency com- 
ponents of the Earth's gravity field by observing Doppler data from the near 
Earth (200KM altitude) Apollo satellite via the geostationary A TS-6 satellite. 
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Ietectability has been demonstrated through an analysis of the residual patterns 
~n the satellite-to-satellite tracking data and comparing these patterns with pre- 
viously predicted signatures due to perturbations of gravity anomalies. The 
recoverability objective involves the actual estimation of the magnitude of these 
anomalies . 
The prime area of experiment data collection was the Indian Ocean Depression 
centered at 5' N. Latitude and 75' E Longitude. The experiment data collection 
phase was very successful. Al l  data were obtained for the originally requested 
28 experiment revolutions. In addition, data were collected on 79 unscheduled 
revolutions. 

Preliminary results show that the detectability objective of the experiment has 
been demonstrated in the Indian Ocean Depression (Figure 13) area as  well as 
over several other anomalous areas. Further analysis is required to demon- 
strate the possibility of actual recovery or  estimation of the magnitude and dis- 
tribution of the anomalies. 

It should be pointed out that because of the short arc - typically 35 minute - 
orbit solutions used to detect anomalies, the results are essentially "independ- 
ent" of the particular spherical harmonic gravity field used. The GEM-1 field 
was used during the analysis which produced Figure 13. 

APOLLO CROSSING 
INDIAN OCEAN ANOMALY 

-5m0 (TIME IN HH:MM FROM JULY 16, 1975) 

Figure 13. Apollo/ATS-6 Satellite-to-Satellite Range Hate Residual 



3.2 ATS-6 TRILATERATION OREITS 

Experience to date indicates that well converged satellite-to-satellite orbit 
cietermination requires ,m a priori geosta1;ionary satellite position to an ac- 
curacy of a few l~undred meters .  This might l>c achieved hy rne~ms oS three 
o r  more widely spaced tracking stations. However a. much more elficient 
means for accurate geostationary orbit computation has been established where- 
in  a single, station sequentially interrogates a number of widely deployed trans-  
ponder via the geostationary satellite. The same station then records the tracli- 
ing data in cxactly the same manner ns during s:~tellite-to-satellite tracking. 
Weekly trilateration tra.cl\ring of XTS-6 i s  now being perl'ormed in support of 
the satellite-to-s:ti:eIlitr: tracliing involving GEOS-3 and NIMBUS-6. The follow- 
ing ATS-6 trilatcration tracliing test  was conducted during the checkout phase 
of the s atellitc-to-satellite tracking systcm. 

Geostationary Satellite Trilateration 

On 4 November 1974 n 24 hourb ATS-B trilatelbation trackin:: test (Fig. 3) was 
run using the trncliing stations : ~ t  Roslnan N. C .  mcl Rlojavc, Cxlilornia. The 
availability of essenti:tlly 2 separate dat:~. sets  (i2lojave :tnd I<osmm) covering 
the same 24 hour period made this tost extremely valuablc in nssessing orbit 
computation accuracy since the prime transmit-receive si tes  ( i . ~ .  Rosmm & 
Mojave) could bc cxpected to contribute thc major tracliing measurement un- 
certainty. The transponders were located at ttHosman, Mojave, NTTF Greenbelt, 
Mary1,md m d  Santi<ago, Chile. Each data stretch was approximatedly 5 minutes 
long xnd the data ra te  was one sample per 10 seconds. Over the 24 hour period 
each station sequentidly tracked the tr,msponders via ATS-6, Rosrnm and 
Mojave tracked over alternate 2 hour periods. The data noise was at the system 
resolution level (Figure 14). The two position vectors calculated from the 
Mojave nnd Rosmm data se ts  were overlapped nncl were in agreement to within 
20 meters  at the center of the data sp:m (Figure 13) .  It is reasonable that the 
center of the span should represent nl:uimu~n accuracy since this point in time 
is bracketed by equ,d quantities 01 dat3 providing rnnlzllum information regard- 
ing highcr order  time derivatives of position. As n matter of interest thc 
effectiveness of the ATS-G solxr pressure modeling i s  indicated in Figure 16 .  

3.3 NIMBUS-6 DOPPLF:l2 BIAS Rb:COVERY 

A one way Doppler satellite-to-satellite system clearly would be much simpler 
to implement that thc two way system described in this paper. The primary 
disadvantage of the one way Lloppler systcm is that the near Earth satellite 
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QUESTION AND ANSWER PERIOD 

MR. RUEGER: 

I would l i k e  t o  make some comments about  t h i s  p a p e r .  T h i s  
is  a  ve ry  e l e g a n t  way of  t a k i n g  advan tage  of new t e c h n o l -  
o g i e s  o f  v e r y  p r e c i s e  t r a c k i n g  of s a t e l l i t e s  and u s i n g  a  
synchronous  s a t e l l i t e  t o  do t h e  j o b  of  a  l a r g e  g l o b a l  n e t -  
work, and i t  l o o k s  t o  m e  a s  if it s h o u l d  have a p p l i c a t i o n s  
of r e d u c i n g  t h e  c o s t  of  do ing  many of  t h e  exper iments  that 
one might  want t o  d o ,  and t h a t  you a r e ,  however,  c a s c a d i n g  
t h e  e r r o r s  of two s e t s  of o r b i t s ,  and t h a t  is u n f o r t u n a t e  
b u t  i f  you can  g e t  t h e  accuracy  i n  t h e  i n i t i a l  o r b i t ,  t h e n  
t h i s  one s a t e l l i t e  can  h a n d l e  t h e  job  of a number of  
s a t e l l i t e s  i n  l o t s  of  o r b i t s .  

The a c c u r a c i e s  he is  showing u s  h e r e  today  a r e  r e a l l y  
f r o n t i e r  t y p e  of work. Could you t e l l  u s  what t h e  c o n t r i -  
b u t i o n  of t h e  e r r o r s  of  your g r a v i t a t i o n a l  model might  con- 
t r i b u t e  t o  t h i s ?  

MR. SCHMID: 

R i g h t .  Wel l ,  d u r i n g  t h e  s h o r t  a r c ,  of c o u r s e ,  t h e  g r a v i t y  
f i e l d  is  n o t  t h e  predominant  f a c t o r ,  b u t  o v e r  a week of 
t ime  o u r  u n c e r t a i n t y  i n  GM which i s  t h e  u n i v e r s a l  g r a v i t a -  
t i o n a l  c o n s t a n t  and t h e  e a r t h ' s  mass w i l l  c o n t r i b u t e  up t o  
2 t o  3 k i l o m e t e r s  i n  a week t o  t h e  synchronous  s a t e l l i t e  
p o s i t i o n ,  and t h a t  is  t h e  most c r i t i c a l .  This means you 
have t o  u p d a t e  your o r b i t  once  a  week. 

What we a r e  t r y i n g  t o  do now, because  of t h e  o b s e r v a b i l i t y ,  
w e  a r e  t r y i n g  t o  r e c o v e r  a  b e t t e r  v a l u e  f o r  t h i s  u n i v e r s a l  
c o n s t a n t  t i m e s  t h e  mass. I t h i n k  w e  can  do i t .  

MR. RUEGER: 

How many c o e f f i c i e n t s  do you have i n  your polynomial  of 
t h e  g r a v i t a t i o n a l  f i e l d ?  

MR. SCHMID: 

I n  t h e  s p h e r i c a l  harmonic e x p a n s i o n ,  it is rough ly  a  21  by 
21 f i e l d .  



DR.  REDER: 

R e d e r  , F o r t  Monmout h .  

How much c o n t r i b u t i o n  would  t h e  s a t e l l - i t e  h a v e  t o  a t i m i n g  
e r r o r  f rom o r b i t  e r r o r ?  

MR. SCHMID: 

T h e r e  are  t w o  t h i n g s .  Most of t h e  m e a s u r e m e n t s  I w a s  p r e -  
s e n t i n g  were t i m e  i n t e r v a l  m e a s u r e m e n t s .  The D o p p l e r  i s  
c o u n t e d  w i t h  100 m e g a h e r t z  c l o c k ,  a n d  t h e  same c l o c k  i s  
u s e d  i n  c l o c k i n g  o u t  t h c  r a n g i n g  s i g n a l ,  so  i n  t h a t  case 
o u r  t i m i n g  i s  l i m i t i n g  t h e  r e s o l u t i o n  of t h e  s y s t e m ,  b u t  
t h e  r e s o l u t i o n  i s  on t h e  o r d e r  of h a l f  a  m i l l i m e t e r  e v e r y  
s e c o n d ,  so  t h a t  i s  n o t  a  l i m i t i n g  p r o b l e m .  

On t h e  o t h e r  h a n d ,  I b e l i e v e  you a r e  a s k i n g  m e  wha t  i s  t h e  
e r r o r ,  p r o p a g a t i o n  e r r o r  that o n e  would e x p e c t  d u e  t o  
s a t e l l i t e  u n c e r t a i n t y ,  a n d  I t h i n k  t h a t  t h a t  would  b e  re- 
l a t e d  t o  t h e  u n c e r t a i n t y  o f  t h e  s p e e d  o f  l i g h t  a n d  a l s o  t h e  
u n c e r t a i n t y  i n  t h e  a b s o l u t e  m e a s u r e m e n t  t o  t h e  s y n c h r o n o u s  
s a t e l l i t e  w h i c h  I i n d i c a t e d  would  b e  n o  b e t t e r  t h a n  s a y  20 
meters o r  1 0  meters p e r h a p s ,  O f  c o u r s e ,  you  h a v e  t h e  
p r o p a g a t i o n  e f f e c t s ;  I h a v e n ' t  e v e n  begun  t o  m e n t i o n  t h e  
i o n o s p h e r e  a n d  t h e  t r o p o s p h e r e  e f f e c t s  on p r o p a g a t i o n .  

DR. IIEDER: 

The i o n o s p h e r e  i s  n o t  b e i n g  m e n t i o n e d  t h e s e  d a y s .  

MR. S C H M I D :  

W e l l ,  f o r  o n e  t h i n g ,  the two s a t e l l i t e s  I h a d  were a b o v e  
t h e  m a j o r  p a r t  o f  t h e  i o n o s p h e r e .  T h i s  i s  o n e  a d v a n t a g e  of  
t h i s  t y p e  of t r a c k i n g ,  you g e t  o u t  o f  t h e  a t m o s p h e r e ,  a n d  
t h e  o n l y  l e n g - t h  t h a t  i s  c r i t i c a l  t h e n  i s  f r o m  t h e  g e o -  
s t a t i o n a r y  s a t e l l i t e  t o  g r o u n d ,  b u t  t h a t  i s  p r e d i c t a b l e  
b e c a u s e  t h a t  i s  more  o r  l e s s  g o i n g  t h r o u g h  t h e  same p o r t i o n  
of t h e  a t m o s p h e r e .  We a r e  o p e r a t i n g  a t  6 H G z .  

DR. REDEIE 

So t h e  guy who n e e d s  i t  is  down on t h e  e a r t h .  

MR. SCHMID:  

T h a t  i s  r i g h t .  




