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ABSTRACT 

Shis repon summaizes tbt efforts to date in processing GPS mawemem in H@ Earth Orbit (HEO) 
applications by the Cokwado Center for A-s Research (CCAR). Two specific projects wrrc 
conducted; initufvnh of the orbit propgation soham, GEODE. using nominal crbitoi elmKna f a  the 
IMEX orbit, and poccss~ttg crfactuai and simulated GPS &la Gum the AMSAT satellite using a Doppler-only 
batch filter. 

CCAR hs investigated a number of rffrcc#ches for initializdcm of tbc GEODE orbit ntimstor wkb littit a 
priCAi informrtion. Thn doculner~ dcxriks a botch solution approach but uxs pseudorange or Doppler 
messumncnt~ wkttd over an orbital arc ta comprrc m epoch state d m a R .  The dgonthm is based on 
limited orbbl ekamt  larowkdge f k n  which a coust estimate of satdie positma ud vekxity can be 
d c t d  Pod used to initialize GEODE. This algorithm assumes Lnouledge of nominal orbital ckmnts, (a, e, 
i. a Q) ad m e  a search on thnt of paigcc pasap (5) lo estimate the host satdi~te positxm h n  h e  orbit 
and the qpoxinubc receiver cbck k. Resd~  of Ibt method arc sboun for a simulation including la;:: 
orbrtai uncertointks and mmwmnmt errors. 

In additkn, CCAR b3s urnnpced to p e s s  GPS data from the AMSAT sate&& to obtain m initial estimation 
of the h i t .  Limited GPS dtu have bccn received to date, with fw satcfl~tes tracked and no computed point 
solutions. Unknown variables in the received data have made computations of a precise orbit using the recovered 
pwudmgc difficult. This document dcscribts the Doppkr-ody batch approach used to compute the AMSAT 
orbit Both actual flight data from AMSAT, and simulated data gemted using the Shtellite Tool Kit  and 
Goddard Space Flight Cc iter's Flight Sirnufator. were pmccssed. Results fk each case and coniiusion arc 
presented. 
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INiTIALIZATSON ALGORITHM 

The GPS Enhanced Orbit Determination flight software (GEODE) was developed by Goddard 

Space Flight Center as a d u s t  method for real-time orbit deramirwtion using the Global 

Positioning System. GEODE is a sequential filter designed to process GPS -es d 

Doppler mcaswemarts tiom any arrmber of satdliks, with a d p d c  model to cMermine en 

estimate of the host vehicle orbit. The vehicle state is qmcnted by position .d velocity 

d i n a t e s  in an e d w m t m d  inertial frame (ECI). 

In low eanh orbit (LEO) it is possibie to initialize the GEODE state \?&or using a point 

salut~on i-e. an instantaneous solution for position a d  vchxity based on four or m e  

simultaneous pseudoran~e and Doppler measurements. If the state estimate is within a few 

kilometers ofthe true position, GEODE has been shown to consistently converge to an 

improved orbit solution within one orbit. This is not the case in high earth orbits or highly 

elliptical orbits, where there are rarely. if ever, sufkient satellites visible for a point solution. 

In these situations a diffefent initialization apprt#ech is required. Furthennore, even in LEO, 

the requirement for a point solution can delay the initialization of GEODE because of the need 

to perfonn a a i d  startblind search for the satellite signals. 

The objective of our m h  has been to develop a robust m M  to initialize GEODE under 

the conditions expected in LEO and HEO. The basic assumption was that a batch approach 

was required to gather measurements over an arc of the orbit to produce an epoch state 

estimate sufficiently accurate to initialize GEODE. To provtde a very robust approach, we 

assume only that the initialization algorithm has knowledge of thc nominal orbital parameters 

for the vehicle. We then use typical launch vehicle orbit injection errors as the bounds for the 

errors in these starting points. We considered various parameterizations of the initialization 

batch and both search tecbjriques md iterative batch schemes. 



This document reviews the method used for this apprcach and presents the mathematical 

algorithms involved. Results from ~ e \ ~ e n l  test cases are also presented. as well as suggestions 

fix future study. 

The most obvious approach to initialization of GEODE would be to perform a batch solution 

for the position and velocity in ECI at a ref- time. This has a straightforward 

relationship to the GPS pseudorange and Doppler mesumnerds snd dimly  produces the 

inihaf state estimate h r  GEODE. Unfmnatdy, there is no good way to construct this initial 

estimate of position and velocity. (Note; Earthbound users can assume an initial position at 

the center of the earth and achieve rapid convergence of a point solution approach). 

Furthermore, in order to tie together the time sequence of measurements for the batch, an orbit 

propagator must be used. The rritical relationships among uncertainties in psition and 

velocity elements within an h i t  are not well captured by the ECI represetitation. In fact, in 

our initial investigation we found that an initialization based upon position and velocity 

vectors i s  wry sensitike to uncatainhes and does not provide a robust approach. 

A better methoa, based upon an orbit dement representation, relies upon constraints of  the 

orbital dynamics to narrow the range of possible initial conditions. This type of approach was 

selected b a d  or. thc :act tnat the nominal orbital elements arc well known and highly 

constrained by the launch trajectory. In addition, standard injection errors associated with 

these elements can be estimated b a d  on the vehicle design and history. The advantage with 

this method is that the orbit errors provide far more geometric information than do the 

classical position and velocity error expressions. In particular, the angular position of the 

orbit (inclination. node, and argument of perigee), and orbital energy are very constrained by 

the launch: whereas the position of the vehicle within the orbit plane is not at all known. The 

values for the semi-major axis and eccentricity are somewhere in the middle, qualitatively, in 

terms of a priori knowledge, 

To describe the method clearly in the tbllowing section, we will use a classical orbit element 

represcntdtion and assume purcly Keplerian motion. However, for the actual implementation 
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pmposed for GEODE we outline the steps for an equinodial reprcsentation using the dynamic 

propagation routines built into GEODE. 

2.1 Parameters 

Far our development and initial testing of the initialization approach we parameterized the 

orbit using classical orbital dements (a, e, i, R, Q and 5). The first five elements define the 

gcornctry of the orbit with the m i n d  values tbr these panmetas specified at launch. The 

final parameta, time of perigee passage (G), together with the arrrent time, prescribes the 

position of the vehicle within the orbit. This value is not wdl known ahead of time. So, the 

pal of the initialization process is to identie the correct $ end mpute a position and 

velocity estimate fbr the satdlite at the filter start time. We considered both HE0 and LEO 

orbits. 

2.2 Measurements 

We assume that the onboard GPS receiver acquires and tracks as many satellites as possible 

using a cold start or blind search technique. The receiver is assumed to f m  both pseudorange 

and Doppler measurements, and to collect the broadcast GPS satellite e j h d s  data from the 

visible satellites. In H E 0  orbits, this visibility can be redtlced to zero for extended periods of 

time as the host vehicle orbits above the GPS constellation. We assume that rngasments 

are provided at 1 minute intervals, and consider solutions including pseudorange and/or 

Doppler. 

Time onboard the spacecraft is assumed to be known to within 1 second after acquisition and 

tracking of the first GPS satellite. A clock bias of up to 1 second may still be present, but the 

a priori estima;e is set to zero. The stability of the clock is aqsumed to be 1!10". This means 

that over a 12 hour period the change in the clock bias is within 5 ps. The overali clock bias 

is quite large (- 3 x 10' m) but the dnfi error is less than 1 ds. The large bias dominates the 

pseudorange rp 'duals. but we will show later that by comparing residuals for different 

satellites we can still compute a reliable initial condition using these measurements. If 

measurements from cnly one satellite are available it is not always possible to isolate the 

correct starting point in the orbit if there is a large clock bias. 



23 Data Arc 

We considered various data arc lengths including 10 minutes, 100 minutes, and 600 minutes 

for the HE0 orbit, and i0 minutes. 50 minutes, and 100 minutes for the LEO case, with 

measurements provided every 60 seconds. We also adjusted the starting point within the orbit 

to evaluate data arcs at perigee, apogee, and intermediate points. This provides a wide range 

of visibility and g e o m h c  conditions. 

2.4 Batch Solution 

The algorithm assumes knowledge of the orbital elements, (a, e, i, R, a), and perfomts a 

search to estimate the remaining unknown - the location within the orbit, chmcqaized by s, 

To process at1 the measurements in a batch sdution, the nominal host vehicle e!ements are 

used to predict the vehicle position and velocity at each of the measurement times. For our 

initial investigation the propagation is though a purely Keplerian model with perturbation 

effects. 

Combining the host vehicle position and velocity predictions with GPS satellite positions 

computed from the broadcast ephemerides, we compute the expected pseudorange andior 

Dc ppler measurements. These are compared to the measurements from the receiver and the 

residuals for the entire data arc are tallied. 

The characteristics of the measurement residuals for the batch indicate which .E, is correct. 

For D o D P ~ ~ ~  measurements and for PR measurements without clock biases. the RhlS of the 

residuals is unambirmouslv smallest for the correct msition within the orbit o lane. tn the 

presence of a large clock bias there is an offset in the residuals that prcvents the use of a 

simple RMS evaluation. When observations are available from more than 1 satellite within 

the batch, the correct t,, can be identified by the minimum standard deviation of the 

measurement residuals. This will be illustrated in the results shown in thc following section. 

Thus. we compute the mean and standard deviation of the residuals for all measurements in 

the batch. The value of 7, that minimi~es the residual standard deviation locates the correct 
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host vehicle position within the orbit. The mean of tbe residuals h r  this % provides a coarse 

estimate of the receiver clock bias. The position and velocity estimates can then be produced 

for the current time based upon the nominal elements and the optimal T,,. 

The algorithm starts with a course search in t,,, searching in increments of orre tenth of an 

orbit. This search incnment can then be refined to smaller resolutions to gain a better initial 

estimate of position. This is ultimately limited by the uncertainty in the nominal elements. To 

provide a general approach for di f f w t  types of orbits, the current search implementation 

increments by fractionl~ of an orbit period that conespond roughly to tens of minutes, one 

minute, and less thar~ one second fix both HE0 ruKf LEO orbits. In particular, we use 1/10, 

1 / 1 0 0 , d  l/10000ofanorbirhrtheLEOcast, l f l O , l f 1 0 0 0 d  1ttOOOOOofpnorbitin the 

H E 0  case. The figures in the following sections show that the search space is well defined 

for data arcs of 100 min or longer eliminating the possibility of searching in a false null 

region. For initialization near perigee, data arcs as short as I O min are adequate. 

2.5 Camputnth of the Initial State Estimate 

Once the best .c,($*) is found? the position and velocity of the host at a reference time are 

computed based on the assumed elements and q*. The initial esrimate of the clock bias may 

be taken as the mean of the pseudorange residwls for the minimum as, residual solution. The 

initial covariance matrix may also be computed from thc launch uncertainties. 

3. Simulation 

To evaluate the initialization approach prior to implementation in the GEODE code, we used a 

Matlab simulation environment. The components of the simulation are described in the 

following subsections. 

3.1 Truth Model 

We use M. Moreau's Matlab codes to establish the truth model for evaluating the algorithms. 
This includes 3 basic steps: 

a) Define host vehicle orbit (R,V, and orbit elements based on Keplerian model) and 
visibility conditions (antenna masking) 
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b) Define GPS satellite orbits (R,V computed h m  bmadcast message file) and visibility 
conditions (antenna gain pattern) 

C) Compute range, range rate, and visibility (including antenna masking, gain patterns 
and Earth blockage) at I minute increments 

3.2 Measarcmeat Model 

To produce measurements for the initialization algorithm Jve do the following: 
a) Select data batch (start and end times). Set the retkence time to the start of the data 

batch. rhis insures that orbits are not propapatcd over very long intervals. 
b) Determine number of satellites observed and number of measurements per satellite for 

the entire arc. 
C) Produce error cornipted pseudorange and Doppler measurements. We add a large 

pseudorange bias (3e8 m) to all the measurements and a random enor to each 
measurement (Gaussian with ~ 2 0 m ) .  Both the random error and bias are quite 
conservative. A random error is also added to each Doppler measurement (Gaussian 
with a = 5 m/s) 

3.3 Initialization algorithm 

a) Set up nominal orbit elements given standard injection errors. 
b) Search q over 1 orbit, incrementing in fractions of an orbit. 

For each r,: 
At each measurement time in the batch: 
i). Compute position and velocity estimate based on nominal orbital elements 
and the current t, value. 

(amem,, i,&1a ~ , , t d - - ,  tR,V),,,,d,l, 

ii). Compute expected measurements and line of sights. Incorrect trme 
estimates offset by one second are utilized for computing GPS satellite 
locations. 

Estimated LOS: 

Losfif = R,;, ,",a - Rwa, 
Estimated Range: 

Estimated Range-rate: 

iii). Compute PR and/or Doppler residuals. These are accumulated over the 
batch for each -, 
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iv). The standard deviation and the mean of the measurement residuals are 
determined for each 7, 

C) Compute L, V, at reference time using best estimated t, a d  nominal orbital 
elements. 

a. Evaluate metric for zp search to see if any false nulls occur 
b. Evaluate error in estimated R, V at the reference time to see if sufficient for 
GEODE initialization. 

3.5 Position and Velocity Calculation: 

Estimated orbital elcmmts. (a, e, i, Q, a, ~p'), are converted to position and velocity estimates 

for direct comparison with the truth orbit. 

1 .  input orbital elements with injection errors, best estilnate of T,, r e f i c e  time. 

2. Calculate (R, V),, at reference time: 

['error * em 9 1- ~7 a9 rp 9 f,:tcu ) + (R, , 

3 .  Compare truth position and velocity with estimated position and velocity 

Rditt ,: = Rrrurh - Rest 

- 
' n i y  r,, - ':ritrh - 'P.T! 

Compare truth position and velocity with estimated position and velocity in RIC 
coordinates 

a. Transform matrix from truth positions and velocities 
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b. Compute position and velocity differences in RIC frame 

RdrC, = Ti? R*fl r, 

v4 , = v,, , i  

1 .  Compute minimum position and velociiy differences in XYZ, and RIC frames 



4. Resrrlts 

To evaluate the algorithm we considered an ISS (LEO) and IMEX (HEO) orbit. Table 1 

summarizes the simulation parameters and tne errors considered. Two test scenarios with 

different orbit injection errors were considered for each type of orbit. We evaluated start 

times at perigee and apogee of the orbit using data arcs of 10 min, 100 min, and 600 rnin for 

the HE0 orbit, and 10 min, 50 rnin and 100 min for the LEO orbit. 

Table 1. Simulation Parameters and Error Mod& 

Orbits 

ISS (LEO) (641 5 km x 7091 km, 92 rnin period) 

IMEX (HEO) (6729 krn x 42164 km, 633 rnin period) 

Keplerian orbit propagation 

Orbit injection errors 

Scenario I Scenario 2 

perigee altitude: + 1 krn perigee altitude: + I km 

apogee altitude: + 100 km apogee altitude: + 10 krn 

inclination: + 1 degree inclination: + 1/10 degree 

nodes: + I degree nodes: + 1 / I 0 degree 

Measurement errors 

Receiver clock bias - 0 s, 0.1 s, I s 

Pseudorange - random Gaussian error (a = 20) 

Doppler - random Gaussian error (a = 5 )  
- 

Data arcs 

HEO: 

Starting point - perigee (t = 1 or t = 633), apogee (t = 3 18 rnin), intermediate (t = 200 min) 

Arc length - 10 rnin, I00 min, 600 min 

LEO: 

Statting point- pcrigee (t = l ) ,  near apogee (t = loo), intermediate (t = 50) 

Arc length - 10 min, 50 min, I00 rnin LEO 
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Satellite visibility and altitude for the two orbits are shown in Figures 1 and 2, provided by 

M. Mareau's visibility simulations. Data arcs aqd start times for each orbit type are also 

highlighted. 







4.1 Sitatrlatiaa Rcrultt fw ISS I n ~ t i o l  

Figures 3 -5 show thc t,, search resuits for the ISS orbit given the larger injection m r s  

presented in scenario I .  Measurement rss~duals arc computed fbr t, values spacm at 0.1 ~rbii  

(appnxrmately 10 mrnute) increments. The graphs each include curves for sevccal s m i n g  

p ints  and data arc lengths. Figr~res 3 (a) and (b) show the r, dependence of the RMS 

residuais for @orange and Doypter. respeair 4s. in the case of no clock bias. Frgure 4 

gi\ es the RMS aror of the psmdomge residuals with a 1 s clock error, and Figure 5 shows 

thr nwan and standard deviation of the pseudorange res~duals for th~s case. 

From Figwe 3 one can see that even data arcs as short as 10 min give a reliable m~nimurn 

RMS residual at the meet T, in &e absence of a large clock bras. However, Figure 4 shows 

:hat the RMS residual :s not reliabk when 1-e clock biases am present. Thus. we rely upon 

the ctandard deviation of the range resrduals, shown in Figure 5b. The approximate clock bias 

value can k ohtained as the m a n  \ d u e  dt r,* shown in Figure 23. For example. the 1 CNl min 

data arc' starcing at 50 gives a clock bias estimate of 0.0960 seconds (2.988 i Oe8 m). 

Figure 6 shows thc RMS pseudorange and Doppler residuals for the narrower search on r, in 1 

s ma-ements. over the region centered on the minimum value h m  the coarse search. The 

clock bias tiom the coarse search i s  included m the estimate. The minimum RMS caiue 

locates q' to with~n 1 s. 

1-!sing thc a priori orbital elements and the deriveti ?,*. the position and velocity ;gf the host 

vchicic at the epoch are determined. Table 2 summarizes the errors in the epoch state estimate 

ti,r \he ISS orbit given tine injection errors of scenario 1. Additionally, Table 3 summarizes the 

crnm in the epoch state estimate from scenano 2 test runs. Values are given for r, resolution 

o f i s  up t:) 19min. 



Figure 3r and 3h: RSS Residuals for ISS Orbit with No Clock Bias. Graphs show 
multiple start times and data arcs for range residuals (top) and range rate residuals (hottom) as 
a function uf the assumed r,. 
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F i m n  4: RSS Raidarts fbr ISS Mi witb I s CIuck B&s. Graphs show multiple stat  
times and data arcs for range resida~als as a fimction of the assumed t,,. 



F i n  58 and 5b: Mean and Standard Deviation of Range Residuals for ISS Orbit with 
1 s Ctock Bias. Graphs show multiple start times and data arcs for range residuals as a 
function of the assumed 7,. Top is the mean of the residuals for each t,, and bottom graph is 
the standard devtation of the residuals for each 7,. 
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- -- - - - 

Figure 6: RMS Range Rtjiduats Over Narrow %arch witb Estimated C k k .  Depicted 
are iterations on 1, with intervals fiom 1/10 an orbit (approximately 10 minutes) to one 
second. 
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Table 2: ISS Position and veLocity es t i auh  e m  for batch hi tb l tzak .  Initialization 
includes nominal orbit injection errors given in Table 1 for scenario 1. Rcsul,., w-e: shvm for 
data arcs at perigee and apogee. Position d velocity errors in radial, in-tmck, and cross- 
track directions arc given for the end of the data arc (100 minutes). The oonect time of 
petigee passage is 4342 s. 

Table 3: ISS Position .ad velocity estimation emrs for bat& WtWbtion. Initialization 
includes nominal orbit injection aors  given in Table I for d o  2. Position and veiocity 
errors in radial. in-track, and cross-track directions are given for the end o f  the data arc (10 
min). 

r 

Seerch 
increment 

0.1 orbil 
(552.3 s) 

0.01 arbn 
(55.2 s) 

0.0001 arbit 
(0.55 s) 

L 

1 

Pengee data arc (1038 measuements) f Apogee data arc (982 nieaswments) - 

r f Peripee data arc (96 measuremerits) 
I 

Tau 
Enor (s) 

126.32 

Search 
Apogeedataan:(113measu?emerrts) , 

PasitionEm 
RIG (m) 

R = 3.76e4 
I = 8.W5 
C = 1.41e5 

Tau 
Errof* (s) 

82.068 

V€docityErrw 
RIC (mk) 

R = 1 . W 3  
1 = 1.57e2 
C=64.138 

14.61 

VebcnyEnar Position E m  

Tau 

(552.3 s) 

0.01 orbn 1 65.2 a) 
i 

+-- 

R = 9.4562 
I = 87.37 
C =  70.91 

Position Error Vebcity Err- 

I=5.52e5 ,I=Z.08 
1 C=1.49e4 iC=4.O9 i 

f 1 

Position E m  
mC (m) 

R=2.9963 

26.76 

R = 5.5364 R = 14.17 

Velocity Error 
RIC (@s) 

R =  72-2 

0.00001 
orbd 
(0.56 S) 

Increment E m  (s) 

126.32 

i = 6-5 
C=1.4364 

0.1 orbit 
R C  (m) RC (m/s) 

R = 2.17M 
1 = 1.28e6 
C=1.3465 

14.61 

I I = 3.34e4 I 1 =35.13 
C =  1.- C=51.25 

! 

I = 36.29 
C=2.42 

R = 1.046e3 f R = 1.59e2 26.76 1 R = 6.723 

82.068 R = 4.- 

10.149 4.19 f R = 5.84N 

, R = 229e2 

R = 6.- 

R = 4.2464 

R = 72.98 

~ R = 3.82e3 3.539 8.516 

I = 3.8185 1 = 2829 
C=1.4leS 1 ; Cz42.64 1 

I 

R = 4.2782 
I = 4.1665 
C=1.409e5 

/ I = 1.21e5 
! C = 1.49e5 
I 

1 - 

I = 2.39e5 

R = 4.78 

I = 30.72 
C-43.50 

I = 36.04 
C = 49.38 

1 = 5.91 

1 = 1.279 
Cz.829 

! 
j 

R = 6.48e3 

R = 4.26e4 R = 3.86e2 

1 I = 7.93~3 
/ ~ = 1 . 4 4 s *  
1 -- 

R = 7.42 
I = 2.57e3 
C = 1.52e4 

I 

1 
1 = 4.35 
C = 2.74 

C =  1.51e4 C = 3.07 
1=1.928s j 1=4.56 
C=1.45e4 'C=1.30 
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Simulation Results for iMEX Ilriti.Uratioa 

Similar results are given for the elliptical IMEX orbit. Figures 7 (a) and (b) show the -mge 

and Doppler RMS residuals for several start times and data arcs, without clock bias. .cp values 

are spaced at 0.1 orbit (63 min) increments. Figures 8 and 9 give the RSS, mean and standard 

deviation of the pseudorange residuals with a I s clock error. 

Figures 7 (a) and (b) show that for a come search without clock bias, the correct < can be 

derived h m  the single minimum from both range snd range-rate data. However. further 

examination at smaller search increments (I0 minutes), the geometry of the range-rate data at 

apogee for data arcs of less than 600 minutes becomes insufficient for a single minimum 

search. 

As indicated in the ISS trials, the addition of a 1 second clock bias eliminates the possibility 

of using the RhlS error to find the c o m t  zp*. However, fiom Figure 9(b) one can see that the 

c o m t  minimum can be located for long data arcs (approximately 600 minutes) and for start 

times near perigee. The geometry for short data arcs, especial1 y nea apogee, may still be 

insufficient for locating the correct g*. From Figure 9 (a), an approximate clock bias value of 

0.98505 sec (approximately 2.95 meters) can be determined. 

Cising the nominal orbital elements and the derived tP* value, the position and velocity of the 

host vehicle at the epoch are determined and compared with truth values. Tables 4 and 5 

summarize the erron determined for the IMEX orbit in RIC ~wnlinates  for scenarios 1 and 2 

respective1 y. [Incertainties in the inclination and node elements negatively impact the 

accuracy of the h* found within the search. This error in T,' significantly reduces the accuracy 

of the position and velocity estimates. 
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Figure 7a and 7b: Multiple Start timemata Arc for IMEX case. Graphs show multiple 
start times and data arcs f ~ l r  range residuals (top) and range rate residuals (bottom) as a 
function of the assumed t,. 
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Figure 8: RSS Residuais for IMEX Orbit with 1 s Clock Bias. Graphs show multiplc start 
iimes and data arcs for range residuals as a function of the assumed .t,. 

Figure 9a: Mean of  Range Residuals for IMEX Orbit with 1 s Clock Bias. Graph shows 
multiple start times and data arcs for range residuals as a function of tbe assumed T~. 
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Figure 9b: Standard Deviation of Range Residuals for IMEX Orbit with 1 s Clock Birrs. 
Graphs show multiple start times and data arcs for range residuals as r function of the 
assumed T,,. 



Table 4: Position and velocity estimation errors for batch initialization. Initialization 
includes nominal orbit injection errors given in Table 1 for scenario 1. Results are shown for 
data arcs at perigee and apogee. Position and velocity errors in radial, in-track, and cross- 
track directions are given for the end of the data arc (100 minutes). The correct time of 
perigee passage is  38025 s. 

Table 5: Position and velocity estimation errors for batch initialization. Initialization 
includes nominal orbit injection errcrs of scenario 2, found in Table 1.  

I I Perigee data arc (1038 measurements) I Apogee data arc (982 measurements) 1 

I' - 

Sear~h 
Increment 

0.1 orbit 
I 
(3803.8 S) 

Position Error Velocity Error Position Error Velocity Error 
Search Indement 1 Error Tau (s) 1 RlC (m) 1 ~ , c  (m/s) ErEy(s) RlC (m) (m,s) 
0.1 orbit 25.837 R = 3.326e4 R = .457 25.8 R = 3.10e4 R I. 80.03 
(3803.8 s) I = 5.1Q7e4 1 = 8.41 I = 9.14e4 I = 93.61 

i = 4.956e4 C=6.12 C = 5.99e4 C = 3.53 

Apogee data atc (982 measurements) I Pertgee data arc (1 038 measurmwts) 
Tau 

Error' (s) 
130.929 

92.77 

85.14 

Velocity Error 
RIC (mls) 

R = 72.38 
I = 82.76 
Cg60.9 

R = 1.34682 
I = 80.49 
C = 59.80 

R = 1.3682 
I = 80.43 
C = 59.77 

Position Error 
RIG (m) 

Tau 
Error (s) 

130.929 

/g:.;3, I 16.46 R - 2.54e5 I 1 = 1.3266 

Velocity Error 
RIC {m/s) 

Position Error 
RIG (m) 

R=3.5264 
I = 8.3385 
C=4.9985 

C = 5.06e5 

R = 2.61 e5 
I = 1.36eE 
C = 5.06e4 

0.00W)I 
orb~t 
(0.380 s) 

I 

R-1.64e5 
I = 1.13& 
C = 5.985 

R = 1.24e5 
I = l . l M  
C = 5.9585 

R = 1.15e5 
1 = 1.2086 
C = 5.9385 

13.36 

- -  

R-31.51 
I = 37.32 
C = 35.38 

R = 41.33 
i = 37.61 
C = 35.33 

R = 43.30 
I = 37.67 
C = 35.76 
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Initialization Results Analysis 

The initialization search procedure described within this memo was shown to be effective in 

location the position of a satellite within its orbit, based on GPS observations. The accuracy of 

the location is limited by the accuracy of the ass~med orbit. Thus, if the errors in the nominal 

orbit elements are sufficiently s.nall to initialized GEODE, this procedure allows you to solve 

for locations within the orbit to the same level of accwacy. As the estimates of the other 

elemen!s have not been adjusted, the position and velocity estimates cannot be better thzn the 

a p~iori. For example, if the error in the assrtnted perigee is 10 km, the resulting perigee 

estimate cannot be better than 10 km, but we can determine if the satellite is at perigee. 

 subsequent!^, based on these results, an additional step is required to develop a procedure to 

adjust all the element estimates based on the data so that the final position and velocity 

ertimates are with in the convergence regime of GEODE. 
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AMSAT DOPPLER PROCESSING 

The .4 MS.4T OSC.4R-U) ( A0-U)) sprcecnfi was !aunctred into a highly elliptical &it 

(HEO) in 2001. Althou~h primarily designed to support amateur radio experiment& sacdiuy 

experiments have been conducted to detumine the feasibility of using GPS m c a s m t s  fw 

position and attitude det- in HEO. 1 he satellite is in a low indimtion. 103) x 

58.800 kin altitudeorbit, withanorbital period o f a p ~ r o x i d y  19borss. AWrtscsan 

existing LEO GPS receiver. the TrbnMe TANS Vector, which poses significant operating 

limitations at hi* attitudes above the GPS cunstellatim. Howma. the ,4040 mparmcnt has 

already pmven successhl. achiesing autonomous acquisition and trwking of GPS signals 

throughout the orbit. including signals with tugti dynamics a r d  paigct d weak Eignzls 

ncar apogee. 

The TA?.'S Vectcbr reports several GPS obsen-ed variables. including cvde phase, carrier 

phase. and Doppler. .4l thou& the recave: is capable of returning positi-m. velocity. and dock 

solutiorts shen four or more GPS satellites are simultantously tracked. no p i n t  solutions 

have been received to datc. The primary tracking observable, w a n g ,  can by cxmmrcted 

trum the rep:-led m e  phaee. Hnwever. the lack of pint soluti~ns crea!es several u n h w n s ,  

including satellite psitiuns and clock biases. which make ~~eUdOriige recovery difticult. 

The objective of our research was to utiiize the returned Doppler m e a w r e m t s  for post- 

pmctssing orbit dctcnnination. Although Doppler solutions are generally less =urate. the 

Doppler measurements are less sensitive to the etfects of the receiver, and m.iy prmide an 

initial estimation of the orhit from which to initiali~e other high fidelity p-bt-processing 

schtmes such as GEODE. Actual flight data from the receiver onhard AMSAT were 

pvcxesscd in a Doppier-onl y hatch filter. in addition. 10 further evaluate the pertomance of 

the tilta and charactc.ize unknowns with~n the tlight data. simulated data were alscx processed 



tn the 8 , l t g .  This bcumeut miew the Dqpler-only batch algorithm, lrrd presents the 

tesults tiom rctual and sundated data pmasanr  

We gnplemenred a traditional hatch filter to process the Doppler measurements, the basis of 

which is similar to drc batch descri'bcd for the iaitialimtion algmitlnn. The filter is utilized to 

process AMSAT flight data consisting of mumed Doppkr data. as well as simulated dm 

kscd on geemated d l i t c  positioros and velocities. 

T)t.c approach assumes an initial 'truth* v&ick state. d pqqptes duough the orbit to each 

of the meas-? hmCS. initially. this p q q a t k n  irses a p u d y  Keplerian mode1 without 

considering pemrbatim eft'ecl~. Estimated range-rates are computed From the pupagated 

sateilite positlons a d  vdocttk .  and the GPS sateli~te ps~tians detennid fic?m the 

bmadcast cpamnetedes. The estimated range-rate is compared with either the measured 

hppier converted to range-rate. sf s simulated rangc-ratc to produce measurement residuals 

for the entire arc of data. .\ least squares sohttlc?n is performed to produce an updated estimate 

of initial satellrte position and vetcxrty. and iterattonc are perfmed until the upd ~ t d  estimate 

and the ~ n ~ t ~ a l  truth match ulthrn tolerances. This simple filter was dditionally updated to 

consider measurement weighting b d  on u pricln ~ n f m a t t o n .  The results of both the simple 

filter and the uaghted batch filter are present4 and compared. 

T k  vehicle statc IS comptlsed of position. velocity, and hquency bias. 

Initially. timc tag error. TE. was also included in rhe estimated state. However, further 

anaI>-sis o f  the Doppler measurement partials indicated that the sensitivity of range-rate to 
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time tag error i s  low (1 see TE - 10 cmls ranprate). With time tag errors expected to be 

fairly malt, adequate solutions should be achievable without TE estimation, and therefore it 

wat not considered in the final solution. 

GPS Receiver 1 onboard A 0 4  was first -td fFM Septternber 25" through November 

2". 2001. This receiver uses a blind search technique., sequentially searching though the 

possible GPS satellite PRNs to quire  and track GPS satellites. The most promising batch of 

data was obtained on October s', on a pass near perigee were 4 satellites appear to k tracked 

simuitaneously, although point solutions were not returned. The receiver f m s  Dopplt~ 

measurements for each satellite tracked, which are provided at approximately half-second 

intervals. A 15 minute arc of data with 5 total PRNs tracked around the perigee pass was 

considered. The obser\red Doppler measurements were converted to range-rate measurements 

for processing in the filter. 

Simulated observations were also constructed for the same arc of data using satellite positions 

and veloctties generated in STK. The measured range-rate was constructed fbm a non- 

linearized true range-rate model plus a random error. 

3. Data Processing 

The batch algorittun used a MATLAB simulation environment to post-process both the flight 

data and the simulated STK data, the components of which are described below. 

3.1 Reference Trajectory 

The reference trajectory for AO-40 was generated fiom a hOKAD Two-I ine Ephemeris 

(TLE), tor October 5'h, 2001 using STK's MSGP4 (Merged Simplified Gcneral 

Pcrturhations) propagator. This high fidelity propagator considLrs secular and penodic 
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variations due to J2, solsr and lunar effects. and atmosphefic drag. The position and velocity 

at the initial measurement time are pulled fiom this reference trajectory and used as the initial 

state estimate in the batch propagator. 

3 3  Measurement models 

The batch filter utili7es the same WC to generate computed measurements for both 

AMSAT flight data and simulated data scenarios. However, compumtions f a  dsuved 

measurements for each scenario differ slightly, and will be discussed -e1y. 

3.2. t Computed Measurements 

a) Initial state estimate From the STK refaarce trajtctory is propagated to each of tbe 
measummt times using a 2-body propagator. 

b) The estimated positions and telocities. and GPS posihons and velocities are used to 
generate an estimated range-mte at each of the measwement times, based on a aon- 
linear Doppler model. 

C)  Estimated range-rates are calculated similarly for both flight data and simulated data 
scenarios 

3.2.2 Observed Measurements 

AMSAT Flight Data 
a) The batch filter selects the Doppler measurement and converts to a range-rate 

measurement by multiplying by the negative L 1 wavelength. 

STK Simulated Data 
b) The measured range-rate is deribed from the reference trajectory. 
c) 7 he refwence positions and velocities at cach measurement time are used with the 

GPS positions a t d  vcloci ties to generate a 'true rarige-rate'. 
d) A random noise (few ms) is then added to each tme measurement to m a t e  a 

measured range-rate. 

3.3 Doppler-onip Batch Algorithm 

a) Determine reference trajectory in using a TLE in STK 
b) Compute AklS.4T R/V at the measurement tlme based on thc a priori QY,, hmi 

reference trajectory propasated tn the 2-body propagation algorithm 
C) Calculate the estimated range-rates 



Estimated Range: 

P a  = J ( S j  

Estimated Range-rate: 

dl Determine maswed range-rstes 
a For AMSAT flight W 

\fcfcasurcd range-rate: 
P, = p- + random noise 

c) Compute Doppla-only measumncnt residuals 

t) Farm H matrix 



g) Accumulate measurement residuals and H matrices for all measurement times. 
h) !hive for the m e  correction, d1. 

dy - H*dx 

i) Update the initial pnsition~velocity with dr, iterate. 

AMSAT FLIGHT DATA 

Actual Doppler data consisting of a fifteen minute arc near perigee were processed in the 

batch filter. swnmariired in Table 1.  

Tabk I: Ftigbt Data 

h t e  I Strrt SOW I End SOW Jhta Rate 1 Satellites Notes 
10.05.01 1493194.2513 1494096.75 -0.Sseconds~3,11,22,25,31 INearpaikee, 

An initial state estimate from STK was propagated to the measurement times using the 

Keplcrian propagator. Other perturbations were not considered. Additionally, a prjuri 

weighting of the data was not considered The batch filter estimated values of %. p,, $1, and 

the o b m d  minus computed measurement residuals were examined over several iterations to 

evaluate the performance of the filter. 

Initially, examination of the residuals for the first two iterations indicates that the filter is 

adjusting the estir~lates properll. The residuals begin to converge to a zero value as expected, 

shown in Figure 1. In addition. the fiiter appears to attempt to converge over the next 10 

iterations. The values of R ~ ,  < . .f, appear to converge to appropriate values, while the state 

concction value. d l .  for each variable converges on zero as anticipated, shown in Figures 2 , 3  

a d  4 respecttvely. Figure 5 illus~rates the residuals over thesc 10 iterations. 
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Figure I: Measurement Residiub by PLLY for First 2 Iteratioms 
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Figurt 3 (a): Vo (XYZ) for 10 iterations, (mls) 

! 
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- 
Figure 3 (b): VelociQ correction. dV, for 10 iterations. ( d o )  
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Figure 4 (b): Frequency bias correction (&sf, 10 iterations 
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F i u n  5: Measurement Residuals (mfs), 10 iterations 

Although evaluations of the state parameters indicate that the filter is slowly trending toward 

convergence. examination of the residuals reveal potential problems. Although the residuals 

appar to center around a zero value, the filter appears unable to converge the measurements 

from each separate GPS satellite. Further, additional iterations do not continue the trend 

towards convergence, and a suitable solution is not obtained. instead the filter appears to 

become unstable, with the residuals becoming very large at approximately 20 iterations, as 

shown in Figure 6. 



CCAR Final Repoff 

Figure 6: Measurement Residuals (WS), 21 iterations. 

Initially, we considered the possibility that improper measurement weighting contributed to 

the lack of convergence and ultimate failure of the filter in the previous scenario. To examine 

this hrther, the filter was expanded to incorporate aprinri covariance and weighting 

estimations. The gmeral solution of this weighted least-squares filter is shown below. 

Solve L * .?, = N for dx 

lvhere L = ? - ' + C H ~ W  and N = E - ' * ~ I + ~  
P - covariance matrix 

W - weighting matrix 

x,,- initial state deviation, or correction 

However, multiple attempts to adjust the weighting and a pnViovi covkance did not appear to 

colrect the filter divergence, as shown in Figure 7. 
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Fig~rrc 7: Measurement Residuals for Weighted Lerst-Squares Filter (mfs), 20 iterations 

Several unknowns exist with the flight data that could contribute to the failure of the filter. 

These include bad data related to one or more PRNs, poor geometry of the GPS satellites, not 

enough data in the batch, and unrnodeled noise within the data. To examine these possibilities, 

we constructed simulated data with fewer unknown error sources for the same batch. The 

results of processing these data are discussed below. 

STK SIMIILATED DATA 

Using the positions and velocities fiom the reference trajectory, truth rangc-rate measurements 

were computed. To these we added a measurement error of less than la to generate the 

'observed' measurements. An offset of 1% in semi-major axis and eccentricity was added to 

the initial state estimate fiom the reference trajectory fiom which the estimated AMSAT 

positions, velocities and range-rate measurements were calculated. Additional parameters, 
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such as number of satellites, data rate ttnd total batch size remained the same as in the flight 

data scenario. 

Figure 8 illustrates the measurement residuals for the sintulated data after 20 iterations. 

Figures 9(a) and (b) show the state corrections, dR and dV, each iteration. It is dear that 

the fitter is able to process the data successfirlly, converging on a suitable sciution after 

approximately eight iterations. 

Rewtual Total (70 ller;*tons) 
MSCPA t J#, r 1 ' fwdn ermr h i d d  SIaIe o&el ('OW I%?) 

Figure 8: Measurement Residuals fur Simulated Data ( d s ) ,  20 iterations 





Table 2 contains the inifla1 offset values, dre final balues for the state estimate at epoch, &Yo, 

as well as the diffaenor: h e e n  tht final solution and truth afier 20 iteratrons. 

These rrsufts darify several ccmcems. First, it verifies dK filters ability to proctss data 

correc~ly. d mlcs out any errors in sfhrr-are or the algorithm. More imgortantly, it indicates 

that hoth the geometry of the GPS satellites. as well as the amount of data processed is 

sufficient tjr titter stability and convergence. Given this. it seems likely that the filter fails on 

the wnml flight data because of unknowm and therefore poorly &ed errors or noise in the 

Doppler data. It i s  interesting to note that the filter will faii with the simulated data if too 

much measurement wise (more than a f'ew mfs) is added. Actual flight data arc expected to 

have more measwemat noise. therefore we teasonably believe this is one spxiSc cause of 

filter failure on the AMSAT data. 

<i&il Space Flight Center has gmerated additional data using an actual T A M  l'ector 

receiver in a high tidelity flight simulator for the Land..at 7 orbit (LEO). Again, being 

simulated. these data have fewer unknowns within the scenario, and therefore can be used to 

examine the f ~ c t i o n  of  the receiver itself and the quality of the data generated. Preliminary 

attempts to process these data in the Uoppier-only batch were performed to M a  determine 

what clemerts within the tlight data h r n  this receiver create divergence in the filter. 

Simple studin using STK indicate that effects from the oblatcncss of the Earth, J2. are more 

prmounctxl with a LEO orbit than with 3 HEO, as expected. Figure 10 compares the Landsat 

7 orbit propagated with a 2-bcdy propagation verses propagated with 52 effects included. The 

errors resulthg from a 2-hdt. propagation in LEO indicate that the Keplerian propagator 
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Figure 11 : Truth Orbit - Estimated Orbit (RIC), LS7 (IR, d s )  

This propagator has successfufly generated orbits f'ol other similar orbit scenarios, so 11 is 

unclear why these trends are seen with the Landsat 7 orbit. It is believed that there may be a 

coordinate system difference between truth and the estlmatcd orbit. but this has not been 

confirmed. Successful testing with this data set could be extremeiy useful in ~nderstanding 

the data returned from the TAIL'S Vector, and for M e r  post-processing attempts of data 

tiom AMSAT. 

Results Analysis 

The Doppler-only batch procedure described was shown to be effective in post-process~ng 

orbit determination for the simulated AMSAT orbit. based on generated measurements and 

vls~ble GPS satellite ~nfonnat~on. AMSAT flight dvtd have yet to be filtered successtitlly. 

believed in part tc\ be due to noise and additional unknown erron in the tl~ght en\ ~ronment 

and wlth the TA3S Vector receiver itself Succe~shl testing with the Landsat 7 data set could 



be extremely useful in understanding the data returned firm the TANS Vector, d in fGrthcr 

post-processing altmpts of data h m  AMSAT. 
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