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GPS BASED ATTITUDE DETERMINATION FOR SPACECRAFT:
SYSTEM ENGINEERING DESIGN STUDY AND GROUND TESTBED

RESULTS

George E. Sevaston, Loring Craymer and William Breckenridge]

By differencing  carrier phase measurements from multiple antennas, a
global positioning systems (GPS)  receiver can determine the attitude of a
coordinate frame defined by the antenna baselines. This paper
examines the potential role of such a capability within spacecraft avionics,
The applications served by current GPS capabilities are identified,
Architectural options are considered, and a baseline which satisfies the
needs of most applications is defined. 1 he majority of the paper then
focuses of the prototyping  of this baseline architecture within the Jet
Propulsion Laboratory’s (JPL’s)  Flight System Testbed (FST). The test
setup is described, and test results are presented. The paper closes with
an analysis of the limiting factors in the (+PS based attitude determination
error budget, a forecast of future capabilities, and a discussion of the
advances that will be required to achieve those capabilities.

INTRODUCTION

Appl icat ions of  Global  Posi t ioning Systcm  (GPS)  rcccivcrs  have  p ro l i f e ra ted
WCII beyond the original vision of the sysIcm architects . Rcccivers  arc now
being built which can measure translational velocity, attitude, attitude rate
and time, as well as position. Moreover, technology is crncrging  which will
make GPS receivers capable of  routinely delivering highly  accuralc
mcasurcmcnts  of most of these states. lhus GPS rcceivcrs  hold the promise of
satisfying nearly all the guidance, navigation and control (GN&C)  sensing
rcquircmcnts  for Earth  orbi t ing spacecraft  in a  s ingle integrated,  rel iable,  low
mass, low volume, and low power package.

Bctwccn  1994 and 1996, a study was conducted at the Jet Propulsion laboratory
(JPI,)  to define and prototype a GN&C avionics architecture around the
pa r t i cu la r  s t r eng ths  and  wcakncsscs  of GI’S rcccivcrs, cons ide r ing  the
rcquircmcnts  of a broad class of spacecraft with respect to pcrformancc,
operations and fault protection. The study focused specifically on spacecraft
at t i tude determination.

‘1’hc paper presents  the architecture that  was dccidcd  upon plus the rationa]c
behind it. It then details a test program designed to validate the concept
w i t h i n  JPI,’s  Fl ight  Systcm l’cstbcd  (FS’I’), and dcscribcs  the test  resul ts .  lt
examines the classes of missions currently WC1l served by available CiPS
technology, and discusses error budgets and the current limits of
performance. Finally, the paper identifies future needs, dcscribcs the
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dcvclopmcnts  needed  to  b r ing  abou t  improvement s  in  rcccivcr  pcrformancc,
and provides a forecast of future capabilities.

BACKGROUND

The potential  for  spacecraft  at t i tude determination using GPS mcasurcmcnts
has been recognized for several years now. Rcfcrcncc  1, for example,
dcscribcs  simulat ion resul ts  for  both s ingle-antenna systems (rcccivcd
intensi ty based methods)  and mult iple-antenna systems (intcrfcromctric
methods), the former requiring spacecraft acceleration or rotation
mcasurcmcnts  for full observability, A n  cxpcrimcnt  on the RADCAL  satel l i te ,
which is dcscribcd  in Refcrcncc  2, demonstrated that GPS attitude
dc. termination could bc done effectively in low carlh  orbit, although it must bc
noted that the RADCAL  satellite was gravity-stabilized and not subject to rapid
attitude charlgcs. Other rcccnt  studies (see., for example, Rcfcrcnccs  3 and 4)
have focused on adapting commercial  at t i tude-capable CiPS rcccivcrs for space
applicat ions.

I~or high accuracy applications, a GPS rcccivcr  measures attitude by
diffcrcncing carrier  phase mcasurcmcnts  from mult iple physical ly separated
antennas. A minimum of three antennas arc nccdcd for three dcgrcc  of
freedom attitude determination. l’hc phase diffcrcncc from any two antennas
can bc used to find the attitude of the baseline between those antennas with
respect to the broadcasting satellite. loo tic this attitude mcasurcmcnt  to a
useful frame of rcfercncc, like Ear[h f ixed rotat ing (e.g. ,  East-North-Up),  the
known location of the GPS satellite used ill the observation and the solved for
location of the rcceivcr  must bc used, ‘1’hc former is tracked by the rcccivcr
using data broadcast by the satellites thcmsclvcs. The latter is dctcrmincd  by
the rcccivcr, along with current  CiPS tirnc (actual ly clock bias) ,  by invcr[ing
time of flight measurements from a minimum of four satellites with suitable
geometry. lndccd,  this position determination is the primary function of a GPS
rccciv cr.

Notice that, in principle, observations from a minimum of two geometrically
W C]] separated satellites are necessary for three dcgrcc  of freedom attitude
determination. A reasonable analogy is to consider a GPS rcccivcr  to bc
similar to a star tracker based attitude sclisor. A minin~um of two
gcornctrically  WCI1 separated stars ( i .e . , sources) arc nccdcd  for full attitude
determination. In the case of a GPS based attitude sensor, the sources arc GPS
satellites. in the case of a star tracker based attitude sensor, tbc position of the
rcccivcr dots not enter into the absolute attitude calculation, bccausc  the
d i s t ances  bctwccn  the sources and rcccivcr arc infinite. Therefore, the
wavcfronts  tha t  r each  the  rcccivcr arc pla[tc, with normals that point in the
same cclcstial  directions (the essentially fixed directions from the stars),
regardless of where the reccivcr  is. This is clearly not the case in GPS based
atti[udc  determination, w}lcrc the rcccivcd  wavcfronts a r c  s p h e r e s  w h o s e
ccntcrs  change with t ime.

Another complexity of GPS based attitude  determination is that the carrier
p h a s e  d i f f e r e n c e  nlcasurcments do not unic]uc]y dctcrminc  the at t i tude of  the
connecting basc]incs. lnlcgcr wave ambiguities must bc resolved for each
particular satellite
every time a new
the relative phase

and each pair of antennas using an initialization proccdurc
satellite is acquired. Once acquired, the integer por-[ions of
solutions arc dynamically maintained. A number of
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m e t h o d s  have been dcvclopcd  to perform integer ambiguity resolution
function. As this subject is beyond the scope of this paper, the reader is
rcfcrrcd,  for example, to References 5 and 6. Suffice it to say here that the
rcquircrncnt  for  such integer acquisition and tracking functions exist and
must be accommodated in any architecture which plans to incorporate GPS
based  a t t i t ude  dctcrmination.  -

GPS based attitude determination, like
determination, requires calibration of
of GPS, the most critical of these are
the radio frequency (W) line biases.

any other method of attitude
various systcm parameters. In the  case
the relative locations of the antennas and

l’ortunatcly, automatic procedures for
ca l ib ra t ing  bo~h th&c sets  of  parameters have bc_en dcvclopcd.  - Automatic
antenna location calibration has come to bc. known as self survey. This and
the line bias calibration function need to bc performed before the system can
bc made operational. Since accurate sc.lf survey requires relatively long
records of observations (i. e., several hours), preferably under dynamically
quicsccnt  conditions, it is best performed, at least initially, on the ground.

GPS reccivcrs  track (i.e., process signals from) a number of (usually more
than four) satellites at any given time, Selection of these satellites is aided by
an almanac which allows the rcccivcr  to predict which satellites should bc
visible at any given time. The satellites used in any given position solution arc
sclcctcd  by the receiver to yield the best possible solution based on an
assessment of their geometry. This is done by computing a so called position
dilution of precision (PDOP)  index for each satellite, A similar dilution of
precision function can bc used to select the. satellites to bc used in the attitude
solut ion.

Note that GI>S satellites arc distinguished from each other by a pseudo random
code. All satellites transmit at the same set of l.-band  RF frequencies (e.g., 1,1
at 1,575.42 M1lz,), Acquiring a particular satellite involves acquiring both its
carrier and code.

Some GPS rcccivcrs  compute velocity as well as position. This is done by using
the Doppler shifts measured by the rcccivcr  in the course of carrier
acquisition and tracking. In principle, attitude rates could be calculated from
these measured Doppler shifts as WC1l. ‘1’bus, a GPS rcccivcr  is in principle
capab]c  of directly measuring position, translational velocity, attitude, angular
velocity and time, autonomously (i. e., 13 states), in real time, within a self
contained package. I’or a more complctc  discussion of the GPS system, and the
theory of operation of GPS receivers, the user  is rcfcrrcd,  for  example,  to
Rcfcrcnccs  4, 5 and 7.

The main error sources in a GPS attitude mcasurcmcnt  arc receiver noise,
finite resolution arithmetic, GPS satellite position errors, ionospheric
propagation, tropospheric  propagation,  mu]tipath,  antenna locat ion
calibration errors, line bias calibration errors, and mechanical deformations
(i.e., vibration, thermal deformation and material creep), The reader is again
rcfcrrcd  to the references (e. g., Rcfercncc  4 and 8 and the r e f e r e n c e s
contained therein) for a thorough discussion of CJPS errors and their
propagation into  at[itudc m e a s u r e m e n t s ,

in current implementations, rnultipath  l imits  performance to about
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8x 10-3/[1.(’T’)  1/2] rad RMS, where L is the baseline lcng[h and 1 is the rcccivcr
integration time interval (Rcfcrencc  8). ‘1’bus, for a 1 m baseline and a 1 scc
in[cgration  time,  performance is limited to just under 0.5 dcg RMS, Multipath
error estimation and compensation (see, e.g., Rcfcrcnccs  8  and  9 )  can  rcducc
t}lis error substantially. IIowevcr,  this technology is just now erncrging.

The next largest error sources arc those associated with antenna phase center
errors (i. e., calibration and drift). Collcctivcly,  these typically produce an
attitude error of about lx 10 - 3/1. rad RMS (Rcfcrcncc  8). Note that errors due to
rncchanical  deformations could easily  become  signif icant ,  indeed dominant ,  i f
not  managed through careful  mechanical  and thermal design.

Next down the list of error sources is rcccivcr  noise at about 4x10 -4/[ L(T)1i2]
r a d  RMS (Rcfcrcnce  8 ) .

For  relatively short baselines (i.e., a fcw meters), ionospheric error is
negligible, For longer baselines, the ionospheric propagation delay at each
antenna can be rncasurcd  using dual or lnultip]c  frequency reception,  and
compensated to negligible levels.

‘1’roposphcric  propagation is negligible in space. GPS satellite position errors
and numerical errors arc negligible in genera].

ARCHITECTURE TRADE STUDY

Our particular interest was to define a GPS based attitude determination
architecture that  would serve the pcrfornla!mc  needs of most Earth  Orb i t ing
spacecraft and would bc highly reliable and robust, q’bus, wc began by
assessing the requirements of various classes of F;arlh  orbiters.

Ear[h  orbiters can be classified as either nadir pointed (spinning about their
orbit normal at Earth’s rate or dual spin), sun pointed (spinning about the sun
line or 3-axis stabilized),  or incrtially  pointed (spinners or 3-axis). Since GPS
rcccivcrs  must track CJPS satel l i tes , GPS rc.ccivcrs  arc not  compatible with high
rate (e. g., many RPM) spinners.

Missions that can tolerate attitude knowlc.dgc errors of a fcw degrees (e.g.,
broad covcragc communication satellites) can be supported by either position
knowledge correlation (in gravity gradient stabilized spacecraft) or
magnctomctcrs. In such missions, GPS rcccivcrs  are most valuable for position
mcasurcrncnt,  and the additional cost of adding attitude capabilities may not bc
w a r r a n t e d ,

Missions that require attitude knowledge on the order of a few tenths of a
dcgrcc  (e. g., most communication and relnote  sensing satellites) can bc
suppor[cd  b y  e i t h e r  GPS reccivcrs or Earth sensors and fine sun sensors.
Since the state of the arl in GPS technology is  cur[-cntly a few tens of a clcgrcc
for 1 m baselines (SCC, e.g., Rcfcrcnces  3 a~ld 5) ,  these missions ,arc ideal
candidates for GPS based attitude dctcrmillation. Iliscussion  of the predicted
f u t u r e  capabi]itics  of GPS is dcfcrrcd  to a later section of this papqr.

Missions that require attitude knowledge on the order of a few arc seconds or
better (e.g., su rve i l l ance  satclli(c  and sp:icc based astrophysical  tclcscopcs)  arc
normally suppor[cd  by star sensors (imaging trackers and scanners). ‘I’his
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lCVC1 of performance is well beyond the current state of the arl as well as the
anticipated future capabilities of GPS. For these missions, the usc of GPS would
bc limited to position, velocity and time mcasurcmcnt. The usc of GPS based
attitude determination for coarse knowledge is not likely to provide any
benefits, cxccpt  perhaps a lCVC1 of  functional  redundancy,  bccausc e m e r g i n g
star trackers arc self initializing; that is they can dctcrminc  their  a t t i tude
autonomously without any a priori know] cdgc.

Onc other class of missions that is ideally served by GPS based attitude
determination technology is orbiting intcrfcrornetcrs. Since these missions
involve very large spacecraft (10’s of IIlctcrs) or even discrctc  spacecraft
separated by large distances (100’s of nlctcrs  to many kilometers), very large
GPS baselines are possible. Neglecting structural deformation and antenna
p h a s e  ccntcr know]cdgc  e r r o r s , the attitude determination accuracy of
intcrfcromctric  GPS based attitude determination is given by the phase
uncertainty divided by the baseline. Thus, given a 5 mm phase error (wcI1
within the current state of the art), the a(titudc of a 20 m baseline, for
example, could bc determined to about 250 prad. l’his is in the neighborhood of
tbc basel ine at t i tude rcquircmcnts  for many (but certainly not all) of these
missions.

As discussed above, GPS based at[itudc determination involves a number of
intcrrcla[cd clcmcntal  func t ions . Those that arc intrinsically RF functions arc
as follows:

RI; energy reception and amplification
RF down-conversion

‘1’hose that arc either RF or high speed digital arc:

signal acquisition
signal tracking

‘1’hose that arc computational functions arc:

s a t e l l i t e  cphcrncridcs maintenance
integer  ambiguity solut ion
integer tracking
self  survey
line bias calibration
position and time solution
translational velocity solution
position dilution of precision
attitude dilution of precision
attitude solution
angular velocity solution

in addition to these basic functions, a fully autonomous spacecraft GN&C
systcm  must also include the following clcmcntal  functions,  which arc
computational  by nature:

attitude data fusion
attitude fi]tcring
attitude rate estimation



attitude maneuver planning and constraint avoidance
att i tude maneuver control
attitude stabilization
momentum management
a t t i t ude  con t ro l  systcm  fault pro[cction
position data fusion
posi t ion f i l ter ing
velocity estimation
orbit  determination
trajectory planning and optimizat ion
delta-v maneuver planning and scheduling
delta-v maneuver control
thruster  faul t  protect ion

Besides GPS rcccivcrs, other attitude sensors which may contribute
mcasurcmcnts for data fusion arc gyros, I;arth  sensors,  sun sensors,  s tar
sensors, and magnctornctcrs. Possible  non-(iPS  sources of position data inc]udc
accclcromctcrs, image based optical  navigat ion sensors  and ground Iracking
faci l i t ies .

Onc question that was considered was, given that a spacecraft already contains
onc or more capable flight computers to host basic GN&C  functions, would it bc
wise to host the GPS specific computatiotlal  functions in onc of these
computers as WCI1. Ccrlainly  there is  an economic advantage (ignoring non-
recurring costs), to limiting the number of computers on board a spacecraft.
Moreover, GPS based position and attitude acquisition and tracking may bc
facilitated by using feedback from position and velocity state estimators
executing within the same computer; though this dots not absolutely require
integration of GPS and other GN&C functions within onc computer, it is more
convenient in that case.

Another question considered was, given the characteristics of a GPS rcccivcr,
what other sensors should bc included in the avionics suite to optirnizc  overall
systcm  pcrformancc, hasten acquisition and cnhancc reliabil i ty (i .  e. ,  fault
protection). As mentioned above, GPS rcccivcrs  cannot acquire and track
satellites under high spacecraft rotation rates. information from inertial
attitude sensors could bc used to feed rate information into the rcceivcr,
allowing it to ovcrcomc  this limitation. Also, inertial attitude and position
sensors could bc used to reliably (i. e., indcpcndcnt  of excitation assumptions)
propagate from GPS attitude and positio]l upd:itcs,  under both nominal
condit ions and periods of  rncasurcmcn[  gaps.

‘1’hc  basc]inc  architecture that was dccidcd  upon for  at t i tude determination
consists  of  a  GPS rcccivcr  and a low cost, tac[ical  gr:idc, inertial rcfcrcncc  uni t
(lRU),  both of which may be redundant in some applications, and a Kalman
filter attitude estimator which fuses the data from the two types of sensors.
‘1’hc GPS rcccivcr p r o v i d e s  p o s i t i o n ,  translational  Vc]oci[y, a t t i t u d e  and tinlc
mcasurcmcnts. l’hc function of the lRIJ is to aid acquisition, to provide fault
protection (e.g., to stop a tumb]c),  and to allow propagation in case of gaps in
the GPS based attitude mcasurcmcnts. ‘llc G1’S based attitude rate
measure .mcnts  a rc  not accurate cnoLlgh to bc Useful, and cannot bc rel ied upon
in high rate situations, such as  those th:it  may be cncountcrcd  in certain fault
scenarios. “Illc a rch i t ec tu re  i s  S11OWI1 itl l;igurc. 1 .
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Figure 1. Basic Attitude Avionics Architccturc

‘1’hc figure above emphasizes the attitude sensing operations, lIowcvcr, onc o f
the major benefits of having a GPS rcceivcr  within the architecture is that
doing so allows a fully autonomous station keeping function to be
implemented. Such a capability would operate off of the GPS posi[ion
mcasurcmcnts, and would plan and cxccutc  veloci ty correct ion rnaneuvcrs  as
nccdcd. Also not emphasiz,cd  her-c. is the usc of velocity and accurate tirnc
rncasurcmcnts. These would, among other things, greatly simplify payload
operations (e. g., instrument pointing) and allow many of thcrn to bc automated
on-board .

‘J’hc selcctcd  baseline allows the direct usc of currently available GPS
equipment, and thus minimiz.cs dcvclopmcllt  time and costs. It also avoids
loading down the GN&C  flight computer or computers with GPS maintenance
functions. lJsc of tactical gyros for rate mcasurcmcnt  and a Kalrnan  f i l ter ,
which performs data fusion and filtcrillg, and which allows extrapolation in
case of GPS data drop outs, provides a low cost way of compensating for any
wcakncsscs  in the usc of GPS alone. A readily available, low cost, 1 dcg/hr
tactical grade gyro, for example, would make a 10 second GPS data drop out
unnoticeable. l’cedback  from the gyro a~ld Kalman es t ima to r  can  still bc u s e d
to aid (iPS  attitude processing within this architecture with only minor
modifications to the rcccivcr software.

A more ti~htly  integrated architcctur-c may bc warranted in certain special
micro-  spacc~raft  applications,
IIowcvcr,  it should bc  kep t

where volume and mass arc at a premium.
in mind that the computational rcqtrircmcnts  of an
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attitude capable GPS receiver keep an M68000  class processor busy producing 1
IIz updates. Thus, for such a tightly integrated architecture to be feasible,
either the non-GPS  processing requirements must be modest, or the flight
computer must bc many times more capable than an M68000 class machine.
Another penalty of a tightly integrated architecture is a loss of functionally
and physically separated (i. e., natural) fault containment regions.

TEST PROGRAM

~’hc study included a ground test program to charactcriz.c  the frequency,
duration and nature of measurement gaps, especially attitude mcasurcmcnt
gaps, and to assess the variability of the mcasurcrncnts  in normal operation.

l’hc specific objectives of the program WC)C as follows:

1. Prototype a GPS based spacecraft attitude dctcrminatiorl  capabil i ty .
Work out the architectural and intcrfacc aspects  of  incorporat ing
such a function within future JP1. spacecraft .

2. Contribute prototype GPS hardware and software to a spacecraft
r a p i d  prototyping  tcstbcd  f a c i l i t y .

3. Develop a working familiarity with GPS operation, performance and
rel iabi l i ty .

4. Validate the proposed GPS based spacecraft attitude determination
a r c h i t e c t u r e .

The test program was comprised of the following three phases.

1. Charactcrizc the performance a]ld reliability of CIPS a t t i t ude
mcasurcmcnts.

2. Validate the proposed GPS based spacecraft attitude determination
architecture using real  GPS nlcasurcmcnts  and simulated gyro
rncasurcmcnts.

3. Rcplacc the s imulated gyros wit]l  real  gyros,

Test Setup

‘1’hc test bcd consis[cd  of an attitude capable commercial GPS receiver, four
antennas, a rotatable roof top fixture with adjustable baseline dimensions, a
low performance (i.e., 0.1 dcg/scc  drift instability) three axis IRU, power
supplies and cabling. T h e  t e s t  s e t - u p  exp]oitcd  the rcsourccs  of JP1.’s Flight
Systcm ‘1’cstbcd  (FST),  which include a IIc[work  of  computers  and sof[warc  that
together arc designed to emulate an end-to-end space system. In particular, a
VME based real time computer that is part of the l~ST was used to host a
spacecraft attitude estimator, and the I; S’J’s  space-to-ground tclcrnctry
simulator was used to archive the rcccivcr  data for later, off ]inc, analysis .
~’hc tcsl sys t em i s  dcpictcd  in l;igurc 2 .
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I:igurc 2. GPS G1ound  “1’cst  set-up

The antenna support structure is shown in l~igure 3. I( is fabricated entirely
from aluminum s[ock (i.e., I-beams, tubes, angles, and sheet), most  of which
was scrap. The four antennas and the IRIJ arc mounted on an A-frame which
has field adjustable legs. Baselines from roughly 0.5 to 3.5 m can bc realized by
changing the length of these legs. ‘1’hc A-frame is mounted to a base through
a spherical bearing. ‘1’hc base is secured by cinder blocks.

Attitude motion is simulated by manually rotating the frame. A  long te rm goal,
funding permitting, is to mechanize the antenna platform to enable
hardware-in-the-]oop closed loop simulations.

When mounted on the stand,  the antenna flarnc is sccurcd  by ropes tied to the
base. During long data collection periods, the frame was set down on cinder
blocks for better security and stability.

A photograph of the rooftop setup is shown in F’igurc 4. l’hc picnic coo le r
lying on the floor contains all the rooftop electronics. The lid is left ajar for
ventilation. Precipitation is prevented fron} entering the cooler by a sheet of
plywood which serves as an over si~,cd  roof. Within the cooler, the electronics
arc on a platform raised above the. level of the drain in case any moisture does
make it past the roof. No difficultic.s have been cxpcricnccd  from either heat,
rain or wind after over six months of oltcration.
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This equipment and the associated softwalc  are now permanent FST resources,
available to JPL fl ight  projects  for  rapid prototyping  and hardwarc-in-thc-
loop integration and test simulations.

Kalman Filter

q’hc attitude estimator has two cornponerlts. Onc propagates the attitude
cstirnatc  as data is  received from the incr-tial  rcfcrcncc  unit (IRU). The second
is the Kalman  filter itself. When GPS data is rcccivcd,  the difference bctwccn
the attitude estimate propagated from IRIJ data and the CiPS estimate is
calculated and the result fed to the filter.

‘l>hc obscrvablcs  a rc  a t t i tude  quatcrnion ~GP~ (from the GPS receiver)  and

gy roscope  rates O (3-D from the IRU).

The gyro measurement based attitude propagation equations arc

@k* 9k.1
9k = ‘—--

‘qk * qk- ]

Aqk  = (0.5* A~;, g)

g=l. o–(A~+-Aek_l  )2/32

AD; = P& ‘“ ~~.~)

Pk = GM ?_k i ‘k.,——. .—
2

w h e r e

[ok is the angle r a t e

GM is a coordinate
coordinates,

~~<o is the baseline

)~]{ is the estimated
f i l t e r ) ,

— —..
– 1]1(0 -- 1))<

mcasurcrncnt  rcccivcd  f rom the  IRU a t

transform matrix from IRU coordinates

gyro drift r{itc, in body coordinates,

tinlc ~k,

to body

gyro drif t  r:itc  (incrcmcnts  est imated by Kalrnan

Pk is the corrcct~d  rotation  rate f o r  tin~c ~k,

A~k i s  the  ca lcu la t ed  angu la r  incrxxncnt  bctwccn  t ime ~k..~ and ‘tk, a n d

~k i s  t h e  p r o p a g a t e d  at[itudc quatcnlion  for tirnc tk.

‘1’hc Kalman  filter inputs arc taken from the normalized

quatcrnion  Kn = q~f’$ qjRu, ~ ‘ h e r e  ‘,1 dcscribcs  t h e  diffcrcncc  bctwccn  t h e

GPS and lRLJ c o o r d i n a t e  frarncs at time t.. ‘1’hc actual observation vector ~n is

composed of the first three components of K,, .
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The basic filter equations arc

Propagation:

Xn (–)= a~nxn.l  (+)

Xn (-)= @nxn_* (+)q + bwn  - tn., )
,, .25n axn.l

Update:

r; = r,, – Hxn (–)

R; = J{n + IIxn (-)}12’
xn(+) = Xn(–)+XJ-)H%;’17-’
Xn (+)= Xn (-) -- Xn (-) H7’R:” ‘Hxn (-)

)]= %.
axn

w h e r e
Xn is the filter state for the nt h tirnc in t e rva l ,

Xn is the c o r r e s p o n d i n g  slate  covariancc  mat r ix ,

fi is the process noise covariancc  n,atrix  (expressed as a rate),

@n is the state transition matrix for the nth time interval,
r ‘n is the Kalman filter innovation,

~{n is the rncasurcmcnt  noise covariancc  m a t r i x ,  a n d

11 is the rncasurcmcnt  s e n s i t i v i t y  nlatrix.

‘1’hc state vcc[or  was defined as the real 6-vector consisting of the first three
components of the normalized attitude error qua[crnion
gyroscope bias drifl  rates. The corrcspondir)g  Transition
f o r m

followed by the three
matrix, ~)n, has the

w h e r e  @AA = ~ – e’ a n d  @AG = 1*(1,,  -- fn.l ), provided that the change in

allitudc  bctwcc.n t~.l and tn i s  sma l l .
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‘1’hc  overall signal processing flow is as follows.
—

lRU Collector:
1. Request IRU data
2. Read lRU data from previous request and accumulate.
3. If on 100 ms boundary, call IRIJ propagator .
4. Zero IRU accumulator.
5. Sleep for 10 ms.
6. Go to 1.

IRU propagator:
1. Apply IRU propagation equations to obtain attitude estimate.
2. Log attitude estimate and time of estimate in circular buffer.

GPS Data collection and Kalman  filter:
1. Read GPS packet.
2. Usc packet time tag to find applopriatc  attitude estimate in log

b u f f e r .
3. Calculate attitude correction mc.asurcmcnt  from GPS data and

corresponding lRU-propagated est imate.
4 .  F e e d  a t t i t u d e  c o r r e c t i o n  mcasurcmcnt  to Kalman  f i l t er to  ca]culatc

current state (attitude correction) estimate.
5. Apply attitude correction estimate into all attitude estimates with

times greater than or equal to the GPS time tag; z,cro Kalman filter
state estimate.

6. Go to 1.

‘1’hc a t t i t ude  ut)datc ~roccss  of the GPS rcccivcr  used in this studv is  free
running with ~ nom(nal  rate of approximately 1 }Iz. IRU ra te  d~ta is collcctcd
asynchronously at a rate of 100 117, using a simple query-response
communication protocol under the control of th flight computer simulator.
Attitude is propagated forward in time, from the last best estimate, at a rate of
10 IIz using IRU measurements averaged over 10 samples and corrcctcd  with
the best available estimates of gyro t)iascs. g’hc 10 most rcccnt  samples of this
attitude are stored at all times. When a GPS sample arrives, the associated tirnc
tag is used to locate the most appropriate propagated attitude sample. ‘l’his,
together with the GPS mcasurcmcnt, is then used to develop the Kalman  filter
innovation. After a Kalrnan filter update is processed, the best estimates of
atlitudc  and gyro biases, used in subsequent attitude propagation operations,
arc rcdcfincd. ‘1’hc Ka]man filter state cstinlatcs  arc thus  ze roed .

GPS Receiver Test Results

GPS data was collcctcd  and archived for several weeks. ‘1’hc archived
information included the reccivcr’s  estimates of attitude and reports of
rcccivcr and satellite status. l’hc cornmcrciiil  rcccivcr w c  u s e d  c o m p u t e s
attitude estimates at a rate of 1 117,; outages were defined as. intervals of 3
seconds or more between reported estimates.

During the three week period bctwccn  October 19, 1995 and Novcrnbcr
cxarnplc,  there were a total of 49 data gaps of varying durations; these

6, for
arc.
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listed in Table 2. Only two were longer than 100 scc (2673 and 1638). All but
twelve were shor[cr  than 10 S C C. Twcn(y  three were four seconds or sbortcr.

Table 2. Data Gap Results

Week Number Time of week Duration

827
827
827
827
828
828
828
828
828
828
828
828
828
828
828
828
828
828
828
828
828
828
828
828
828
828
828
829
829
829
829
829
829
829
829
829
829
830
830
830
830
830
830
830
830
830
830

(seconds)
498500.5 “
559796.5
559893.5
572329.5

7.5
38631.0
67448.0
99299.0
99309.0
99318.0

101673.5
172615.0
203590.5
206268.5
206385.5
217243.0
254545.5
384441.5
493609.5
493621.5
493627.5
493632.5
493641.5
493649.5
493661.5
493674.5
533532.0

5840.0
15238.0
68274.5

156640.5
390258.5
406939.5
424590.0
466516.0
518272.5
534682.5

35679.5
35743.0
54037.0

126979.0
185717.5
206165.5
292573.0
537956.0
537963.0
595260.0

14

(seconds)
4

95
7
5

75
4
4
6
7

56
3
4

2673

2:
4
3
4

11
5
5
8
7
4

10
4
4
4
4
4
4

54
3
4
5
5

55
6
8
5
4

1628
4
4
6

56
4



T h e  rcccivcr
outafics  i n  a

830 595731.0 4
831 4320.5 4

status  reports allowed determination of proximate causes for
straightforward manner: during  outatzcs, status  values were

taburatcd. None OF the outages proved to bc ~uc to-failures in CiPS satclliic
coverage. Our working hypothesis is tha[ most of the gaps arc simply duc to
the time it takes to resolve integer cycle ambiguities at satellite acquisition
times. This time is usually less than onc second, and hcncc is usually
unnoticed. llowevcr, occasionally the intcg,cr  solution takes longer. A few of
the gaps arc clustcrcd;  in these clusters, s u c c e s s i v e  ~alls arc sct)aratcd  by a fcw
seconds to less than two minutes. ‘J’llCSC
multipath ref lect ions under condit ions of

T h e  (iPS  rcccivcr’s  at t i tude cstirnatcs  w e r e
and standard deviat ions,  rcspcctivcly, for
week period discussed above were

p i t ch : (-0.007°, 0.136°)
roll: (-0.088°, 0.110”)
azimuth: (215.795°, 0.078°)

m i g h t  ind;catc  ambig;itics
poor viewing geometry.

WC]] within expectations.
attitude components over

ind~ccd  by

The means
the three

for the configuration shown in Figure  4 with approximately 2 meter basc]inc
separations. ‘ T h e  covariance  nlatri;  o f  these  sa1i16 mcasurcklcnts  w a s

Pi[ch Roll A~, inluth
P i t c h 0.01858 -0.003236 -0.001082
Roll -0.003236 0.01207 0.0009515
Azimuth -0.001082 0.0009515 0.006145

Tcrnporal  autocorrclations  o f  d e v i a t i o n s  froln the mean were also calculated
from the archived data. While the cross-correlations bctwccn  pitch, roll, and
azimuth were negligible for all tirnc, it was found that successive attitude
mcasurcmcnts  were highly correlated over t ime scales cxcccding  an hour.
These data arc summarized in ~’able 3.

Tab]c  3. Autocorrclations  f o r  a t t i t u d e  mcasurcmcnts.

131aJlscd  q’imc P i t c h Roll A~.inluth
(Sees)

00000 1.0000 1.0000 1,0000
00001 0.9472 0.92’73 0.6695
00002 0.9452 0.92]2 0.6655
00003 0.9445 0.9140 0.6618
00004 0.9409 0.9049 0.6587
00005 0.9403 0.8989 0.6542 ,.
00006 0.9393 0.8910 0.6514
00007 0.9396 0.8850 0.6481
00008 0.9397 0.8791 0.6459
00009 0.9393 0.8722 0.6430
00010 0.9403 0.8671 0.6409

00020 0.9369 0.8484 0.6288

15



00030
00040
00050
00060
00070
00080
00090
00100

00200
00300
00400
00500
00600
00700
00800
00900
01000

02000
03000
04000
05000
06000
07000
08000
09000
10000
11000
12000
13000
14000
15000
16000
17000

0.9334
0.9293
0.9250
0.9212
0.9177
0.9147
0.9119
0.9093

0.8862
0.8672
0.8528
0.8411
0.8315
0.8229
0.8117
0.8022
0.7935

0.7203
0.6480
0.6079
0,5587
0.5033
0.4565
0.4224
0.3917
0.3617
0.3236
0.3048
0.2797
0.2542
0.2300
0.2164
0.2042

0.8752
0.8675
0.8507
0.8485
0.8467
0.8415
0.8375
0.8346

0.8092
0.7884
0.77s9
0.7687
0.7602
0.7513
0.7400
0.7296
0.7224

0.6943
0.6663
0.6471
0.6234
0.5883
0.5501
0,4917
0.4614
0.4473
7).3969
0.3395
0.3011
0.2575
0.2271
0.1965
0.1552

0.6115
0.5929
0.5748
0.5557
0.5384
0.5219
0.5058
0.4923

0.3851
0,3001
0.2460
0.2112
0.1837
0.1715
0.1729
0.1791
0.1777

0.00977
0.00483
0.02588

-0.02390
-0.06812
-0.07200
-0.01822
0.01399

-0,05202
0.02306
0.06407
0.06387
0.01099

-0.04710
-0.06888
-0.04117

‘J’hc observed autocorrclations  are surprisingly high, Clearly, there is an
unmodcllcd  source (or sources) of error. A few reasonab]c  hypotheses can be
identified (e. g., multipath  reflections, tcrnpora]  variations in line biases), but
fur[hcr  invc.stigation  i s  c l e a r l y  warl-antcd, If the cause(s) were to bc
identified and included in the estimation model, simple calculations suggest
that attitude error could be rc,duccd  by as lnuch as a factor of 10.

CONCLUSION

‘1’hc  test  program confirmed that  GPS mcasurcmcnt  gaps,  though relat ively
infrequent, a rc  to  be  cxpcctcd, and that the architecture described in this
paper i s  cffcctivc  in rllaintaining  Systcn) pcrforq]lancc  through  SUCh  Outages,

Furlhcr  s tudy  is nccdcd to dctcrlninc  wha t  type  o f  gyros  wi l l  bc ncccssary to
guarantee a specified level of performance.. llowcvcr, the 0.1 dcg/hr  g y r o s  w c
used in our prototype arc capable of preserving attitude knowledge to about 1.0
dcgrcc  during all but 10 of the 49 data gaps wc observed during one (hrcc week
pc.riod, those 10 gaps amounting to lCSS than 1.9 90 of the total observation
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duration. Measured GPS attitude mcasulcmcnt performance was consistent
with the rcccivcr manufac tu re r ’ s  spec i f i ca t ion .

FUTURE PLANS, POSSIBLE FUTURE DIRECTIONS AND PROJECTIONS

The autocorrclation  results shown in Table 3 above will bc extended to cover a
24 hour period. This wil l  expose Icmpcrature  dcpcndcnt  diurnal effects as WCII
as 12 hour pcriodicitics  due to the GPS saml]itc orbits.

Results with sin]uIatcd  and real gyros were. not available in time to appear in
lhis papcro Completion of system integration and test, and dcmonsh-ation  of
full systcrn funct ional i ty  is  schcdulcd  to occur within the next  month.

A follow-on to the test program dcscribcd  in this paper is currently being
negotiated. ‘I’his fourth phase will be aimed at

1. developing a thorough understanding and explanation of the results that
were observed in phases 1 through 3

2. developing bounds on data gap statistics

3., developing contingency measures for cvcn[s such  as  cxccssivc  data gaps
and  rccciver lock-up .

‘1’he results of this follow-on activity will lnakc it possible to fly a GPS based
attitude determination capability in space with con fidcncc,  and will allow
rigorous specification of the types of gyros nccdcd  to ensure a given level of
sys tcm per fo rmance .

As mentioned in the text, a long term facility oriented goal is to mcchanizc  the
antenna platform to enable hardware-in-the-loop closed loop simulations.
This would involve the addition of motors and associated electronics and drive
couplings, and truth  sensors (e. g., precision cncodcrs)  to the rooftop
equipment. Addit ional  cabl ing and tcstbcd  software will also bc required.

‘l>hc uses of GPS have already far excccdc.d the vision of the original  systcm
architects. The full potential will undoubtedly involve the continued
dcvcloprncnt  of many GPS technologies. lndccd  GPS offers fcrlile  ground for
fu tu re  t echno logy  dcvcloprncnt  cfforls  in several  areas. Multipath  error,
being the current dominant error source, will certainly benefit from ongoing
research into suppression techniques. Rcfcrcncc  9, for e.xamplc, d e s c r i b e s  a n
a lgor i thm which  can  rcducc  the effects of multipath  error to about the ICVC1 of
the rcccivcr no i se . Phase  ambigu i ty  initia]iz,ation  is another potcntia]ly
fruitful avenue of research. Superior ambiguity solvers could rcducc  or
climinatc  the types of data gaps we observed in our test program, further
relaxing the demands on adjunct gyros. ‘1’hc feed forward or feedback of
information from outside the rcccivcr to aid CiPS acquisition and tracking,
which is allowed by the architecture defined in this paper, requires detailed
dcvclopmcnt  in  o rde r  to  bc rcaliz,cd. ‘l’his  will involve making software
c h a n g e s  i n s i d e  t h e  rcccivcr  and dcvclopil]g  the ncccssary i n f o r m a t i o n
cxchangc  protocol. On ]inc self survey and line bias calibration, possibly with
the aid of data from other sensors, could bc used to compensate for antenna
phase ccntcr drifts. Finally, new hardware implementations offer large
potcmtia]  payoffs. For example,  JP1.’s  proposed “GPS on a chip” (Rcfcrcncc  10)
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promises to package the benefits of a dual frequency,
(i,c., time, position, velocity, attitude and attitude rate)
roughly the size of a cigarcttc  pack. This has obvious
spacecra f t .

precision, full function
rcccivcr  into a module
implications for micro

‘1’hc absolute limits of performance of CiPS attitude sensing arc difficult to
assess. IIowcver,  performance projections for the year 2000 were developed in
Rcfcrcncc  8. These predict an RMS attitude error of about 600 yrad  (i.e., about
2 arc min or 0.035 dcg) for 1 m baselines and 1 scc integration through a
combination of advances in mul[ipath  suppression, low noise amplifiers, and
line bias (i.e., antenna phase ccntcr)  calit]ration  and tracking, Should these
projections bccomc  fact, GPS based attitude sensing will bc far superior to all
but s[ar t racker based sensing,

A possibility worth exploring for missions that can tolerate a fcw dcgrccs  of
attitude knowledge error is (31’S intensity based attitude determination. q’his
non-i  ntcrfcromctric  rncthod calculates atti[udc  essent ial ly by operat ing on
rcccivcd  intensities with the inverse of the antenna beam patterns. Accurate
phase mcasurcmcnts and ambiguity resolution arc not required. It has been
es t ima ted  that attitude can bc dctcrmincd  to about 5 dcgrccs  by this method
using only two non-al igned antennas arid averaging over many satellites
(Rcfcrcncc 1 1 ) .
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