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ABSTRACT

Aspects of the on-board calibration of spacecraft three-
axis attitude determination systems employing the GPS
phase-observable signal are examined. More specifically,
a new consistent on-board estimation algorithm is
proposed that uses a special set of calibration coefficients
for multipath mitigation. A two-dimensional Taylor series
in a convenient planar-projection coordinate system is
used to model the global distortion effect of the GPS line
of sight due to multipath, This selected projection avoids
distortion and singularities close to the antenna zenith.
Based on a previous solution to the similar problem of on-
board star-sensor calibration, the model is purged of all
misalignment-like components to cope with the inherent
lack of observability. The algorithm was tested in the
presence of a strong multipath effect using an empirical
model based on a ground experiment data set. The test
considered an inertiaily-stabilized satellite in a low-Earth
orbit with low inclination. The data span covered 24 hours
of continuous simulation with no a priori attitude
information. The results were compared with those
obtained when exact a priori attitude knowledge was
included using a ground calibration algorithm. Both
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algorithms present the same significant gain in accuracy.
The simulation results show that this methodology should
be employed in order to assure precise autononous on-
board attitude determination using the GPS.

INTRODUCTION

The research on autonomous navigation, guidance and
conirel of low Earth orbiting satellites has been greatly
improved with the advent of the Global Positioning
System (GPS). Several GPS-based schemes for
autonomous navigation solution, attitude determination
and other related subjects have been developed'!!. In
particular, the imporiant aspect of multipath interference
on GPS observable has been analyzed and ground
calibration algorithms proposed'*".

Multipath delay is the most relevant error source in
attitude measurements from GPS interferometry. Baseline
and anternna-phase-center uncertainties are also among the
factors limiting attitude-determination accuracy. In
addition, the space environment reduces the effectiveness
of pre-launch calibrations. On the other hand, the problem
of on-board calibration of spacecraft attitude sensors
presents observability aspects that has not yet been
carefully considered. Specifically, it is shown that in
space those errors are not completely separable from the
attitude itself or from three-axis misalignment of the
antenna frame. Furthermore, they are not separable from
one another. Therefore, in such scemarios ground
calibration schemes may even lead to meaningless,
inconsistent estimates.

The aim of this paper is to present a consistent on board
calibration algorithm for multipath mitigation in order to
allow a precise autonomous attitude determination for a
spacecraft using the GPS. The paper states the problem
similarity with the on board calibration problem for star
sensors and proposes a consirained calibration function
based on the ideas presented in a previous work".



In the following, basic concepts on GPS observables and
their main error sources are overviewed as an introduction
to the well-known technique of GPS interferometry for
attitude determination. Afterwards the problem of
muitipath ground calibration is reviewed and differences
with respect to the on board calibration problem are
highlighted. A new algorithm to on board autonomous
multipath calibration is then proposed in section 6 and its
mathematical development presented in section 7. Finally,
the performance of the new algorithm is compared with
that obtained by a ground calibration algorithm that uses a
priori attimde knowledge. The multipath simulation
model to test the algorithms is based on experimental
results',

THE GPS OBSERVABLES

According to the specialized literature (see Leick'®, 1995,
for instance), all GPS satellites broadcast their messages
in two frequencies, namely L1 and L2, which are
respectively 154 and 120 times the fundamental
frequency of 10.23 MHz. Both LI and L2 carriers are
phase modulated by the GPS navigation message at 50
bps. The navigation message contains ephemeris data of
the GPS constellation and clock correction parameters,
The carriers are also phase modulated by the pseudo-
random noise codes. Those codes provide range
information. Because each GPS satellite transmit a
different segment of the pseudo-random noise (PRN)
code at a time, GPS receivers can lock each GPS satellite
separately. GPS satellites are so labeled by the respective
week reference number of the PRN code they use. The
encrypted P(Y) precision code is available for military
navigation only and modulates both L1 and L2, The
coarse acquisttion code C/A is available for civilian users
and modulates L1.

GPS receivers use the same pseudo-random noise codes
to lock the satellites by means of cross-correlation
techniques, Once a GPS satellite is locked its navigation
message is demodulated and the code delay (the so called
pseudo-range) ts measured.

Code observable is suitable for orbit determination, but is
affected by error sources like ionosphere and troposphere
delays and the intentional degradation of the C/A code,
namely the selected availability (SA). A position fix and
the receiver clock bias can be evaluated from the C/A
code observable if at least four GPS satellites are
simultaneously locked. For high accuracy (sub-meter
level) orbit determination, the carrier phase observable
becomes necessary.

Also for attitude determination the code observable is not
acceptable, especially in spacecrafi applications where
typical baselines are too short in face of the pseudo-range
accuracy. In this case, the phase observable is rather
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appropriate, as described in the next section. This paper
considers the carrier phase observable L1 with no loss of
generality.

Although phase observable is more accurate than code
observable it is still affected by clock instability and by
ionosphere and troposphere delays, as well as by
hardware and multi-path delays.

GPS INTERFEROMETRY

Let g, be the set of PRN of all GPS locked satellites at a
given sample time ¢, ; T the sample size; peg, the
upper script referring to the p-th GPS satellite; # the line
of sight unit vector of a GPS satellite from the body
position in the reference frame; w the same unit vector in
the body frame and 4, the spacecraft attitude matrix at

t, . The attitude matrix is such that:

wh =Awf , Vpep, , kelL,T} (1)
Attitude determination can be performed if the line of
sight of at least two GPS locked satellites are known in
both reference and body frames at every sampling time.
Since the spacecraft position can be determined from the
pseudo-range data set and the GPS satellite ephemeris are
provided by the navigation message, their line of sight

vectors in the reference frame w«f can be

straightforwardly computed.

As for wf, they are usually obtained from the carrier

phase observable by means of the interferometry
technique, as follows. A set of N antennas (usually 3 or 4)
linked to a common GPS receiver are placed on a suitable
satellite surface, one of them arbitrarily chosen as the
master antenna (labeled by the under script @) and the
others taken as slave ones (labeled by the under script #).
Thus, a set of N-1 non ¢o-linear master-slave baselines are
formed. The single difference of carrier phase for every

antenna baseline allow the evaluation of wf as better
explained in the sequence.

Let ¢ ;0 . be the carrier phase L1 of the p-th GPS satellite

received by the i-th antenna at the Z-th sample time. Let
A(pff’k be the between-antenna single-difference of the
carrier phase observable L1:

Acp;t’k Etpfk -ob, ,‘v’ie[l,N—l],p e, k e[l,T]],(Z)



Let r; be the position vector of the i-th antenna in the

body frame and Ar; the relative position of the i-th slave

antenna with respect to the master one:
Ar, =

r-ry , Vie[LN-1]. 3)

Ideally, the single difference of carrier phase is a linear
observation of the respective line of sight unit vector (see
Figure 1):

A/, =2T”Ar,.7wf vielLN-1],pep,.keLT]],

1S

where the over bar indicates ideal value; the upper symbol
T indicates transpose; and A is the L1 wavelength. In
principle, given a set of single differences from at least
two non co-linear baselines, it would be straightforward

to solve equation (4) for w/ .
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Fig. 1 — Geometry of the carrier phase as an attitude
observation.

Once one has a set of w) and uf Eq. | can be solved for

the attitude matrix 4 as usual in most attitude
determination problems. When using GPS observations a
dual problem is often considered. It comes from the fact
that the scalar product is invadant to rotations. So the

T .
term  Ar, w,f may be replaced by its counterpart
T ; . .
As; u], where As, is the antenna baseline vector in the

reference frame. If two or more GPS satellites are locked,
Eq. 4 may be solved for As; and the attitude matrix

determined from the fact that Az, = 4, As,,. The first

approach is followed in this paper.

In any case the carmrier phase observable presents a
number of drawbacks that ask for different treatments.
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First, there is an integer ambiguity due the fact that there
may be a limited but unknown integer number K/, €2

of whole wavelengths between the antennas. They are due
to the receiver arbitrary initialization of an internal
counter and are also subject to unpredicted cycle slips,

Second, the aititude observation technique provided by
GPS interferometry is affected by the following mternal
error sources: receiver clock instability; antenna phase
center displacements (mechanical or electromagnetic);
hardware (cables and receiver electronics) delay; and
thermal random noise.

Fipally, the carrier phase observable is cormupted by
external error sources like ionosphere, troposphere and
muiti-path delays.

Actually, some of the above mentioned error sources
affect the carrier phase evenly over all the antennas and
therefore are canceled out when the single difference is
performed. They are the atmosphere related delays (which
are actually not relevant to space applications) and the
receiver clock instability {assuming that the antennas are
linked to 2 common receiver since otherwise they would
present independent clock instability). Therefore the

phase single-difference may be more realistically
represented by:

—p p LT p
Apj, = Agf, + 21K "‘75":‘ W, +d; )

+ 5(01',}; (W) |w=wf "'S;fk

where 87 represents the error on the i-th baseline due to
phase center variations; d, represents the hardware delay:;

8¢, ; the multi-path delay and s;‘,’k the random noise.

Integer ambiguity resolution is a subject out of the scope
of this article, but a reliable algorithm for it is given in'’.

Antenna phase center variation is a constant bias plus a
repeatable function of the line of sight unit vector, while
baseline misalignment &r; is constant. In principle, their

effect on A(p;‘,’k could be ground calibrated. The hardware

delay 1s a scalar, constant bias and could be ground
calibrated as well. Indeed, some GPS receivers offer a
self-positioning feature that allows to determine the
baseline length and the hardware delay during the
equiprent setup section that may last for tens of minutes.
Within the least squares approach the effect of random
noise is not .critical as well, for it decreases when the
sarmple size increases.

Multipath is in general more difficult to deal with and has
been considered the accuracy limiting factor in current
algorithms for GPS based attitude determination. Carrier



diffraction on the dynamically changing geometry of the
surrounding environment causes multipath. So, 8¢, ; isa

deterministic, temporal function of the GPS line of sight
in the body frame. Multipath mitigation techniques
usually recommended include a careful choice of the
antennas placement and the use of ground planes and
chokers. Calibration algorithms have also been proposed
and claimed to be the key point for a precise attitude
determination using GPS.

In space applications the multipath becomes a nearly time
invariant function of w, not distinguishable from any
other repeatable error function of w. Therefore, equation
{5) may be rewritten in a more compact form:

i ©)

Apfy = AP + 27K L, +00,00),,0 +e];
where the under script £ has been removed from the
multipath delay term to indicate its time invariance. Sp;
may be seen as generalized distortion functions of the
GPS line of sight in the body frame that includes the
antenna phase center variation, hardware and multipath
delays altogether. Such a distortion is accountable for
most of the inaccuracy on attitude determination by GPS
and can be estimated by empirical curve fitting as
described in the next section.

GROUND CALIBRATION

From this point one considers that the integer ambiguity
has been solved. Also, deterministic errors that are
repeatable function of a GPS line of sight are represented
by the multi-path distortion function S¢;, with no loss of
generality. Under these assumptions, Egs. 4 and 6 yields:
¥2 =2 Tl v Sp, 0|, +e?
ik =TT W TRy HELk

@
where Y = Ao/, -27K}, .

The distortion function is usually modeled by a series of
surface spherical harmonics'® given by:

. O -
S, = Jh+ Z{J,‘,P,,’O(cosﬂ) +

1=l

\ ®
3 P, coso)lc,
m=|

cosme+ 8§ ,*;_msinmqft)]}

where O is the order of the series; F,,, are the Legendre

L
w3 Cnms Sy are respectively the

zonal and tesseral calibration coefficients to be
determined (note that the antenna label ; became here an

associate functions; J
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upper script for the sake of the clarity); ¢ and 8 are
respectively the azimuth and co-elevation of the line of

sight w;

cosB cos ¢
w=+< cosf sin¢g

9)

sind

Assuming that on ground the attitude matrix is a priori
known during the calibration phase, the calibration
coefficients may be estimated by least squares:

MinY (675
Yk Vpeg,y

=T} -[%”n%uf +8p,(w) |w=,,f] , (10)

The observations Y, could be theoretically predicted

from a physical diffraction model'®, The approach would
allow a more evenly distribution data basis over the
antenna hemisphere. The other possibility uses real
measurements on the ground, as reported by Cohen and
Parkinson'? (1991). Both possibilities suffer from non-
modeled disturbances. In any case, if 77 is the sample

size to the p-th GPS satellite the total number of observed
phase single-differences and calibration coefficients are:

Number of observations: » T¥, g, = {U{Ok} (11)
Vg, v

Number of coefficients: 1+ O 3+0 .

(12)

To have it in numbers, for instance, for a set of 8 GPS
satellites  continuously locked (not necessarily
simultaneous) by 50 sampling times each and an 8" order
calibration function, it gives 400 observations and 45
calibration coefficients to be separately estimated for
every baseline. Here estimate equations are uncoupled,

Figure 2 shows typical antenna phase patterns generated
by the spherical harmonics model. Their coefficients were
based on an empirical curve fitting of measurements taken
during a GPS experiment section at DLR, where two
sheet metal plates were placed in a baseline with two
antennas to intentionally induce a strong multi-path
scenario'*,

HINDRANCES IN THE ON-BOARD
CALIBRATION

In general, distortion may be due to thermo-mechanical or
optical-electric-magnetic  effects.  Although  the
importance of ground calibration can not be neglected, the



space environment is not easily reproduced on ground and
is subject to temporal variations. Strong vibrations during
the launch, micro-gravity effects and thermal cycles may
also reduce the effectiveness of ground calibrations.
Furthermore, somefimes a realistic and careful ground
calibration can not be accomplished due to operational
aspects among other possible reasons. Therefore, on
board calibration may be necessary if the accuracy of a
GPS based attitude determination has to be improved.

When the satellite has other attitude sensors besides the
GPS one, they could be used to independently determine
the a priori attitude to the calibration process. In this case
the on board calibration process becomes identical to the
ground one, but the achieved accuracy is of course limited
by the accuracy of the a priori attitude. This situation may
be useful when the other attilude sensors present

Phase error on rover antenna 2

Phasa error on master antenng

observation cutages, predicted or not, like temporary star
sensor blockage, or sensor failures.

When an independent, a priori attitude information is
either not available or not accurate enough to be taken
into account, some important differences apply that would
have to be carefully analyzed.

As a first immediate conseguence, the problem becomes
coupled and it would be necessary to estimate the attitude
together with the whole set of calibration coefficients:

Min Y'Y Sloraf

vk Vi Wpep,

(13)

subject to the constraint given by Equation 1.

Fhase error on rever antenna 3

Phase arror an rover antennag 1

Fig. 2 — Examples of antenna phase patterns due to multipath delay.

Now the number of observations and coefficients are:

¢  Number of observations: (N -1) ZT” ; (14)
Ypspn
¢  Number of independent coefficients:

(N—l)£l+03;O]+3T'; (15)

where 77 represents the total number of sampling
times. Using the same values of the previus section
example, for a given set of 3 baselines and an optimistic
assumption that 8 GPS satellites (not necessarily the
same ones) remain simultaneously locked during the

whole
observations and 285 coefficients
estimated. This

amount 1200
to be jointly
means a considerable increase of

sample period, it would

computational effort.
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The second important difference is subtle but may lead
to divergent or meaningless results. The problem is
related with the system observability. It happens that
the solution of the minimization problem stated in
equation 13 is not unique. Actually, for an order high
enough, any attitude true motion could be represented
as well by a series of spherical harmonics within an
arbitrary accuracy level. Therefore, as it is known for
instance in the star sensor calibration field,
misalignments can not be distinguished from distortion
effects in space’”.

At last, but not at least, if the number of baselines N-1 is
greater than 2, the set of calibration coefficients that
minimizes equation (13) is not unique, even under the
false assumption that a unique attitude solution could be
virtually fitted, and consequently the set of GPS line of
sights consistently estimated,

Summarizing, the lack of a priori attitude knowledge in
space has a coupling effect on the calibration equations,
the system degrees of freedom becomes unrealistically
high and the estimates of the calibration coefficients
consequently inconsistent.

THE ON-BOARD CALIBRATION FUNCTION

From what has been above depicted, it is clear that
calibration algorithms need to be adapted to
autonomous on board applications, In this section one
presents a new approach to on board consistent
estimation of calibration coefficients. The multipath is
represented by its indirect overall distortion effect on
the GPS line of sight derived from the phase observable
rather than by its direct effect on those measurements.
Furthermore, such new “global” distortion function
must be unable to represent an infinitesimal rotation
about any body axis, following a recipe recommended
on the similar problem of on-board calibration of star
sensors’.

Some advantages of using series of spherical harmonics
to model the multi-path delay are;

» [t is suitable to represent a continuous function on
the sphere with no distortion;

e It is a linear combination of the calibration
coefficients;

¢ There are recurrent formulas to the Legendre
polynomials and associated functions.

Nevertheless, regarding the present applications, it has
also a handicap: it presents a singularity in both
coordinate system poles, where all azimuth coordinates
collapse to a single point. Now, in most of the attitude
determination proposed procedures the antenna
baselines are coplanar, the antenna zenith being normai

to the baselines. Therefore, the pole is towards the
antenna zenith, a region of fundamental importance to
the proposed algorithm. For this reason, the spherical
harmonics model does not seem to be a conventent way
to represent the proposed global calibration function
and was so discarded.

A Taylor series on the stereographic azimuthal
projection of the sphere (see Figure 3) was found to suit
better to the problem for three main reasons:

* Itis also able to represent a continuous function on
the sphere, linear combination of the calibration
coefficients;

It has no singularities on the antenna boresight;
It bhas no distortion close to the antenna zenith,
where multi-path delay is remarkably small,

[ Eye Point

/“ Celestial

Sphere

GPS line
of sight

Stereographic
Projection

Fig. 3 — The Stereographic Projection
CONSISTENT ON-BOARD CALIBRATION

Based on such a global distortion model, in this section
one propeses a recursive algorithm in four steps, as
follows.

a) Initialization step:
s Set calibration coefficients a,, ,, and 5, , to zero;

¢ Estimate non-calibrated line of sight vectors wf
from the phase observable:

2
. 27
N&DZ{YL{;’ _T :’wa} , Yk, Vpep, , (16)
vi
Subject to: lwf|=l and E w} >siny (17)

where y is the antenna mask angle and £, =[0 0 1] .
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b} Calibration step:
¢ Evaluvate planar coordinates of line of sight using
the stercographic projection:

2E_wf 100
o Z29%  here E,= ; (18)
TR 010

¢ Correct planar coordinates of line of sight using the
global calibration function given by a two-
dimensional Taylor series up to order O with

calibration coefficients a,, ,, and &, ,:

¥ G O-n o
{x} = {x} +6P , where SP=)" Z{b"‘m }x"y'” ;

Y n=0m=0 " nm
(19)

+  Evaluate calibrated cartesian coordinates of line of
sight W/ :

20)

c) Attitude estimation step:
e Given W, and u], solve the Wahba' problem

using the well known aigorithm QUEST®, for
instance.

d} Coefficient updating step:
» Estimate calibration coefficients a,,, and b,, of

the global distortion function under the Shuster’s
constraint'*:

. x-x :
Min { _} + 6P(a,b* . 21)
0 UK vpep, (LY — Y
Subject to |2 loo =0 2
ubject to anPI(w:O , (22)
30,0 = 0
or equivalently: <&y, =0 (23)
ag)—b =0
%) 2E, Aul
where f} =2t (24)
¥ 1+E 4uf

Steps b, ¢ and d are repeated until a convergence
criterion is achieved.

The last step is the critical one in terms of
computational effort. The number of observations and
independent parameters to be estimated are:

¢ Number of observations: 2 ZT"’ ; 25
. Ypeg,
¢ Number of independent parameters:

3+0

2(1+O }+3T' -3; 24)

The numenical example in this case has 800
observations and 237 independent parameters to be
estimated. There are less parameters here than on
section 5, but also less observations. For a pessimistic
scenario with 4 GPS satellites at sight during 100
sampling times the number of parameters to be
determined would be 387 to the same number of
observations.

NUMERICAL RESULTS

In this section numerical results from digital
simulations are presented. Table 1 summarizes the
simulation scenario. The performance of the proposed
algorithm is compared with that of the ground
calibration using the same algorithm but without the
attitude determination step, since the attitude is already
known in this case. In both cases, during the calibration
section the algorithm estimates the calibration
coefficients, while at performance evaluation section
only the first three steps are executed.

Figure 4 shows what happens when no constraint is
applied to the distortion model during on board
calibration without any a priori attitude estimate.
Estimates a;, by and (ao,l —b|‘[,)f2 are not consistent

due to the already mentioned lack of observability (sce
section 5).

Nevertheless, the mean value of coefficients a,, and

bo converges. When the Shuster’s constrain is
mposed, the only retained part (a,; =b&,) stil
converges consistently.

Figure 4 shows the GPS tracks for both pertods and a
comparison of the distortion effect on the GPS line of
sight on stereographic projection coordinates. The
advantage of calibration is clear in both cases. One
should note the existence of a region not observed
during the 24 hows and still empty on the next 12
hours. The phenomenon is due to the GPS constellation
orbit geometry. Therefore, even if one can not expect a
good calibration of this region it has no practical
consequence, as far as the attitude remains stable.
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Figure 6 compares the performance of both algorithms
in terms of error probability distribution observed
during the simulation and shows the effect of an
increasing number of GPS satellites on attitude error.
Because the proposed distortion function was
constrained to be free of misalignment-like terms, the
performance is slightly worse in terms of attitude global
error.

Remarkably, the residual on the GPS line of sight are
practicaily the same. Indeed, both solutions achieved
the same index of performance, what confirms that the
minimization problem dees not has a unique solution if
the distortion function is not constrained, as previously
explained in section 5,

Finally, Table 2 summarizes the algorithm performance
during this numerical example,

CONCLUSIONS
A new algorithm for on board calibration of multi-path

and any other type of phase delay dependent on the
bady frame coordinates only was presented. The global

«10®  Dwergence of some calibraion paramelers
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distortion effect on the GPS line of sight written in
stereographic  projection planar coordinates was
modeled using two-dimensional Taylor’s series. It was
shown that observability problems arise when attitude
has to be estimated together with the calibration
coefficients. Specifically, coefficients that simulate a
three degree of freedom misalignment do not converge.
The proposed recipe is to purge them from the
distortion model, On simulation results based on
experimental measurements in an intentionally strong
multi-path  scenario, the algorithm vyielded a
considerable reduction of the attitude global error, only
slightly worse than the a priori attitude knowledge
would allow.
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Fig. 5 - Antenna tracks of GPS satellites during: a) calibration period; b) performance evaluation period; and distortion
on stereographic projection coordinates: c} before calibration, x-axis; d) before calibration, y-axis; €) after on board
calibration, x-axis; f) after on board calibration, y-axis; g) after ground calibration, x-axis; h) after ground calibration, y-axis.

2224



Ainude accuracy for different numbex of GPS satelites

Alilude accuracy for diffarant Bumber of GPS satellites

120 120
100 100
_— m —_ 80 5
£ + =
E £ v
B 60 + £ ool ! + +
H + n ¥ ‘g a 1 + #
] t + b @ i ¥ .
40 + £ + 40 i * f .
SR T s L
20 4 i i 1 20f 1 ; %
: it A T
0 : L : 0 . : -
3 4 5 ] 7 2 g 3 4 5 -] 7 -] a
Humber of satelites Mumber of satelites
Dbsersed Residuals Diskibution AHituds Ervor Drstibunon
+ — 1
09 08
08 ng
07 07t
=08 =06
) =
go.s g 0s
04 S04
03 03f
-~ rough d
02 02 - - %ﬁmuﬁ?cahbranon
---roughdata ~—- on board calibration
a1}. - = On grou chlbranon iR
; — on board calibration oy
o , " n 0 s, N
0E'J 50 100 150 200 250 300 0 20 40 60 g0 100 120
residuals [arc-rmm] atitude globat error [arc-rin]

Fig. 6 — Influence of number of GPS locked satellites on attitude global error: a) ground calibration; b) on board
calibration; and error distribution on 12 hours of simulation: c) residuals on GPS line of sight; d) attitude determination

global error,
Table 1 — Simulation Scenario
Number of antennas: 4
Antennas configuration: coplanar, at the corners of a square with side 80 cm. long.
Antenna mask angle: 15°
Carrier phase noise: increases linearly from .33mum at zenith to 3.3mm at horizon (1)
Multi-path: spherical harmonics model 15" order, based on DLR’s experiment with intentionally

strong mulii-path environment (see Fig. 2

Calibration model:

two dimensional Taylor's series model, 10" degree

Sample period: 24hr on calibration phase and 12hr on performance evaluation phase
Sample interval: 300s
Orbit & attitude: circular; altitude: 625Kim; inclination: 23°; attitude inertially stabilized
Table 2 — Performance of Multi-Path Calibration during 12 hours
Calibration type Distortion on line of sight [arc-min] Global attitude error [arc min]
ms 95% rms 93%
rough data 104 215 53 104
on board 37 74 30 53
ground 36 74 27 47

2225



REFERENCES

1. Noe, P.S. and Myers, K.A. “A Position Fixing
Algorithm for the Low-Cost GPS Receiver.” [EEE
Transactions on Aerospace and Electronic Systems,
Vol. AES-12, March 1976, pp. 295-297.

2. Fang, B. T. “Geometric dilution of precision in
Global Positioning System Navigation.” Journal of
Guidance and Control, Vol. 4, Jan-Feb. 1981, pp. 92-
94,

3. Lopes, RV.F. and Kuga, HK. “Optimal estimation
of local orbit from GPS measurements”. Jowrnal of
Guidance, Control and Dynamics, Vol. 11, No. 2, pp.
186-138, 1988.

4. Lucas, R. and Martin-Neira, M. “The GPS Integrated
Navigation and Attitude Determination System
(GINAS).” ESA Journal, 14, pp. 289-302, 1990.

5. Cohen, C. E.; Parkinson, B. W. and McNally, B. D.
“Flight Tests of Attitude Determination Using GPS
Compared Against an Inertial Navigation Unit.,”
NAVIGATION. Journal of The institute of Navigation,
41(1):83-97, Spring, 1994,

6. Hope, A. 8. “Ground Test of Attitude Determination
Using GPS” AAS (94-105) Advances in the
Astronautical Sciences, 87, Part 1, pp.67-78, 1994.

7. Lightsey, E. G.; Cohen, C. E.; Feess, W. A, and
Parkinson, B. W. “Analysis of Spacecraft Attitude
Measurements Using Onboard GPS.” AAS (94-063)
Advances in the Astronautical Sciences, 86, pp. 521-
532, 1994.

8. Lopes, R.V.F and Kuga, HK. “OBBEST - A GPS
Navigation Solution Algorithm  Without DOP
Analysis.” (AAS 97-108) Advances in the Astronautical
Sciences Vol. 95-1, pp. 153-166, 1997,

9. Lopes, R V.F.; Kuga, HK.; Fabr, S.M. and Ferreira,
L.D.D. “GPS-Based Navigation Solution and Spin-Axis
Attitude Determination: Numerical Results of On The
Ground Experiment.” Proceedings, 12th International
Symposium on Space Flight Dynamics, pp. 221-225.
Darmstadt, Germany, June 2-6, 1997,

10. Lopes, R.V.F.; Fabri, S.M. and Ferreira, L.D.D.
“Attitude Determination for Spin Stabilized Satellites
from GPS Interferometry.” (AAS 97-165) Advances in
The Astronautical Sciences Vol. 95-I1, pp. 783-802,
1997.

11. Lopes, R.V.F.; Enderle, W.; Fabri, S.M. and
Ferreira, L.D.D. *Attitude Determination from GPS

Interferometry Applied to Spin Stabilized Satellites at
Arbitrary Spin Rate” Jowrnal of Brazilian Society of
Mechanical Sciences, Vol XXI, pp. 89-98, Special
Issue, 1999,

12. Cohen, C. E. and Parkinson, B. W. “Mitigating
Multipath Error in GPS Based Attitude Determination.”
(AAS 91-024) Advances in The Astronautical Sciences,
V. 74, pp. 53-68, 1991

13, Sebbag, I. et Issler, J. L. “Mesure DFAttitude par
Interférométrie GP8™ Collogue Systemes et Services a
Petits Satellites, Danneci, France, Juin, 1996.

14. Lopes, R. V. F.; Carrara, V.; Enderle, W.; and
Arbinger, C. “Mitigating Multi-Path Error by Neural
Network.” (AAS 00-207) Advances in The
Astronautical Seciences, Vol. 105, Part II, pp. 1639-
1650, 2000.

15. Shuster, M.D. and Lopes, R.V.F. “Parameter
Interference in Distortion and Calibration.” (AA 94-
186) Advances in The Astronautical Sciences Vol, 87,
pp. 595-611, 1994,

16. Leick, A. GPS satellite surveying. New York, NY,
John Wiley, 1995 (2™ edition).

17. Cohen, C. E. and Parkinson, B. W. “Integer
Ambiguity Resolution of the GPS Carrier for Spacecraft
Attitude Determination.” {AAS 92-015) Advances in
The Astronautical Sciences, V. 18, pp. 107-118, 1992,

18. Wertz, I. R. {(ed.) Spacecraft Attitude Determination
and Contrel. D. Reidel, Boston, 1978.

19. Wahba, G. "A Least Squares Estimate of Spacecraft
Attitude, Problem 63-1." SI4M Review, Vol. 7, No. 3, p.
409, July, 1965.

20. Shuster, M. D. and Oh, S. D. "Three-Axis Attitude
Determination from Vector Observations." Journal of
Guidance, Control and Dynamics, Vol. 4, 1981, pp. 70-
7. '

2226



Consistent On-Board Multipath Calibration for
GPS-Based Spacecraft Attitude Determination

Roberto V. F. Lopes and Paulo G. Milani
National Institute for Space Research — INPE, Brazil

BIOGRAPHY

Roberto Lopes was born in Rio de Janeiro, Brazil, in
19535, B.S. in Acronautical Engineering in 1977 from the
Aeronautical Instituite of Technology and M.Sc¢. and Dr.
degrees in Space Sciences in 1982 and 1898 from the
National Institute for Space Research, INPE, Brazil. Post-
doctoral fellow at The University of Maryland in 1994.
Senior Staff at INPE where he works since 1978,

Paulo Milani was born in 1955, received the Dr. degree in
Space Sciences since 1997 and the M. Sc. in the same
area in 1988, both from INPE. He is the current manager
of the Sub-orbital Platform (PSQ) at INPE, a micro-
gravity platform launched on sounding rockets. His
interests are in real time simulation, guidance, control and
GPS.

ABSTRACT

Aspects of the on-board calibration of spacecraft three-
axis attitude determination systems employing the GPS
phase-observable signal are examined. More specifically,
a new consistent on-board estimation algorithm is
proposed that uses a special set of calibration coefficients
for multipath mitigation. A two-dimensional Taylor series
in a convenient planar-projection coordinate system is
used to model the global distortion effect of the GPS line
of sight due to multipath. This selected projection avoids
distortion and singularities close to the antenna zenith.
Based on a previous solution to the similar problem of on-
board star-sensor calibration, the model is purged of all
misalignment-like components to cope with the inherent
lack of observability. The algorithm was tested in the
presence of a strong multipath effect using an empirical
model based on a ground experiment data set, The test
considered an inertially-stabilized satellite in a low-Earth
orbit with low inclination, The data span covered 24 hours
of continuous simulation with no a priori attitude
information. The results were compared with those
obtained when exact a priori attitude knowledge was
included using a ground calibration algorithm. Both
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algorithms present the same significant gain in accuracy.
The simulation results show that this methodology should
be employed in order to assure precise autonomous on-
board attitude determination using the GPS.

INTRODUCTION

The research on autonomous navigation, guidance and
control of low Earth orbiting satellites has been greatly
improved with the advent of the Global Positioning
System (GPS). Several GPS-based schemes for
autonomous navigation solution, attitude determination
and other related subjects have been developed''l. In
particular, the important aspect of multipath interference
on GPS observable has been analyzed and ground
calibration algorithms proposed'*',

Multipath delay is the most relevant error source in
attitude measurements from GPS interferometry. Baseline
and antenna-phase-center uncertainties are also among the
factors limiting attitude-determination accuracy. In
addition, the space environment reduces the effectiveness
of pre-launch calibrations. On the other hand, the problem
of on-board calibration of spacecraft attitude sensors
presents observability aspects that has not yet been
carefully considered. Specifically, it is shown that in
space those errors are not completely separable from the
attitude itself or from three-axis misalignment of the
antenna frame. Furthermore, they are not separable from
one another. Therefore, in such scenarios ground
calibration schemes may even lead to meaningless,
inconsistent estimates,

The aim of this paper is to present a consistent on board
calibration algorithm for multipath mitigation in order to
allow a precise autonomous attitude determination for a
spacecraft using the GPS. The paper states the problem
similarity with the on board calibration problem for star
sensors and proposes a constrained calibration function
based on the ideas presented in a previous work >,



In the following, basic concepts on GPS observables and
their main error sources are overviewed as an introduction
to the well-known technique of GPS interferometry for
attitude determination. Afterwards the problem of
multipath ground calibration is reviewed and differences
with respect to the on board calibration problem are
highlighted. A new algorithm to on board autonomous
multipath calibration is then proposed in section 6 and its
mathematical development presented in section 7. Finally,
the performance of the new algorithm is compared with
that obtained by a ground calibration algorithm that uses a
priori attitude knowledge. The multipath simulation
model to test the algorithms is based on experimental
results',

THE GPS OBSERVABLES

According to the specialized literature (see Leick’S, 1995,
for instance), all GPS satellites broadcast their messages
in two frequencies, namely L1 and L2, which are
respectively 154 and 120 times the fundamental
frequency of 10.23 MHz. Both L1 and L2 carriers are
phase modulated by the GPS navigation message at 50
bps. The navigation message contains ephemeris data of
the GPS constellation and clock correction parameters.
The carriers are also phase modulated by the pseudo-
random noise codes. Those codes provide range
information. Because each GPS satellite transmit a
different segment of the pseudo-random noise (PRN)
code at a time, GPS receivers can lock each GPS satellite
separately. GPS satellites are so labeled by the respective
week reference number of the PRN code they use. The
encrypted P(Y) precision code is available for military
navigation only and modulates both L1 and L2. The
coarse acquisition code C/A is available for civilian users
and modulates L1.

GPS receivers use the same psendo-random noise codes
to lock the satellites by means of cross-correlation
techniques. Once a GPS satellite is locked its navigation
message is demodulated and the code delay (the so called
pseudo-range) is measured.

Code observable is suitable for orbit determination, but is
affected by error sources like ionosphere and troposphere
delays and the intentional degradation of the C/A code,
namely the selected availability (SA). A position fix and
the receiver clock bias can be evaluated from the C/A
code observable if at least four GPS satellites are
simultaneously locked. For high accuracy (sub-meter
level) orbit determination, the carrier phase observable
becomes necessary.

Also for attitude determination the code observable is not
acceptable, especially in spacecraft applications where
typical baselines are too short in face of the pseudo-range
accuracy. In this case, the phase observable is rather
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appropriate, as described in the next section. This paper
considers the carrier phase observable L1 with no loss of
generality.

Although phase observable is more accurate than code
observable it is still affected by clock instability and by
ionosphere and troposphere delays, as well as by
hardware and mulii-path delays,

GPS INTERFEROMETRY

Let g, be the set of PRN of all GPS locked satellites at a
given sample time f,; 7 the sample size; pegp, the
upper script referring to the p-th GPS satellite; « the line
of sight unit vector of a GPS satellite from the body
position in the reference frame; w the same unit vector in
the body frame and 4, the spacecraft attitude matrix at

¢, . The attitude matrix is such that;

wl=Adul |, Vpegp, , ke[l,T]. )
Aftitude determination can be performed if the line of
sight of at least two GPS locked satellites are known in
both reference and body frames at every sampling time,
Since the spacecraft position can be determined from the
pseudo-range data set and the GPS satellite ephemeris are
provided by the navigation message, their line of sight

vectors in the reference frame uf can be

straightforwardly computed.

As for wf, they are usually cbiained from the carrier

phase observable by means of the interferometry
technique, as follows. A set of N antennas (usually 3 or 4)
linked to a common GPS receiver are placed on a suitable
satellite surface, one of them arbitrarily chosen as the
master antenna (labeled by the under script 0) and the
others taken as slave ones (labeled by the under script i).
Thus, a set of N-1 non co-linear master-slave baselines are
formed. The single difference of carrier phase for every

antenna baseline allow the evaluation of w/ as better
explained in the sequence.

Let ¢, be the carrier phase L1 of the p-th GPS satellite

received by the i~th antenna at the -th sample time. Let
Ap/, be the between-antenna single-difference of the

carrier phase observable L1:

Al =of -0 Vie[LN-1], pep,, ke[1,T]], @)



Let ¥, be the position vector of the /-th antenna in the

body frame and Ar, the relative position of the i-th slave
antenna with respect to the master one:

Ar=r—r, , Vie[LN-1]. (3)

Ideally, the single difference of carrier phase is a linear
observation of the respective line of sight unit vector (see
Figure 1):

ABY, = ZT”A;»,.Tw,{’ Vie[LN-1), pegp, ke [17]],

@

where the over bar indicates ideal value; the upper symbol
T indicates transpose; and X is the L1 wavelength, In
principle, given a set of single differences from at least
two non co-linear baselines, it would be straightforward

to solve equation (4) for w/ .

GPS traveling signal

Integer
Ambiguity

MasterAntena /}‘ Phase 4
@
O S a®
e Baseline Ar,
Slave Antenna
,;\}p
GPS line of sigth

»

Fig. 1 -~ Geometry of the carrier phase as an attitude
observation,

Once one has a set of wf and #f Eq. 1 can be solved for

the aftitude matrix A4 as uspal in most attitude
determination problems. When using GPS observations a
dual problem is often considered. It comes from the fact
that the scalar product is invariant to rotations. So the

7 ,
term Az, wl may be replaced by its counterpart
T , . .
As; ul , where As, is the antenna baseline vector in the

reference frame. If two or more GPS satellites are locked,
Eq. 4 may be solved for As, and the attitude matrix

determined from the fact that Ar, = 4 As,,. The first
approach is followed in this paper.

In any case the carrier phase observable presents a
number of drawbacks that ask for different treatments.
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First, there is an integer ambiguity due the fact that there
may be a limited but unknown integer number K/, ¢ Z

of whole wavelengths between the antennas. They are due
to the receiver arbitrary initialization of an internal
counter and are also subject to unpredicted cycle slips.

Second, the attitude observation technique provided by
GPS interferometry is affected by the following internal
error sources: receiver clock instability; antenna phase
center displacements (mechanical or electromagnetic),
hardware (cables and receiver electronics) delay; and
thermal random noise.

Finally, the carrier phase observable is corrupted by
external error sources like ionosphere, troposphere and
multi-path delays.

Actually, some of the above mentioned error sources
affect the carrier phase evenly over all the antennas and
therefore are canceled out when the single difference is
performed. They are the atmosphere related delays (which
are actually not relevant to space applications) and the
receiver clock instability (assuming that the antennas are
linked to a common receiver since otherwise they would
present independent clock instability). Therefore the

phase single-difference may be more realistically
represented by:
— 2n . 1
Apf = Aph +2rK] +=—8r" wl +d
Pik Pk et kT4 )

+8¢,, (W) [”,:w; +ef

where Jr; represents the error on the /-th baseline due to
phase center variations; d; represents the hardware delay;

8¢, ; the multi-path delay and &), the random noise.

Integer ambiguity resolution is a subject out of the scope
of this article, but a reliable algorithm for it is given in"".

Antenna phase center variation is a constant bias plus a
repeatable function of the line of sight unit vector, while
baseline misalignment 87 is constant. In principle, their

effecton A/, could be ground calibrated. The hardware

delay is a scalar, constant bias and could be ground
calibrated as well. Indeed, some GPS receivers offer a
self-positioning feature that allows to determine the
baseline length and the hardware delay during the
equipment setup section that may last for tens of minutes.
Within the least squares approach the effect of random
noise is not critical as well, for it decreases when the
sample size increases.

Multipath is in general more difficult to deal with and has
been considered the accuracy limiting factor in current
algorithms for GPS based attitude determination. Carrier



diffraction on the dynamically changing geometry of the
surrounding environment causes multipath. So, 8¢, is a

deterministic, temporal function of the GPS line of sight
in the body frame. Multipath mitigation techniques
usually recommended include a careful choice of the
antennas placement and the use of ground planes and
chokers. Calibration algorithms have also been proposed
and claimed to be the key point for a precise attitude
determination using GPS,

In space applications the multipath becomes a nearly time
invariant function of w, not distinguishable from any
other repeatable error function of w. Therefore, equation
(5) may be rewritien in a more compact form:

Al =Ap S, +27K ], +80,(w) Iwﬂ{ +£ ) (6)

where the under script & has been removed from the
multipath delay term to indicate its time invariance. d¢,
may be seen as generalized distortion functions of the
GPS line of sight in the body frame that includes the
antenna phase center variation, hardware and multipath
delays altogether. Such a distortion is accountable for
most of the inaccuracy on attitude determination by GPS

and can be estimated by empirical curve fitting as
described in the next section.

GROUND CALIBRATION

From this point one considers that the integer ambiguity
has been solved. Also, deterministic errors that are
repeatable fimction of a GPS line of sight are represented
by the multi-path distortion function 8p,, with no loss of

generality. Under these assumptions, Eqs. 4 and 6 yields:

2
Y= rTwl +8p,(w)|

F
T el

)

w=wf
where Y/ =Apf, —27K 7, .

The distortion function is usually modeled by a series of
surface spherical harmonics'® given by:

[
Sp, = J§ +Z{J;P,,,0(cose)+

n=1

n 8
> B, n(cosONC} , cosm + S}, ,,sinme )]}

m=]

where O is the order of the series; P, ,, are the Legendre

associate functions; J,,C;,,S,, are respectively the

zonal and tesseral calibration coefficients to be
determined (note that the antenna label i became here an
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upper script for the sake of the clarity); ¢ and 8 are
respectively the azimuth and co-elevation of the line of
sight w:

cosf cos¢|]
w={cosf sing } .
[ sin@

®

Assuming that on ground the attitnde matrix is a priori
known during the calibration phase, the calibration
coefficients may be estimated by least squares:

MinY, (o5 f

vk Vpepr

2
Y- [T?}TAJ&“;}D +30,(W) |,y

-

oY%

(10)

The observations Y,{‘,’r could be theoretically predicted

from a physical diffraction model". The approach would

allow a more evenly distribution data basis over the
antenna hemisphere. The other possibility uses real
measurements on the ground, as reported by Cohen and
Parkinson'? {1991). Both possibilitics suffer from non-

modeled disturbances. In any case, if T7 is the sample

size to the p-th GPS satellite the total number of observed
phase single-differences and calibration coefficients are:

Number of observations: » T?, o, E[iwk} {an
Vpep. wk

Number of coefficients: 1+ O 3 ;O .

(12)

To have it in numbers, for instance, for a set of 8 GPS
satellites  continunously  locked (not  necessarily
simultaneous) by 50 sampling times each and an 8" order
calibration function, it gives 400 observations and 45
calibration coefficients to be separately estimated for
every baseline. Here estimate equations are uncoupled.

Figure 2 shows typical antenna phase patterns generated
by the spherical harmonics model. Their coefficients were
based on an empirical curve fitting of measurements taken
during a GPS experiment section at DLR, where two
sheet metal plates were placed in a baseline with two
antennas to intentionally induce a strong multi-path
scenario’.

HINDRANCES IN THE ON-BOARD
CALIBRATION

In general, distortion may be due to thermo-mechanical or
optical-electric-magnetic  effects.  Although  the
importance of ground calibration can not be neglected, the



space environment is not easily reproduced on ground and
is subject to temporal vartations. Strong vibrations during
the launch, micro-gravity effects and thermal cycles may
also reduce the effectiveness of ground calibrations.
Furthermere, sometimes a realistic and careful ground
calibration can not be accomplished due to operational
aspects among other possible reasons. Therefore, on
board calibration may be necessary if the accuracy of a
GPS based attitude determination has to be improved.

When the satellite has other attitude sensors besides the
GPS one, they could be used to independently determine
the a priori attitude to the calibration process. In this case
the on board calibration process becomes identical to the
ground one, but the achieved accuracy is of course limited
by the accuracy of the a priori attitude. This situation may
be useful when the other attitude sensors present

Fhase eor on rover entenna 2

observation outages, predicted or not, like temporary star
sensor blockage, or sensor failures.

When an independent, a priori attitude information is
either not available or not accurate enough to be taken
into account, some important differences apply that would
have to be carefully analyzed.

As a first immediate consequence, the problem becomes
coupled and it would be necessary to estimate the attitude
together with the whole set of calibration coefficients:

MnYY Ylraf |

Yk Vi Vpep,

(13}

subject to the constraint given by Equation 1.

Phase amor on rover antanna 3

Phase emor on master antoima

Phase amos on rover antanng 1

Fig. 2 — Examples of antenna phase patterns due to multipath delay.

Now the number of observations and coefficients are:

» Number of observations: (N—1) D.T7; (14)
Vﬁ"
s  Number of independent cocfficients:

(N—l)(l-po%q}i» 37, (15)

where T* represents the total number of sampling
times. Using the same values of the previus section
example, for a given set of 3 baselines and an optimistic
assumption that 8 GPS satellites (not necessarily the
same ones) remain simultaneously locked during the

whole sample period, it

would amount 1200

observations and 285 coefficients to be jointly
estimated. This means a considerable increase of
computational effort.
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The second important difference is subtle but may lead
to divergent or meaningless results, The problem is
related with the system observability. It happens that
the sclution of the minimization problem stated in
equation 13 is not unique. Actually, for an order high
enough, any aititude true motion could be represented
as well by a series of spherical harmonics within an
arbitrary accuracy level. Therefore, as it is known for
instance in the star sensor calibration field,
misalignments can not be distinguished from distortion
effects in space”.

At last, but not at least, if the number of baselines ¥-1 is
greater than 2, the set of calibration coefficients that
minimizes equation (13} is not unique, even under the
false assumption that a unique attitude solution could be
virtually fitted, and consequently the set of GPS line of
sights consistently estimated.

Summarizing, the lack of a priori attitude knowledge in
space has a coupling effect on the calibration equations,
the system degrees of freedom becomes unrealistically
high and the estimates of the calibration coefficients
consequently inconsistent.

THE ON-BOARD CALIBRATION FUNCTION

From what has been above depicted, it is clear that
calibration algorithms need to be adapted to
autonomous on board applications. In this section one
presents a new approach to on board consistent
estimation of calibration coefficients. The multipath is
represented by its indirect overall distortion effect on
the GPS line of sight derived from the phase observable
rather than by its direct effect on those measurements.
Furthermore, such new “global” distortion function
must be unable to represent an infinitesimal rotation
about any body axis, following a recipe recommended
on the similar problem of on-board calibration of star
sensors'”.

Some advantages of using series of spherical harmonics
to model the multi-path delay are:

= It is suitable to represent a continuous function on
the sphere with no distortion;

e It is a linear combination of the calibration
coefficients;

e There are recurrent formulas to the Legendre
polynomials and associated functions.

Nevertheless, regarding the present applications, it has
also a handicap: it presents a singularity in both
coordinate system poles, where all azimuth coordinates
collapse to a single point. Now, in most of the attitude
determination proposed procedures the antenna
baselines are coplanar, the antenna zenith being normal

to the baselines. Therefore, the pole is towards the
antenna zenith, a region of fundamental importance to
the proposed algorithm. For this reason, the spherical
harmonics model does not seem to be a convenient way
to represent the proposed global calibration function
and was so discarded.

A Taylor series on the stereographic azimuthal
projection of the sphere (see Figure 3) was found to suit
better to the problem for three main reasons:

« It is also able to represent a continuous function on
the sphere, linear combination of the calibration
coefficients;

It has no singularities on the antenna boresight;
It has no distortion close to the antenna zenith,
where multi-path delay is remarkably small.

/— Eye Point

Celestial
/_ Sphere

GPS line
of sight

Stereographic
Projection

Fig. 3 — The Stereographic Projection
CONSISTENT ON-BOARD CALIBRATION

Based on such a global distortion model, in this section
one proposes a recursive algorithm in four steps, as
follows.

a) Initialization step:
»  Set calibration coefficients a,,, and b,,, to zero;

¢  Estimate non-calibrated line of sight vectors wf
from the phase observable:

2
. 2
%mgriy}i‘Trirwf} » Yk, Vpeg, ., (16)

Subject to: |wf|=1 and Ewf >siny a7

where p is the antenna mask angle and E, 5[0 0 1] .
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b} Calibration step:
+ Evaluate planar coordinates of line of sight using
the stereographic projection:

2E, wf 100
[x}=——x” £ where Exy5|: oﬂ ;o a)
¥ 1+ Ewf 01 0]

¢ Correct planar coordinates of line of sight using the
global calibration function given by a two-
dimensional Taylor series up to order O with
calibration coefficients a,,,, and b, ,,:

[i: fx 00"‘[%_;" oo
i }:iy}-s-é}’ , where 6P=ZZib’w}x Yo,

J’:' =0 m=d)
(19)

« Evaluate calibrated cartesian coordinates of line of
sight wf :

[ 4% I] |
“f=|4 4y e 0)
~2 ~2
L4—x -5

¢) Attitude estimation step:
e Given W} and %/, solve the Wahba" problem

using the well known algorithm QUESTZ'], for
instance.

d) Coefficient updating step:
» Estimate calibration coefficients a,,, and &,,, of

the global distortion function under the Shuster’s
constraint’:

MnY 3 %x__}+6P(a,bf, @1y

20 Wk vpep, LV =Y

(6P Io,o =0

ﬁV x5 Plo 0™ 0
ao’o =0

or equivalently:  {by, =0 (23)

Subject to 22)

(901 —B1o =0

If} _ 2ExyAkuf

where 1 , (24)
1+ F z Ak Hf

y

Steps b, ¢ and d are repeated until a convergence
criterion is achieved.

The last step is the critical one in terms of
computational effort. The number of observations and
independent parameters to be estimated are:

s Number of observations: 2 Z T? (25)
Vo,
¢ Number of independent parameters:

3+0

2(1+0 ]+ 3r* -3, 24)

The numerical example in this case has 800
observations and 237 independent parameters to be
estimated. There are less parameters here than on
section 5, but also less observations. For a pessimistic
scenarioc with 4 GPS satellites at sight during 100
sampling times the number of parameters to be
determined would be 387 to the same number of
observations.

NUMERICAL RESULTS

In this section numerical results from digital
simulations are presented. Table 1 summarizes the
simulation scenario. The performance of the proposed
algorithm is compared with that of the ground
calibration using the same algorithm but without the
attitude determination step, since the attitude is already
known in this case. In both cases, during the calibration
section the algorithm estimates the calibration
coefficients, while at performance evaluation section
only the first three steps are executed.

Figure 4 shows what happens when no constraint is
applied to the distortion model during on board
calibration without any a priori attitude estimate,
Estimates a,, b, and (“0,1 by )f 2 are not consistent

due to the already mentioned lack of observability (see
section 3),
Nevertheless, the mean value of coefficients g,, and

bo converges. When the Shuster’s constrain is
imposed, the only retained part (ap, =) still
converges consistently.

Figure 4 shows the GPS tracks for both periods and a
comparison of the distortion effect on the GPS line of
sight on stereographic projection coordinates. The
advantage of calibration is clear in both cases. One
should note the existence of a region not observed
during the 24 hours and still empty on the next 12
hours. The phenomenon is due to the GPS constellation
orbit geometry, Therefore, even if one can not expect a
good calibration of this region it has no practical
consequence, as far as the attitude remains stable,
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Figure 6 compares the performance of both algorithms
in terms of error probability distribution observed
during the simulation and shows the effect of an
increasing number of GPS satellites on attitude error.
Because the proposed distortion function was
constrained to be free of misalignment-like terms, the
performance is slightly worse in terms of attitnde global
error.,

Remarkably, the residual on the GPS line of sight are
practically the same. Indeed, both solutions achieved
the same index of performance, what confirms that the
minimization problem does not has a unique solution if
the distortion function is not constrained, as previously
explained in section 5.

Finally, Table 2 summarizes the algorithm performance
during this numerical example.

CONCLUSIONS
A new algorithm for on board calibration of multi-path

and any other type of phase delay dependent on the
body frame coordinates only was presented. The global

x10°  Divergence of soms calibration parameters

25

15}
B af e e il
5
8 05;

20

’ 301610

05 gyt R

-1 . . S .

0 0 0 80 80 100
heration

distortion effect on the GPS line of sight written in
stereographic projection planar coordinates was
modeled using two-dimensional Taylor’s series. It was
shown that observability problems arise when attitude
has to be estimated together with the calibration
coefficients. Specifically, coefficients that simulate a
three degree of freedom misalignment do not converge.
The proposed recipe is to purge them from the
distortion model. On simulation results based on
experimental measurements in an intentionally strong
multi-path  scenario, the algorithm yielded a
considerable reduction of the attitude global error, only
slightly worse than the a priori attitude knowledge
would allow.
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Fig. 5 — Antenna tracks of GPS satellites during: a) calibration period; b) performance eévaluation period; and distertion
on stereographic projection coordinates: ¢} before calibration, x-axis; d) before calibration, y-axis; e) after on board
calibration, x-axis; f) after on board calibration, y-axis; g} after ground calibration, x-axis; h) after ground calibration, y-axis.
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Fig. 6 — Influence of number of GPS locked satellites on attitude global error: a) ground calibration; b) on board
calibration; and error distribution on 12 hours of simulation: ¢) residuals on GPS line of sight; d) attitude determination

global error.

Table 1 - Simulation Scenario

Number of antennas: 4

Antennas configuration: coplanar, at the comers of a square with side 80 c¢m. long.

Antenna mask angle: 15°

Carrier phase noise: increases linearly from .33mm at zenith to 3.3mm at horizon (lc)

Multi-path: spherical harmonics model 157 order, based on DLR’s experiment with intentionally

strong multi-path environment (see Fig. 2)

Calibration model:

two dimensional Taylor’s series model, 167 degree

Sample period:

24hr on calibration phase and 12hr on performance evaluation phase

Sample interval:

300s

Orbit & attitude: circular; altitude: 625Km; inclination: 23°; attitude inertially stabilized
Table 2 — Performance of Multi-Path Calibration during 12 hours
Calibration type Distortion on line of sight [arc-min] Global attitude error [arc min]
rms 95% rms 95%
rough data 104 215 53 104
on board 37 74 30 53
ground 36 74 27 47
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