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ABSTRACT

This paper presents a GPS receiver satellite/antenna
selection algorithm for the Stanford Gravity Probe B
Relativity Mission. A Trimble Advanced Navigation
Sensor Vector receiver onboard the space vehicle, a four-
antenna six-channel GPS receiver, will provide real-time
navigation solutions for orbit trim and raw measurements
for ground post-processing, both for more accurate
position and velocity and for attitude solutions. The GPS
receiver satellite/antenna selection algorithm  will
determine the visibility of GPS satellites and assign a
satellite and a master antenna to each receiver channel in
order to maintain signal tracking. In this paper a new
four-step GPS satellite selection algorithm is presented,
which shows good performance with much less
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computations compared to the conventional algorithms.
The smooth transfer between subsequent GPS satellite
sets is also considered in the algorithm, such that
continuity of the navigation data is maintained. The
antenna selection algorithm is designed to maximize the
signal to noise ratio of each master antenna. This paper
also presents simulation results of performance
comparisons of this new algorithm with conventional
algorithms.

INTRODUCTION

The Stanford Gravity Probe B Relativity Mission is a
space experiment designed to test Einstein's theory of
General Relativity [1]. The Gravity Probe B space
vehicle (GP-B) will operate in a polar, circular orbit at
the altitude of 650 km, and will roll in the direction of a
guide star with a period ranging from 1 minute to
3 minutes. A Trimble Advanced Navigation Sensor
(TANS) Vector receiver onboard GP-B, a four-antenna
six-channel GPS receiver developed by Trimble
Navigation Ltd., will provide real-time navigation
solutions for orbit trim and raw measurements for ground
post-processing, both for more accurate position and
velocity and for attitude solutions.

Previous papers [2] and [3] presented the design of the
GPS receiver for the Stanford Gravity Probe B Relativity
Mission and the prototypical development efforts
including verification test plan and its preliminary results.
Compared to the work described in [2] and [3], there are
two major changes: (1) The Trimble TANS Vector
receiver is used instead of the Loral Tensor receiver;
(2) GPS attitude solutions will not be used onboard
GP-B, but used for cross-checking on the ground.

With its four antennas, the TANS Vector receiver can
track up to six GPS satellites, one on each channel. The
RF-signals from four antennas are time-multiplexed, and



a switch sequentially feeds the output signal of each
antenna into all six channels. One antenna is assigned as
the master antenna for each channel, which provides the
signal used for code and carrier tracking, while the other
three antennas provide differential phase measurements,
referenced to the master antenna. The designation of
master antenna can vary from channel to channel, and it
can also vary from time to time for each channel.

Fig.1 illustrates the GP-B space vehicle and the GPS
antenna configuration. GP-B has a science telescope
pointed at an inertially fixed guide star and rolls about its
pointing axis at the rate of 0.33~1 rpm. The four antennas
are aligned in different directions, such that continuous
visibility of GPS satellites will be maintained while GP-B
rolls. The forward antennas 1 and 2 aréagfart from the
bore-sight axis of the telescope, and the aft antennas 3
and 4 are 135apart from it. Antennas 1 and 2 are
perpendicular to one another and out of phase by, 180
and so are antennas 3 and 4. The aft set is out of phase by
90” from the forward set. GPS receivers have never been
flown in this configuration before, and it presents a
challenge to the software design.

¥ axis )
Z axis = telescope axis
"inertially fixed"

Antenna |

Antenna 4

Antenna 3

Fig.1 GP-B space vehicle and GPS antenna configuration

The GPS receiver satellite/antenna selection algorithm
will determine the visibility of GPS satellites and assign

a satellite and a master antenna to each receiver channel
in order to maintain signal tracking. The general purpose
of the GPS satellite selection algorithm is to minimize
the Geometric Dilution Of Precision(GDOP) to improve
the position accuracy. However, minimum GDOP
algorithms tend to be computationally intensive, while
some computationally simpler algorithms have poor
GDOP performance. In this paper a new GPS satellite
selection algorithm is presented, which shows good
performance with much less computations compared to
conventional algorithms. The smooth transfer between
subsequent GPS satellite sets is also considered in the
algorithm, such that continuity of the navigation data is
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maintained. The antenna selection algorithm is designed
to maximize the Signal-to-Noise-Ratio (SNR) of the
master antenna.

This paper is organized as follows: First, several
coordinate systems are defined. Then the field-of-view
(FOV) of antennas is analyzed. The GPS satellite and the
antenna selection algorithm are presented separately, and
some simulation results are given to compare the
performance of this new algorithm with conventional
algorithms. Finally, conclusions are derived.

COORDINATE SYSTEMS

As illustrated in Fig.2, several coordinate systems are
defined.

Earth-centered inertial coordinate syste@): is at the
center of the EarthZ, is in the direction of the north
pole, X, is perpendicular t&Z, and fixed in an inertial
direction, ana’?I completes the right-handed triad.

Body-centered inertial coordinate systef@;, is at the
mass center of GP-BZ,, is in the direction of the guide
star, X, lies in the orbital plane of GP-B and makes an

acute angle with the direction of the north pole, &gd
completes the right-handed triad.

Body-centered body-fixed coordinate syste@,; is at
the mass center of GP—EZB is aligned in the bore-sight

axis of the science telescop¥, andY, are fixed to the
body of GP-B and complete the right-handed triad.

Orbit of GP-B

Fig.2 Coordinate systems



FIELD-OF-VIEW OF ANTENNAS

The four antennas are aligned in different directions. The
nominal azimuth and elevation angles of the four
antennas are given in Table 1, and the components of the

pointing axes in0, — X, Y, Z, are
Va, =[0 v2/2 ¥2/3 ®
Va, o =[0 —v2/2 V2/] @
[ T
Va,; =[+2/2 0 ~V2/3 3)
Va,o =[-42/2 0 -¥2/]’ @)
Azimuth angle Elevation angle
Antenna 1 90 45°
Antenna 2 279 45°
Antenna 3 0 -45°
Antenna 4 180 -45°

Table 1. Azimuth and elevation angles of antennas

Fig.3 shows the FOV of four antennas separately in
O, - X3 Y, Z,. The ellipses are traces with same antenna

elevation angles, which are @0 ..., 8¢ from the
outer to inner ellipses. Two factors are considered in the
analysis of FOV of GPS antennas: (1) A mask angle is
used to specify the antenna elevation angle below which
GPS satellites cannot be tracked on the antenna. The
nominal value of the mask angle is°1@2) The FOV of

the antenna is also obstructed by some structural parts of
GP-B, such as the sunshade and solar arrays.

Fig.4 shows the combined FOV of four antennas. The
lines denote the edges of the FOV for each antenna.
Since the FOVs for the antennas overlap, the numbers in
each area denote which antennas share that portion of the
view. It is clear that the combined FOV of the four
antennas covers the entire sky with a solid angle of 4
steradian. Any GPS satellite visible to GP-B is located in
the FOV of at least 1 antenna, and at most 3. So the GPS
satellite/antenna selection algorithm can be divided into
two independent steps: (1) Select six satellites from all
GPS satellites visible to GP-B and assign them to six
channels; (2) Assign a master antenna to each channel to
maintain visibility of the GPS satellite.

SATELLITE SELECTION ALGORITHM
Geometry of GPS satellites with minimum GDOP

The GDOP describes the general relationship between
the errors in the pseudo-range measurements by the GPS
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receiver to the user position accuracy. In order to
improve the GPS-based positioning accuracy, the GPS
satellite selection algorithm should minimize GDOP of

the selected GPS satellites.

From the almanacs of GPS satellites, the components of
the position vector of a GPS satelljt€j=1, ..., 32) in

O, - X, YZ can be determined, which is denoted as
r,., . Based on orbit parameters of GP-B, the components

of its position vector inO, - X, Y Z can also be
determined, which is denoted ag,, ,. So the unit
vector pointing from GP-B to the GPS satelljteis
e = (4 ~ Ges- )/|rj—l _rGPB—I|' where |rj—l ~Tepe-i
is the magnitude of;_; —rgpg_; -

Signals from four GPS satellites are required to
determine the 3-dimensional position and the user clock
bias. Suppose the four GPS satellites are indexgdl, as
i2, j3, j4, the GDOP is given as follows:

GDOP( 1, 2,34 =tr[G'G)™] (5)
where
Eej1—| x Smy  Gmig 10
j2-1,x 912—| y QZ—I z 1% (6)
G= ’ ' ’
%ﬁ—l \X q}l Y ?:H z 1%
Bis-ix Qa1y Gaiz 1@

The geometry of four satellites with minimum GDOP is
illustrated in Fig.5, where one satellite A is at the zenith,
and the other three satellites B, C and D are all equally
spaced at 120 and placed 109.47apart from A to
provide a regular tetrahedron[4, 5]. The minimum GDOP
is 1.5811.

Define a coordinate systen®, is at the position of the
user, Z, is in the direction of satellite A X, is
perpendicular toZa and has satellite B in the plane

0,-Z,X,, and Y, completes the right-handed triad.
The components of direction vectors of four satellites are

vy=[o o ' 7
v, :[2&/3 0 -1 :}T @)
Ve=[-v2/3 Vo/3 - 1§ ©)
Vo =[-v2/3 -V8/3 -1} (10)
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Fig. 3 Field-of-view of antennas
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a=90

antenna 1-2-3-4
antenna 1-2-3-4

a=270 a=270

positive elevation negative elevation

Fig.4 Combined field-of-view of four antennas

Considering the smooth transfer between the subsequent
GPS satellite sets (which will be discussed later), it is
also required that the selection at titneshould be made

from the satellites which are visible in the time period
t, = At
of the GPS satellite selection algorithm. This gives the

GPS receiver time to acquire and track the GPS satellite
before using it for the computation of a solution.

t,+At, |, where At is the update period

Simulations are carried out to study the visibility of GPS
satellites with the nominal GP-B orbit parameters and
GPS almanacs. Fig.6 illustrates the number of visible
GPS satellites in a simulation for a period of 12 hours,
where the update period is 1 minute. It is shown that the

Fig.5 Geometry of GPS satellites with minimum GDOP minimum and maximum number of the visible GPS
satellites are 9 and 15 respectively, and the mean number
Visibility of GPS satellites is 11.8.

16

The GPS satellites are selected from the satellites visible
to GP-B, i.e. the vector pointing from GP-B to the GPS
satellite should be above the shell of the Earth
occultation.

Let B; be the angle between the unit vecepr, and the
unit vector of the GP-B positio®,_,, then the GPS

number of visible satellites

satellite j is visible when the following condition is ol
satisfied ,
cos(B; )= €. ) &pei > CO¥ (11) e S S R

time(second)

Fig.6 Number of visible GPS satellites

4
x 10

wherey,. is the threshold angle of the Earth occultation.

545



Performance of conventional selection algorithm

Two conventional GPS satellite selection algorithms are
discussed as follow.

(&) GDOP is computed for all combinations of four
satellites taken from all visible satellites. Then the
combination which gives the smallest GDOP is
selected.

(b) First, six satellites with the highest elevation angles

are selected, then GDOP is computed for all

combinations of four satellites from this group of six,
and the combination with the smallest GDOP is
selected.

Of course the conventional algorithm (a) results in the
minimum GDOP, as illustrated in Fig. 7. Therefore this
case is used as the reference when comparing the GDOP
performance of various selection algorithms. However,
the conventional algorithm (a) requires many
computations which would be a burden for the GPS
receiver. Itis an even more serious problem for the GPS
receiver onboard space vehicles, since more GPS
satellites are visible in space than from land. Considering
the minimum number (9) and maximum number (15) of
visible GPS satellites illustrated in Fig.6, the number of
GDOP computations are 126 and 1365, respectively.

2.5 |

GDOP

1.5

0 0.5 1 1.5 2 2.5 3 3.5 4
time(second) ‘ 10°

Fig.7 Minimum GDOP of the algorithm (a)

12

11 E

10 |

GDOP

N ® & o ® N ® ©

o 0.5 1 1.5 2 2.5 3 35 4
tim e(second)

Fig.9 GDOP of the algorithm (b)

x 10°

546

Another disadvantage of the conventional algorithm (a) is
that the selected satellites may change frequently from
one update to the next. If a selected satellite is not one
that is currently being tracked, it takes a period of time to
acquire and start tracking the newly selected satellite. A
maximum of six satellites can be tracked simultaneously,
providing two spare satellites. If one or two of the
selected satellites are not being tracked, the spare
satellites can be used to form a solution until the new
satellites are tracked. However, if three or all four
satellites selected are not being tracked, this can lead to a
loss of navigation data until at least four satellites can be
tracked. Fig.8 illustrates the number of changed satellites
between subsequent satellite sets selected by the
algorithm (a).

The conventional algorithm (b) has much less

computations, where the number of GDOP computations
is fixed at 15, and it also shows better continuity

performance. However, the GDOP of the algorithm at

some points is too large to be acceptable. Figs. 9 and 10
show the GDOP and the number of changed GPS
satellites between subsequent satellite sets of the
conventional algorithm (b) in the simulation.

4
time(second)

Fig.8 Number of changed satellites of the :';llgorithm €)

4l
3.5f
3
2.5
2
1.5
1
0.5
0
5 4

0 0.5 1 1.5 2 2.5 3 3.
time(second)

number of changed satellites

2.5 3 3.5

number of changed satellites

x 10

Fig.10 Number of changed satellites of the algorithm (b)



A four-step GPS satellite selection algorithm

This section describes an improved algorithm that has
been developed which reduces the number of
computations while keeping the GDOP low. Given the
components of unit vectors pointing from  GP-B to the

GPS satellites in the coordinate systébn— X, Y Z :
e.,, -, 8., (wherevis the number of visible GPS

satellites), the four GPS satellites can be selected in the
following four steps.

Stepl: From all visible satellites select Satellite #1, S1,
with the highest elevation angle, or

(e51—|)T Spe-1 = mjax[( 8- ) €re-1] (12)

j=1..Vv

Step 2: From the remaining visible satellites select S2
with the largest angular distance to S1, or

(esz—l)T €& = mjin[( € )" 8] (13)

j=1,..v andj#Sl

Step 3: Based on S1 and S2, a reference triad
{ey.,e, €&} can be established as

e = ey, (14)
evz(ea—lxe&—l)/|ea—lx esa—| (15)
e, =86Xx6g (16)

A regular tetrahedron R,, R;, R, R} can be defined,
whose components of direction vectors of the four
vertices inO, - X, Y Z are

[VeaVre VrcVed =l ex &y &0 VA V5 Vo Y (17)

15
0 0.5 1 15 2 2.5 3 3.5 4

time(second) 10

Fig.12 GDOP of the four-step selection algorithm
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From the remaining visible satellites S3 is selected which
has the smallest angular distanceRo or R, or

max[(es;_, ) Ve s (B |)T Voo
= max{max](e,-, ) Vac, (€-)" o I}

j=1,...v and j#S1,

(18)

Step 4: From the remaining visible satellites S4 is
selected to minimize GDOP, or

GDOM(S, 2 8 §=min[ GDAPI 2 )] (19)
j=1..vandj#£S, 2, B

Fig.11 illustrates the four-step procedure of the GPS
satellite selection. It is clear that the number of the
GDOP computations of the algorithm is less than the
number of visible satellites. Fig.12 illustrates GDOP of
the four-step GPS satellite selection algorithm, and
Fig.13 illustrates the number of changed satellites in
subsequent satellite sets.

a=90
e=-30

RC * e=0 x

a=180 x

a=270

Fig.11 Four-step selection of GPS satellites

number of changed satellites

0 0.5 1 15 2 2.5 3 3.5 4

tim e (s€cond) T

Fig.13 Number of changed satellites of
the four-step selection algorithm



GPS satellite selection algorithm with smooth transfer

The selected GPS satellite set is updated periodically.
Comparing the subsequent satellite sets, the satellites may
be all the same, or one, two, or three satellites may be
different. In some cases the four satellites may be totally
different. The fewer the number of changed satellites in
subsequent sets, the better continuity of the GPS receiver
in tracking GPS satellites. In the following discussion an
algorithm is presented to make use of the two spare
channels for the smooth transfer between subsequent
GPS satellite sets so that continuity of navigation data is
maintained.

Let the selected set of four satellites at tirpe and
t,., be denoted as

n+l

Gn = { Sln! Qn’
C;n+1 = { S'n+1' 8%

SB:

w S (20)

S.. 8,1 (@1

1 1

For the smooth transfer fro®, to G,,,, the following
3 cases are considered.

Case 1: Number of changed satellite is 4. An intermediate
set {Sl.1, S2+1, B1, B2 is determined, wher&1, B2
are selected from the 4 satellites @, to minimize

GDOP{S%}:1, S2+1, B1, B2}.In this case 6 additional
GDOP computations are required. The switch fr@n

to G,,, is done as follows: At time, four channels are
assigned to the four satellites &, , and the fifth and
sixth channels are assigned 81,,, and S2,,,. When
S1,,, and S2,,, are being tracked, the working set is
switched to the intermediate seé83,,, and $4,,, are
assigned to the two channels which are used to track

2.5}

GDOP

300 400 500 600 700

tim e(minute)

Fig.14 GDOP of the four-step selection
algorithm with smooth transfer

100 200

=3
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satellites other thaB1 andB2 in G,. When S3,,; and
$4,., are tracked, the working set is switched3g, .

Case 2: Number of changed satellites is 3. An
intermediate setA0, B1, C1, CRis also determined in
this case, wher@O0 is the only common member 6,

and G,,,, Bl is selected from the remaining 3 satellites
in G,, andC1, C2are selected from the remaining 3
satellites inG,,, . B1, C1, C2are determined to minimize

GDOP{AQ, B1, C1, C2}in this case 9 additional GDOP
computations are required. The switch fr@p to G,,,

can be done with the intermediate set as in Case 1.

Case 3: Number of changed satellites is less than 3. In
this case the two spare channels can be used during the
switch from G, to G,,;, and no additional GDOP

computations are required.

Fig.14 illustrates GDOP of the four-step GPS satellite
selection algorithm with smooth transfer, and Fig.15
illustrates the GDOP increment compared to the
algorithm without smooth transfer. It is shown that the
increment of GDOP is generally less than 0.4 when the
smooth transfer between subsequent satellite sets is
considered. As illustrated, GDOP may decrease in some
cases, since the switch through the intermediate set
increases the update frequency.

Table 2 compares the performance of the four-step GPS
satellite selection algorithm with conventional algorithms

in simulations, where the update period is 1 minute. It is
shown that the new algorithm presented in this paper has
good performance with much less computations. Since
the cases where 3 or 4 satellites change in subsequent
satellite sets are less than 10%, additional computations
for smooth transfer are limited.

1

0.8 |

0.6 |

0.4}

0.2

[N

Lt ,,MUL L
| T

o ll‘l l‘lm i

0.2 1

Difference of GDOP

0.4}

L
il "

-0.8 |

-1

0 0.5 1 1.5 2 2.5 3 3.5 4
time(second)

Fig. 15 GDOP increment when the
smooth transfer is considered

x 10*



GDOP Statistics in Number of Changed Satellites Computation
min mean max 4 3 2 1 0

Conventional 1.63 1.90 2.63 30 78 77 68 466 high
Algorithm (a) 4.2% 10.8% | 10.7% 9.5% 64.8%

Conventional 2.35 4.18 11.03 0 47 94 69 509 low
Algorithm (b) 0.0% 6.5% 13.1% 9.6% 70.8%

Four-Step Selection 1.66 2.04 2.98 12 59 109 134 405 low
Algorithm T 1.7% 8.2% 15.2% | 18.6% | 56.3%

Table 2. Comparison of performance of GPS satellite selection algorithms

Performance versus update period

So far we have used a fixed update period of 1 minute.
However, 1 minute may be too frequent, and may not
permit the receiver to acquire signals on time. Therefore,
simulations are carried out to study the performance of
the four-step GPS selection algorithm when the update
period varies. Figs. 16 and 17 illustrate the number of
visible GPS satellites and GDOP of the selection
algorithm as a function of update period. It is shown that
GDOP doesn't increase very much when the update
period is less than 5 minutes. A 5 minute interval results
in even lower computation loads.

number of visible satellites

update period(minute)

Fig.16 Number of visible satellites versus update period

7

GDOP
IS

update period(minute)

Fig. 17 GDOP versus update period
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ANTENNA SELECTION ALGORITHM

While GP-B rolls in the direction of the guide star, the
FOV of antennas will also rotate in inertial space. The
master antenna has to be transferred among the four
antennas to keep tracking a specific GPS satellite. The
transfer between two antennas can only be done in the
common FOV to prevent tracking discontinuities.

Since the roll period of GP-B is very small compared to
the orbit period of GPS satellites, the direction vector of
a GPS satellite remains almost fixed in inertial space in a
roll period. It traces out a cone @, — X, Y, Z;, and the
body elevation angle (the angle referenced to the plane
O, - XY, positive in the direction oZ,, ) remains
constant. Fig.18 shows the areas available for antenna
transfer. It is clear that the direction vectors with the
body elevation angle of 759® remain in the FOV of
antennas 1 or 2 during the roll, those with the angle of
-90°~-65" remain in the FOV of antennas 3 or 4, so no
antenna transfer is necessary. The direction vectors with
the body elevation angle of 3&/5” and -65~-30° must

be transferred between antennas 1-2 and 3-4 respectively,
while those with the angle of -3@BC must be
transferred among antennas 1-2-3, 1-2-4, 1-3-4, or 2-3-4.
In Fig.18 the parts of the trace which are available for
transfer are plotted in the solid line.

The principle of the antenna selection algorithm is to
maximize the SNR of the master antenna, which can be
realized in the following two ways:

(1) The receiver has measurements of SNR of four
antennas, so the master antenna can be assigned
autonomously to the antenna with the largest SNR.

The attitude information from the attitude control
subsystem of GP-B is used to determine the direction

vector of the GPS satellite i®, — X, Y; Z;, and the

master antenna is assigned to the antenna in which
the GPS satellite has the highest elevation angle.

(2)
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Fig.18 Area available for antenna transfer

Let C,; be the transformation matrix from
O, - X.Y,Z, to O - X YZ, the master antenna

assigned to track GPS sateljitean be determined as

Vapaser B)T G €. = mkax[(VQ—B)T G € ] (22)
k=1, 2, 3, 4.

CONCLUSIONS

The GPS receiver satellite/antenna selection algorithm
for the Stanford Gravity Probe B Relativity Mission is
discussed in this paper, which determines the visibility of
GPS satellites and assigns a GPS satellite and a master
antenna to each channel of the GPS receiver to maintain
signal tracking. The general purpose of the GPS satellite
selection algorithm is to minimize GDOP to improve the
position accuracy. However, minimum GDOP algorithms
tend to be computationally intensive, and some
computationally simpler algorithms have poor GDOP
performance. In this paper a four-step GPS satellite
selection algorithm is presented, which shows good
performance with much less computations compared to
conventional algorithms. The smooth transfer between
subsequent GPS satellite sets is also considered, such that
continuity of the navigation data is maintained. The
antenna selection algorithm is designed to maximize the
SNR of the master antenna. Simulation results
demonstrate the good performance of the new algorithm

presented in this paper.
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