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Three-Axis Attitude Determination Using Global Positioning

System Signal Strength Measurements

E. Glenn Lightsey* and Jared Madsen®
University of Texas at Austin, Austin, Texas 78712-1085

An alternative method to the standard carrier-phase algorithm for deriving three-axis attitude solutions from
global positioning system (GPS) signal sources is investigated. This new method uses signal-to-noise ratio (SNR)
measurements from two or more canted antennas and a knowledge of each receiving antenna’s gain pattern to
generate pointing vector solutions. These vector solutions are then converted to a three-axis attitude solution. The
method has the advantage of requiring no complicated initializing procedures such as integer ambiguity resolution,
and it can generate three-axis solutions with as few as two antennas. A solution is produced whenever a minimum
of three GPS satellites are in view, regardless of the vehicle’s orientation at that time or at any time previously. The
performance of this SNR approach is investigated using a Kalman filter to derive solutions on a satellite whose
attitude generally remains fixed in the local frame. The performance of the algorithm is evaluated while the canting
angles between the antennas and the filter values are varied. In addition, self-calibrating and self-scaling options
are explored to reduce the algorithm’s dependence on any outside knowledge of the vehicle’s attitude during an
in-flight calibration process. The study also examines the performance of the solution under the expected error
conditions of an inaccurate calibration and sky blockage. The results demonstrate that the estimate is relatively
insensitive to these expected errors. Some general conclusions are drawn about the performance and sensitivity of

the developed algorithm.

Introduction

LOBAL positioning systems (GPS) have found widespread

use on spacecraft to provide both position and attitude in-
formation. These systems have the advantage of being relatively
inexpensive and accurate. GPS systems generally derive attitude
solutions by using an array of three or more antennasin a precisely
known layout. When highly accurate carrier-phase measurements
are taken between antennas and various GPS satellites, attitude solu-
tions can be generated. This method has been previously employed
on spacecraft and has demonstrated accuracies to the subdegree
level in the presence of measurementnoise for antenna separations
of 1 m or more.!~” Although suitable for some applications, this
approachhas shortcomings. Althoughthe solutions the method gen-
erates are highly accurate, they are not highly robust. To generate
a solution, the receiver must perform a process known as integer
ambiguity resolution. This process is complex and susceptible to
failure. For example, one algorithm assumes that the antenna array
is pointed within 15 deg of zenith during the integer ambiguity res-
olution process.® If it is not within this range, the process will fail,
and no solutions will be generated.

An alternative method for estimating the pointing vector of a
space-based platform has previously been developed.” This method
utilizes signal-to-noise measurements from various GPS satellites
and a knowledge of the gain pattern of the receiving antenna. This
method has the advantage of requiring no ambiguity resolution, and
it uses minimal memory and time to implement. To have sufficient
knowledge of the gain pattern to generate the most accurate so-
lutions, however, a calibration process is required for the antenna
used. Because of the limitations in the measurement accuracy of
the signal-to-noise ratio (SNR), this method generally only pro-
vides unfiltered solutions accurate to within 30 deg of truth, even
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when a calibration has been performed. Additionally, because gain
patterns typically have minimal variance in the azimuth direction,
single-antennasolutions generated by this technique provide no in-
formation in that direction. In attitude solution terminology, these
solutions will provide pitch and roll information, but not yaw.

This solution approach was first explored by Axelrad and Behre
to generate single-pointing vector solutions.! Dunn and Duncan
used a similar technique to obtain point vector solutions that were
accurate to within 15 deg on the Microlab-1 satellite.!! Full three-
axis attitude solutions were computed by Buistet al.'? using a single
antennaon a gravity gradientstabilized satelliteknown as PoSAT-1.
In this case, the presence of a gravity gradient boom created varia-
tion in the azimuthal gain pattern of the antenna, which was com-
bined with the gravity gradient dynamics to generate solutions that
agreed to within 10 deg of those derived independently using a
magnetometer.'” Full attitude solutions from a single GPS antenna
are generally not possible, however, because the gain pattern of
a hemispherical antenna typically has little or no variation in the
azimuth direction and the knowledge of the vehicle dynamics may
be limited.

Serrano et al.'> developed an SNR algorithm that determinedatti-
tude solutions from multiple antennas. In their work, common satel-
lites visible to two canted antennas and the resulting vector obser-
vations were used to compute the attitude rotation matrix by solving
Wahba’s problem.'* Serrano et al.!* determined that such a system
could be accurate if the SNR modeling was also accurate. Another
noncarrier wave attitude determination system has been presented
by Pasetti et al.'> This method uses sets of visible, nonvisible, and
potentially visible satellites to determine vehicle attitude with multi-
ple antennas. The antenna arrays analyzed by Pasetti et al. consisted
of antennas pointing in the zenith, nadir, front, and aft directions.
These types of arrangements could be problematicif a carrier-phase
method is to be used in tandem with the noncarrier wave methods
because carrier-phase methods require single satellites to be visible
by multiple antennas.

This paperinvestigatesthe extensionof the SNR theory presented
by Axelrad and Behre'® to multiple canted antennas to generate full
three-axis attitude solutions in a manner similar to that done by
Serrano et al.'3 This work further expands on these methods by
using high-integrity orbit simulations in tandem with actual GPS
receiver hardware to investigate likely system accuracies and error
sensitivities. The value of using more than two canted antennas is
investigatedand tested. The effects of inaccurate calibrationand sky
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blockage are also investigated to demonstrate the robustness of this
new algorithm.

The solutions generated by this method may be used to initialize
the more accurate carrier-phase methods of attitude determination
more quickly than traditional integer ambiguity search methods.
These solutions may also be used when the more accurate solutions
are not available.

Single-Vector Solution Approach

The basis of the SNR approach is that a pointing vector solu-
tion can be generated from one receiving antenna because the gain
pattern of the receiving antenna is approximately known and is in-
variant in the antenna body frame. For hemispherical antennas, the
gain pattern is typically similar to the behavior of a cosine function
and is primarily a function of the antennaboresightoffset angle. As
a signal source travels from directly overhead the antenna toward
a 90-deg offset, the SNR will correspondingly start at a maximum
value and then drop or toward zero. In some instances, GPS satellites
may even be tracked below the horizon of the antenna. When either
a calibration curve or this simple cosine model is used, the angle
between the antenna boresight vector and the line-of-sight vector to
the signal source can be estimated from a given SNR measurement.
If the line-of-sight vector is normalized to a unit vector, then the
equation to determine the pointing vector solutionis the dot product

B-L=cosa =B,L,+B,L,+B.L. (1

In Eq. (1), B is the unit normal antenna boresight vector, L is the
line-of-sight vector from the receiver antenna to the signal source,
and « is the angle between these two vectors (Fig. 1).

With the presented measurement model, the three components
of L can be found in the external reference frame if the location
of the antenna and the signal source are known, that is, both the
receiver position and the GPS satellite positions are known. For a
given SNR measurement, cos(a) can be determined from the cali-
bration function, and B can, therefore, be determined from as few
as three measurements. This model assumes that the only variable
affecting the SNR measurement is the offset angle to the antenna
boresight vector, whereas in fact other parameters will also affect
the measurement. Namely, variations in the gain pattern of the an-
tenna over the azimuth direction, multipath, and signal strengthloss
due to distance from the GPS satellite may all impact the measure-
ment. These effects generally are smaller than the noise seen in
the SNR measurement, however, and no significant improvement
is expected from incorporating them into the measurement model.
Further research is underway to verify this assumption.

To generate single-vector solutions, the line-of-sight vector is
required. This is readily available from a GPS receiver once a po-
sition fix has been obtained. A position fix, however, requires four
measurements, whereas the pointing vector algorithmrequires only
three. If only three measurements are available, it is still possibleto
generate line-of-sightvectors if the space receiver’s orbit is known.
If the orbit is known, then the receiver’s position may be estimated
with an orbit propagator. Such solutions may experience degrada-
tion in accuracy, but the reduction is not significant if the orbit
propagation error is small.
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The more difficult measurement to obtain is the estimate of the
cosine of the angle o from the SNR measurement. The best method
of generating this estimate is to perform a hardware calibration on
the antenna to be used in the system. This is accomplished by plac-
ing the antenna in a known orientation and measuring the reported
SNRs and cos o angles over a period of time. Once a calibration is
performed in this manner, a direct estimate of cos « is available for
a given SNR measurement, and no trigonometric functions need to
be used. This calibration will be effective as long as the gain pattern
of the antenna does not vary significantly from the time of calibra-
tion to the time of service. Certain noise sources, such as multipath,
may cause the SNR vs « characteristics to be different from the
calibration values. As already mentioned, if a calibration cannot be
performed, then a cosine function may be used instead.

For this study, a STR 4760 multichannel GPS signal simulator
manufactured by Global Systems Simulations, Ltd. (now Spirent
Communications) was connected to a Mitel Architect receiver that
had been previously modified for space use. The simulatoruses GPS
satellite orbits and a simulated receiver orbit to calculate GPS sig-
nals. These signalsincludedionosphereeffects, measurementnoise,
and signal strength variations based on a simulated hemispherical
antenna receiving pattern. This simulated pattern had maximum
signal strength along the boresight vector and a zero signal strength
below the local horizon of the antenna. These computed radio fre-
quency signals were then created by the STR-4760 signal genera-
tor and fed directly into the GPS receiver through a coaxial cable
(Fig. 2). The measurements were obtained at a 1-Hz sample rate.
The simulator has the ability to produce multiple antenna outputs,
but the Mitel receiver used in this study can only receive one input.
Therefore, two Mitel receivers were used. In practice, one receiver
with multiple antennainputs would be a more appropriatesystem to
utilize. An antenna calibration was performed with this setup, and
the resulting polynomial curve fit is shown in Fig. 3. As shown, this
curve follows the general behavior of a cosine function, although
there are some significant differences. Single-vector solutions were
generated from SNR measurements using this calibration curve.

Filtering

With some knowledge of the maximum attituderates expected for
the spacecraft platform, the basic SNR algorithm can be improved
by passing the measurements through an extended Kalman filter
(EKF). The use of the filter prevents poor individual measurements
from overly influencing the point solutions. Such poor measure-
ments would cause large solution errors without the presence of the
filter. The filter employs a process noise matrix Q to preventit from
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converging to a single solution and, thus, becoming insensitive to
attitude maneuvers.

To facilitate the implementation of the filter, the x, y, and z co-
ordinates of the pointing vector solution are first converted into
spherical coordinates. The pointing vector solutionis expressedin a
local vertical/llocal horizontal reference frame with an azimuth an-
gle 6 and an elevation angle ¢. Thus, all rotations of the frame are
due to attitude maneuvers alone and not due to the orbital motion
of the spacecraftitself. The measurement model for this filter is the
scalar relationship between the measured SNR values and the an-
tennaboresight vector [Eq. (1)] with the boresight vector expressed
in spherical coordinates,

h =sing cosOL, +singsindL, + cos¢pL. 2)

Note that Eq. (2) is a scalarrelationbecausesingle measurementsare
processedsequentiallyby the Kalman filter to estimate the boresight
direction. The coordinate transformation makes the values of Q
directly related to the filter’s ability to track attitude maneuvers.
With the coordinates changed from Cartesian to spherical, the state
vector can be written as

3)

>
Il
TR S

The secondtwo entriesin the state vectorrepresentthe rate of change
of the two spherical coordinates. As a result, some knowledge of
the vector pointing solution can be obtained even during periods of
signal outage. This choice for the state vector greatly simplifies the
state transition matrix, as seen from

1 0 At 0
01 0 Ar

®= (4)
00 1 0
00 0 1

Note that for the antenna boresight estimation problem, the state
transition matrix is linear. This simplifies the filter design consider-
ably. The standard EKF equationsare used (for example, see Gelb,'°
and are repeated here for reference:

X () = X% (=) + Ki{y: — h[X: (91}

Pi(+) = {1 - KiHi[xAi(_)]}Pi(_)

~ oh
H;(x;(5)] = (8_X>
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X=3%i(-)

where X is the estimated state, K is the filter gain, & is the measure-
ment model, P is the covariance matrix, and R is the measurement
weight. The subscript i represents time, and the minus (—) and
plus (+) signs are for before and after the measurementupdate. The
state and covariance matrices were propagated forward in time us-
ing the state transition matrix already defined and the process noise
Q was added to the covariance during the propagation.

The initial guess used for the Kalman filter can greatly affectearly
performance. To achieve an accurate first guess, the first 10 s of data
are processed in a deterministic least-squares algorithm for each
epoch. The resulting 10 solutions are then averaged. This solution
is used as the first guess for the Kalman filter and filtering then
begins.

The SNR algorithm with the Kalman filter was tested under var-
ious attitude profiles and with direring Q filter values and measure-
ment weights. For this study, the Euler angle sequence was defined
as pitch, roll, and yaw. Pitch is defined as a rotation about the y axis,
roll as a rotation about the x axis, and yaw as a rotation about the
z axis, where the x, y, and z axes are the local vertical/llocal hori-
zontal (LV/LH) frame with the x axis pointing along the direction
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Fig.4 Filtered estimate for maximum rate configuration.

of flight, the z axis pointed in the local zenith direction, and the
y axis completing the right-handed coordinate system. Within this
local frame, a nonspinning, zenith pointed, and three-axis stabilized
satellite would experience no change in roll, pitch, or yaw.

The results of these tests demonstrate that the filter produces
single-vectorattitude estimates that are generally accurate to within
10 deg of truth, even during a maximum rate attitude maneuver.
For example, one simulation carried out in the International Space
Station (ISS) orbit (a =66,78,137 m, i =51.6 deg, and e =0.001)
produced the error plot shown in Fig. 4. The antenna was zenith
mounted for this test. During this simulation, the vehicleexperienced
several maximum rate attitude changesof 0.3 deg/s. The vehicle first
pitched up at the maximum rate for 100 s, followed immediately
by a pitch down over the next 100 s to return to a zenith pointed
orientation. This maneuver was then immediately repeated in roll
over the next 200 s, followed by the same maneuver in yaw over
the following 200 s. After completing these maximum rate attitude
maneuvers, the platform remained zenith pointed for the duration
of the test. The peak errors of approximately 9 deg occurred during
the initial stages of the pitch and roll maneuvers. There was no
similar error spike during the yaw maneuver because the zenith
pointed antenna cannot detect a change in the yaw angle because
the antenna boresight remained constant during this period. The
filter equations utilized for this paper assumed that no access to
thruster or other attitude maneuvering equipment was available and
so all attitude maneuvers were unmodeled in the estimation. The
filter equations could be modified if attitude maneuver commands
were available and performance would improve. The level of the
improvement would be dependent on the accuracy of the dynamic
model used.

Three-Axis Solutions

With the single-vectormethod defined, it is relatively straightfor-
ward to extend the SNR algorithm to obtain full three-axis attitude
solutions. This modification is accomplished by introducing one or
more canted antennasto the system to provide another pointing vec-
tor solution. To begin this investigation,one additional antenna was
added to the simulation in the layout shown in Fig. 5.

With two antennas, the problem of determining the attitude be-
comes the traditional problem of generating three-axis attitude so-
lutions from vector observations. This problemhas been thoroughly
investigated. The optimal attitude solution for this problemis found
by minimizing the loss function presented by Wahba!*:

n

1 2
L(A) = 5 ;a,wb,- — Ar| ©)
For this application, unit vectorsr; are the nonrotated antenna bore-

sight vectors, unit vectorsb; are the correspondingresults generated
by the Kalman filter, a; are positive weights, and n is the number
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Fig.6 Attitude errors with two antennas, 30-deg canting angle.

of vector pointing solutions (two in this first experiment). A is the
rotation matrix that transforms the nonrotated vectors to the rotated
frame.

To compute A, the fast optimal matrix algorithm (FOAM) devel-
oped by Markley'” is utilized. As part of this algorithm, weights can
be assigned based on the o values of the various sensors used. In
this problem, the accuracy of the sensor (the SNR measurements)
is a function of the geometry of the GPS satellites relative to the
antenna boresight vectors. Because the GPS satellites are above the
user and the pointing vector solutions improve when multiple GPS
satellites are available over a wide range of elevations, this geome-
try is generally more favorable when the antenna boresight vector
is pointed toward the zenith direction. Therefore, weights were as-
signed based on the square of the cosine of the angle between the
estimated vector and zenith. The weights were then normalized so
that they all sum to one. This method of assigning the weights im-
proved the three-axisrms error value by 0.5 deg over the case when
weights were uniformly assigned to each vector without regard for
estimated orientation.

To generatethe attitudesolutions,the SNR measurementsforeach
antennawere passed throughthe scalar Kalman filter algorithm, and
then the resulting vector solutions were used in the FOAM algo-
rithm, which produced the results. Several simulations were exam-
ined to study the performance. As a representativeresult, the same
simulation used for the single-vectorsolution study was considered.
Comparing the generated attitude solutions from this simulation to
the known truth values produced the error plot shown in Fig. 6. For
this simulation, one antenna was canted at 30 deg relative to the
zenith pointed antenna, and attitude solutions were generated with
the calibration function. This simulation has a total three-axis rms
error of 6.89 deg.

As can be seen from Fig. 6, yaw is the least well defined of
the three rotation angles. This result is due to the geometry of the
antennalayoutand the visibility of the corresponding GPS satellites.
Yaw accuracy is a function of the offset angle between the two

GPS antennas because only a portion of the information from the
offset antenna can be utilized to define the yaw angle. Hence, as
the canting angle approaches 90 deg, more of the information from
the canted antennais utilized. The maximum additionalinformation
is obtained from this offset antenna when it is canted 90 deg from
the original reference antenna. Unfortunately, high canting angles
also experience degraded performance because the Earth blocks
potential measurements that could be made within the antenna’s
field of view. To investigate this effect, the simulation was rerun
while the canting angle for the second antenna was set at 15 and
then45 deg. As expected, the errors in yaw improved for the 45-deg
case and degraded for the 15-deg case. However, there was enough
of a degradationin pitch and roll during the 45-deg simulation due
to loss of measurements that the 30-deg case had the best three-axis
rms accuracy. The case where the antenna was offset 90 deg was also
investigated. This case was not desirable because the offset antenna
did not obtain sufficient measurements. A summary of these results
may be found in Table 1.

A useful feature of this algorithm is its ability to generate rate
estimates that may be used during periods of measurementoutages.
To gain insight into the performance during measurement outages,
the rate errors of the vectors are examined over time. These rate
errors represent the rate at which the estimated solution deviates
from the actual orientation during an outage, assuming no attitude
maneuver changes during the outage and excluding the initial offset
dueto the error in estimated orientationat the time of signalloss. As
a result of the three rate maneuvers occurring independent of each
other, ¢, represents the pitch and roll rate, whereas 6, represents
the yaw rate.

Examining the rate error result shows that the errors are greatest
over the first few minutes of the simulation. These errors are due
primarily to the initialization of the filter. Therefore, they are not a
particularly good indication of the filter’s performance. If the first
2 min of the simulation are excluded, then the results are more
indicative of the actual performance. These results are shown in
Fig. 7. In this example, the filter propagates solutions that deviate
from the truth at a rate of about 0.2 deg/s. Consequently, some
care should be taken when using results generated in this manner,
especially over long periods of time.

Table1 RMS error as a function of canting angle®

Canting angle, deg

Rotation 15 30 45

Roll 2.119 1.831 1.879
Pitch 2.420 3.031 5.863
Yaw 9.381 5.904 5.634
Three axis 9.918 6.885 8.348

4Two antennas.
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Additional Antennas

One potential goal of this research is to implement an SNR solu-
tion method in tandem with a more accurate, if less robust, carrier-
phase method. In such a tandem environment, the SNR algorithm
would be used with three or four antennas. The solutions generated
by the SNR algorithm would be used to initialize the carrier-phase
solutions and could be reported as attitude measurements when so-
lutions were unavailable from the more accurate method. To see
how the additional antennas improve performance, the same atti-
tude simulations were considered using three and four antennas in
a layout similar to a standard-carrierphase array. Each antenna was
placed on the corners of a square with 1-m sides. One antenna was
zenith pointed whereas the remaining three were each canted in a
different direction along the same axis as the sides of the square, as
shown in Fig. 8.

The additional antennas improved all of the error measurements
and improved the total three-axis rms value by about 1 deg for each
additional antenna. The performance of four antennas at a 30-deg
canting angle is demonstrated in Fig. 9. A summary of the results
using two, three, and four antennas appears in Table 2.

Although it has been shown that a 30-deg canted antenna ar-
ray is preferable to a 15-deg canted case for the SNR-based atti-
tude solution, it may be possible that a 15-deg case is preferable
if carrier-phase measurements are also used. Canting the antennas
at larger angles may have several effects on the carrier-phase solu-
tion method. The canting angle may affect the performance of the
method directly. It has been proposed that circular polarization of
the GPS signal may affect the value of the carrier-phase measure-
ment when the antennas are canted relative to each other.! It may
also be difficult to place antennas at locations that minimize multi-
path. Additionally, because the carrier-phase method requires that
multiple antennas take measurements from the same satellite, it may
be beneficial to reduce the canting angle so that more common mea-
surements are generally available. All of these effects may cause the
tandem SNR/carrier-phase attitude system to have smaller canting
angles than the SNR-only attitude system.

To study the performance in this case, the simulations were run
with the antennas canted at 15 deg. As expected, the SNR-only so-
lution accuracy decreased. With four antennas, the total rms value
increased from 4.06 to 6.69 deg. If the carrier phase and SNR meth-
ods are to be used in tandem, the performanceimprovementof using

Table 2 RMS error vs number of antennas®

Antennas
Rotation 2 3 4
Roll 1.831 1.637 1.712
Pitch 3.031 2.334 2.046
Yaw 5.904 4.117 3.061
Three axis 6.885 5.058 4.060
4Canting angle of 30-deg.
1m
Z
1im
X
Y

Fig.8 Four antenna layout, 30-deg canting angle.

Table 3 Static RMS error vs number of antennas®

Antennas
Rotation 2 3 4
Roll 0.938 1.356 0.471
Pitch 3.837 1.752 1.326
Yaw 4.620 3.789 2.670
Three axis 6.078 4.389 3.018

4Canting angle of 30 deg.
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Fig. 9 Attitude estimate error, four antennas, 30-deg canting angle.

the carrier-phasemethod must be weighed againstthe degradationin
performanceof the SNR method when the antennasare less canted to
determine the best overall design. The individual application would
need to be considered as well.

Whereas the results to this point demonstrate performance during
attitude maneuvers and static situations, it is also informative to
look at the performance during static situations alone because many
applicationsremain in a static profile over long periods of time. The
30-deg canted case in a static zenith pointed configuration shows
considerable improvement in rms error values as compared to the
earlier simulation. A summary of these results appears in Table 3.

Computational Expense

This algorithm achieves a relatively minor computational load
by utilizing the spherical coordinate system and simplifying the
dynamic model. The algorithm was written in MATLAB® version
6.5 code and run on a Dell Precision 340 personal computer with a
Pentium4 processorrunningat 2.2 GHz. For the two, three, and four
antennacases, the algorithmrequired9.512,13.338,and 17.535 s to
calculate solutions for all of the data. Over the course of the 1164-s
simulation, this works out to an average computational time per 1-s
measurement epoch of 0.0082, 0.0115, and 0.0151 s. The largest
computational load from the algorithm came from computing dot
and cross products. For comparison, running the code on a Dell
personal computer with a Pentium 3 processor running at 1.0 GHz
required 0.0149, 0.0206, and 0.0268 s of computational time per
measurement epoch for the two, three, and four antenna cases.

Error Sources

One advantageof the SNR method is itsrobustnessin the presence
of error sources. There are several physical mechanisms that can be
expected to produce attitude solution errors in a space environment.
Two potentially serious error sources are investigated in this paper,
those due to imperfect antenna calibration and those due to sky
blockage.

Perhaps the most common source of error for this algorithmcould
be introduced through an inaccurate antenna calibration function.
Errors are introduced through calibration in several ways. Funda-
mentally,a calibrationmay notbe availableatall. If thisis the case, a
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simple cosine function may be used to estimate the gain pattern. All
that is required in this instance is knowledge of the maximum SNR
value. This value may be estimated, or the algorithm may be written
to rescale the cosine calibration autonomously each time the max-
imum measured value is increased beyond the previously assumed
maximum value. As may be expected, using a cosine function in-
stead of a calibration curve produces an increase in the solution
error values. The total rms increased by a factor of 2.5 for the at-
titude maneuver simulation used in this study. In exchange for this
increase in error, however, the use of the cosine function requires
no a priori information other than a very general knowledge of the
antenna gain pattern to obtain coarse attitude estimates.

A second method of limited calibrationis if the calibration oper-
ation can only be performed over a short time. This possibility was
examined by producing calibrationcurves using 5-, 10-, and 15-min
orbit simulations. These curves were then used in different simu-
lations to study the impact of short calibration times. The results
demonstrated that changes in the calibrationtime had little effect on
the solution accuracies generated. A rather short calibration time of
5 min is often sufficient to generate an accurate calibration curve,
as long as measurements are taken over a wide range of the antenna
gain pattern. This geometry is likely to occur as long as the antenna
boresightis nearly zenith pointed during calibration.

In the event that a calibration may be performed in flight, the
possibility arises that the true orientation of the platform may not
be accurately known. To investigate the effects of an inaccurate
known orientation during calibration, calibration curves were gen-
erated with errors in the known orientationof 5, 10, and 15 deg. The
maneuver profile was then rerun using the resulting curves.

An interesting result is that the performance is not significantly
degraded for any of the magnitudesof errors that were introducedin
the calibration process. This is likely because during the simulated
calibration process the antenna generally experiencesa geometry of
visible satellites that places them over a wide range of elevations
from the erroneous estimated antenna boresight vector. Therefore,
over the course of the calibration, the error in the value of cos«
moves through nearly the whole range of its error. This leads to
some systematic errors being cancelled out. If the geometry of the
satellites is not favorable, as is the case when all of the satellites
are on one side of the boresight vector, then performance likely will
be impacted more. Unfavorable geometry is more likely to occur as
the antenna moves away from a zenith pointed orientation.

These results lead to the possibility that the cosine function could
be used during the initial stages of a mission to estimate true orienta-
tion. This estimate of truth could then be used to produce a calibra-
tion curve. This technique would be possibleif the orientation of the
spacecraftis near zenith pointed and stable. To investigate this idea,
a cosine function was used to estimate the true orientation during
a zenith pointed configuration. That information was then used to
produce a calibration curve that was used for attitude determination
during the maneuver profiles.

The results show that a calibration curve produced by a cosine
function can provide results that are as accurate as those produced
using a true calibration process. This important result can be used
if some outside information is available about the spacecraft dur-
ing the calibration procedure. As mentioned, the antenna boresight
should be nearly zenith pointed and stationary in the LV/LH refer-
ence frame over a known period of time. If this is not the case and
the cosine functionis used to producea calibrationcurve, the results
may not be as accurate. A summary of the calibration error analysis
is presented in Table 4.

Table4 RMS error vs calibration type®

Calibration type

5-min Truth estimated
Rotation Cosine function calibration time via cosine function
Roll 4.167 1.627 1.852
Pitch 4.688 1.723 2.054
Yaw 8.344 3.240 3.046
Three axis 10.438 4.014 4.114

4Four antennas, 30-deg canting angle.

A second potential error source is signal outage due to sky block-
age from objects in the receiving antenna’s field of view. This case
was investigated by running scenarios in which various amounts of
one or more antenna’s field of view was blocked. The results showed
that in the ISS orbit, large sections of the sky may be blocked due
to obstructions such as the ISS structure itself or nearby orbiting
bodies such as the space shuttle, and the solution accuracy is not
adversely affected. There is a slight loss of accuracy when three
GPS satellites are visible as opposed to four or more, but there is
notmuch changein accuracy with more than four satellitesin view.’
Therefore, as long as at least four satellites are visible, solution ac-
curacy will be relatively high. In the ISS orbit, nearly one-fourth of
the sky can be blocked from the receiving antennas view for a zenith
pointed antenna and at least four GPS satellites will still generally
be in view.

Conclusions

This work has demonstrated that GPS SNRs may be used with
multiple-canted antennas to generate three-axis attitude solutions.
When a reasonably accurate model of the antenna gain pattern is
used, as obtained through a hardware calibration,an EKF algorithm
can provide attitude solutions based on SNRs from two antennas
with a three-axis rms accuracy of under 10 deg for a canting angle
of 30 deg during attitude maneuvers. During times of measurement
outage, the algorithm also provides solutions based on estimated
angular rates. These solutions deviate from the truth at a nearly
constant rate, and some care should be taken when using estimates
generated in this manner. When the number of antennas utilized
increases to four, the accuracy level increases to a three-axis rms
value of 4 deg. This value improves further during static attitude
profiles to a three-axis rms value of 3 deg.

In addition to providing solutions, the new algorithm was demon-
strated to be relatively robust in the presence of error sources. The
greatest risk factor studied for this algorithm was the introduction
of errors during the calibration process. One possible calibration
procedure would be to calibrate the antenna on the ground using
sky data with the antenna mounted on the satellite or on a model of
the satellite. Such a calibration would allow some of the effects of
multipath due to the satellite configuration to be determined. Such
a preflight calibration must, however, allow for possible changes
in the maximum SNR because the signal strengths are likely to in-
crease once in space. To obtain the best possible performance, an
in-flight calibration process should be performed while the vehicle
is in a known and nearly zenith pointed orientation. If the vehicle
attitude is not perfectly known during calibration, the performance
is not affected much by using an estimate of the true orientation
within 15 deg of the truth. This type of accuracy can be realized by
using a cosine function to estimate truth as long as the spacecraft
is nearly zenith pointed and does not experience any large attitude
maneuvers during the calibration interval.

If a calibration cannot be performed, solutions may still be gen-
erated using a self-scaling cosine function in lieu of the calibration
curve. When such a cosine function is used, the algorithm requires
no a prioriinformationto generateattitude solutions. Solutions gen-
erated in this manner, however, will be less accurate than those
generated with a calibration curve.

The results of this analysis lead to the conclusion that a three-
axis attitude solution based on SNR measurements may be used to
provide attitude determinationfrom GPS receivers without many of
the limitations of traditional carrier-phase methods. The algorithm
is both simple to implement and robust to error sources.

This SNR algorithmcouldbe used in tandem with a more accurate
carrier-phase method to provide solutions at times when the more
accurate solutions are unavailable, thus, providing a complete sys-
tem that provides both accurate solutions and a maximum amount
of total solution coverage. To make this system design possible, the
task of modifying a carrier-wave solution method to account for
canted antennas must be accomplished. This will require additional
study and research. Additionally, this SNR algorithm could signifi-
cantly reduce the search space required for the ambiguity resolution
procedure. The accuracy levels demonstratedin this analysis lead to
the possibility of reducing the search space to only a few integersin
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many cases. This could significantly improve the initialization time
and success rate of the carrier-phase methods.

Even with only two antennas, the solution accuracy of this anal-
ysis is satisfactory for many applications. Future work will be done
with rooftop experiments to validate this performance. Such a test
will also better quantify any effects due to physical error sources
such as multipath. On completion of these tasks, a GPS attitude
determination system will be available that can accurately deter-
mine attitude during most of the mission stages encountered during
a spacecraft’s mission life, given that GPS satellites are in view.
This system provides a versatile and cost-effectivesolution to many
spacecraft attitude determination problems.
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