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Abstract

The objective of this research e�ort is to demon-
strate that Di�erential Carrier Phase GPS techniques
can be employed as the primary means of sensing
both the relative position and the relative attitude
of two space vehicles for precise, autonomous ren-
dezvous maneuvers in Low Earth Orbit. In pursuit of
this goal, an experimental system that can be tested
in a well-controlled indoor laboratory environment
has been built. Ideally, this system will be trans-
ferable to a real space system with little or no mod-
i�cation. Since the experiments take place indoors
where GPS satellite signals cannot be received, sev-
eral GPS pseudolite transmitters have been built and
installed around the laboratory to provide the neces-
sary GPS signals. The indoor GPS environment cre-
ated by the close-range pseudolite transmitters poses
some additional constraints on the algorithms used
to extract relative position and relative attitude from

the carrier phase measurements. Therefore, a sec-
ondary objective of this research is to clarify the
di�erences between an indoor GPS system and the
orbiting GPS satellite constellation, and to extend
Di�erential Carrier Phase techniques such that they
can be applied to near-�eld (indoor) systems as well
as far-�eld (outdoor and space) systems. This pa-
per presents the theoretical formulation and results
of a two-dimensional position control experiment, an
intermediate step toward the full rendezvous experi-
ment.

1 Introduction

This work is motivated by the need to increase the ef-
�ciency and safety of assembly, maintenance, inspec-
tion, and repair tasks in the high-risk environment
of Low Earth Orbit. Examples of such tasks include
satellite retrieval, Orbital Replacement Unit (ORU)
change-outs on satellites and the proposed space sta-
tion, and assembly of modules and truss structures
for advanced space missions. Currently these tasks
are performed by astronauts through hundreds of
hours of Extra-Vehicular Activity (EVA). Highly au-
tonomous robot systems can make these tasks more
routine and lower risk.

Both communication bandwidth limitations and data
delay between the robot and the human supervi-
sor lead to the need for a highly autonomous robot
system that can react to unpredictable situations.
The degree of autonomy required for such a robotic
system can only be achieved through reliable, high-
bandwidth sensors on-board the robot that enable
locally closed dynamic control loops. Speci�cally, in
order to perform a rendezvous or intercept task, it
is necessary to sense the relative position and ori-
entation between the robot and the target. This
research project will take advantage of Di�erential
Carrier Phase GPS technology to perform a precise
intercept and capture of a free-oating target by an
autonomous free-ying space robot.



The prospect of equipping satellites and other space
systems with a GPS receiver and a means of broad-
casting their GPS measurements so that they may
be serviced by a robotic space vehicle is not an over-
bearing constraint, since 1) these satellites will prob-
ably use the GPS receiver as a navigational instru-
ment in itself and 2) most space systems are equipped
with communication systems that would be capable
of broadcasting GPS measurement information to the
service vehicle.

This paper presents:

� The fundamental research issues involved in de-
veloping an indoor testbed for GPS-based ren-
dezvous.

� A description of the hardware system that has
been developed.

� The theoretical analysis for a two-dimensional
GPS-based position control experiment.

� Results and conlcusions from this experiment.
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Figure 1: Rendezvous Experiment Con�gura-

tion

2 Research Issues

There are several fundamental research issues that
must be resolved prior to the successful completion of
this project and prior to the use of GPS technology
in a true space rendezvous mission. Some of these is-
sues have already been resolved, as will be discussed,
while others are still under investigation.

The use of GPS as a sensor in real-time feedback con-
trol { GPS sensing is susceptible to both predictable
and unpredictable loss of sensor data due to occlu-
sion, vehicle con�guration, and multipath. Partial

loss of signal information can be compensated for
with measurements from several satellites in addition
to incorporation of vehicle dynamics.

The use of GPS as an indoor sensing technique {
The prospect of using GPS indoors presents new fun-
damental problems, such as described in [1]:

� Handling non-planar wavefronts { Since the
transmitters are very close to the workspace, the
wavefront will be spherical rather than planar.
This leads to nonlinear phase measurement equa-
tions from which the position and attitudes must
be derived.

� Lack of pseudorange { Pseudorange is essentially
useless for indoor applications due to the rela-
tively low accuracies available. The pseudolites
are therefore not even designed to broadcast the
data needed to perform pseudorange. This re-
sults in the need to reformulate already-existing
attitude and integer-resolution algorithms to
meet this constraint [2].

� Higher risk of multipath { Signal reections o� of
walls can result in a much greater occurrence of
multipath indoors than outdoors. This problem
is being alleviated through the use of custom-
designed helical antennas with conical-shaped
beam patterns.

� Near-far problem { The close proximity of the
transmitting sources to the receivers leads to
very large variations in the power of the signal
received as the vehicle traverses the workspace.
The signal power of each of the pseudolites must
be carefully adjusted so that the receiver does
not cross-correlate signals (jam) at one extreme
of the workspace and yet still be able to receive
the signal at the other extreme of the workspace.

� Calibration of indoor pseudolite constellation { A
method needs to be devised to accurately iden-
tify the location of the phase center of the pseu-
dolite transmitters.

Coordinated control of a multi-arm space robot { The
Stanford Aerospace Robotics Lab (ARL) has already
demonstrated the coordinated control of a multi-arm
free-ying space robot for rendezvous and capture
[3], [4], [5]. These earlier experiments were success-
fully demonstrated through the use of an overhead
vision sensing system which was employed to provide
the relative vehicle/satellite position and orientation.
A constraint of this vision system is that it operates
in only two dimensions and requires an overhead, per-
pendicular view of illuminated target points on each



object in the workspace. The GPS system will replace
the overhead vision system as the source of relative
position and attitude information.

There are other signi�cant issues beyond the scope
of this project that need to be resolved before GPS-
based rendezvous can be attempted in space. These
include:

E�ect of orbital dynamics on trajectory pro�les { Or-
bital trajectories need to be determined to bring the
robot from several kilometers to within several meters
of the target before high-precision carrier phase tech-
niques can be employed. Carrier phase techniques
cannot be applied at larger ranges due to the inabil-
ity to e�ciently resolve integers beyond several me-
ters. Pseudorange will be used to navigate into close
proximity.

Selection of satellites { Since the research presented
here is being conducted in a controlled indoor set-
ting, both vehicles are always tracking the same set of
pseudolites. In space, however, the set of GPS satel-
lites that are being tracked will constantly change,
and a method for choosing which GPS satellites to
track needs to be devised.

[6] and [7] have studied the issues of vehicle tra-
jectory pro�les and satellite selection for two vehi-
cles rendezvousing from several hundred kilometers
to within several meters.

Antenna switching { Both the robot and the target
are equipped with GPS receivers that can multiplex
between four antennas. This research presumes that
all antennas are aligned and are dedicated to the same
set of satellites. Although all six degrees of freedom
will be sensed, the range of motion will be limited
due to this constraint on antenna con�guration. In
space the vehicles will have full range of motion, and
will therefore require switching between satellites as
the vehicle rotates, in addition to the need to change
satellite selection due to orbital motion, as mentioned
above.

3 System Description

3.1 Experiment Con�guration

The �nal experiment con�guration is as shown in
Figure 1. GPS signals are generated by six pseu-
dolites distributed around the laboratory above the
workspace of the vehicle. The robot is commanded at
a high, task level through a graphical user interface

to rendezvous and capture the moving target. The
robot combines its phase measurements with the tar-
get's phase measurements to estimate the relative po-
sition and attitude and plan an intercept trajectory in
real-time. Once it is within capture range, the robot
will grasp the target using its manipulators.

Figure 2: Mounted Pseudolite

Figure 3: Pseudolite Transmitter



3.2 Pseudolite Constellation

Each pseudolite produces its own L1 carrier phase
signal modulated by its own unique C/A code. In
order to perform di�erential carrier phase measure-
ments between the robot and the target vehicle, the
receivers on both vehicles must be synchronized to
within one millisecond, so that the carrier phase mea-
surements from each are tagged to the same millisec-
ond epoch. Synchronization is achieved through a
"Master Pseudolite" which broadcasts a 50bps GPS
data signal modulated on top of the C/A code.
This 50bps data signal contains valid Time Of Week
(TOW) data in its handover word (HOW) [8]. This
enables the two receivers to automatically synchro-
nize to the same millisecond epoch, hence enabling
di�erential carrier phase measurements between the
two receivers. Figure 2 shows a mounted pseudolite
(broadcasting as PRN 11). The pseudolite is com-
pletely self-contained, and can be mounted anywhere
around the room on a standard track-lighting �xture
which supplies power at 12V.

Figure 3 shows the shielded GPS pseudolite trans-
mitter box as it is mounted on the back of the he-
lical antenna. For size reference, the ground plate
of the antenna is 8.5" in diameter. The transmitter
electronics board was designed by the Stanford GPS
Laboratory for use on their automated landing sys-
tem [9]. The antenna is designed to broadcast L1
in the normal mode, as described in [10]. The beam
pattern is conical in shape, and the beamwidth can
easily be controlled by adjusting the length of the
antenna.

3.3 Robot and Target Vehicles

Each of the robot and target vehicles are equipped
with a six channel GPS receiver that is capable of
multiplexing between four antennas, i.e. up to 24 car-
rier phase measurements on each vehicle prior to tak-
ing di�erences. The receivers are o�-the-shelf TANS
Quadrex receivers fromTrimbleNavigation, with cus-
tomized internal software. Measurements from the
target vehicle are time-tagged and broadcast out by
its communications computer through a radio-link
Ethernet transceiver. The robot receives the mea-
surement and combines them with its own measure-
ments to estimate its position and orientation rela-
tive to the target vehicle. All communications are
handled through the Network Data Delivery Service,
a TCP-based1 communications package designed for
distributed control systems [11].

1Internet Transmission Control Protocol

Figure 4: ARL Free-Flying Space Robot

Figure 5: Target Vehicle

The robot is depicted in Figure 4. The robot uses
an air-cushion support system to achieve the drag-
free, zero-g characteristics of space in two dimensions.
It is a self-contained autonomous vehicle, complete
with on-board VME-bus computers, radio-link Eth-
ernet transceiver, batteries, cold-gas propulsion sys-



tem with eight on-o� thrusters, and dual cooperating
manipulators. The control software is written in "C"
and is being developed using ControlShellTM [12]
and the V xWorksTM Operating System. The target
vehicle shown in Figure 5 is also equipped with its
own communication and otation devices.

3.4 Additional System Components

As noted in section 2, earlier experiments with the
robot took advantage of an overhead vision system
for tracking objects. This same system is being used
for comparative purposes with the GPS sensing sys-
tem. [1] documents that the vision system can pro-
vide repeatability on the sub-millimeter level and ab-
solute accuracies of a few centimeters across the entire
workspace.

4 Theoretical Analysis

The �nal goal of this project requires the estima-
tion of both the relative attitude and position of the
robot and the target vehicle. An intermediate step
toward this goal has been the formulation of the equa-
tions for a two-dimensional GPS-based position con-
trol experiment2 This section provides the derivation
of the estimation equations needed to perform the
two-dimensional control experiment. The following
assumptions and constraints were made:

1. Only the relative position vector between the
robot and the target will be estimated.

2. The position of the target vehicle is known and
�xed. Only the position of the robot will change.

3. The initial relative position is known. This
means that as long as the pseudolites stay in lock
after initialization, the integer ambiguity prob-
lem can be ignored.

4. Pseudorange cannot be used in the formulation.
As described in section 2, the pseudolites do not
provide the information necessary for performing
pseudorange measurements.

5. The receivers provide synchronous measure-
ments.

6. Only one antenna on each of the vehicles is used,
and it is considered to be the origin of the frame
of reference for each vehicle.

2Actually, all three positions x, y, and z are estimated, but

only x and y can be controlled.

Note that all vectors in the formulation are in a com-
mon world frame, which in the case of the experiment
is the center of the granite air-bearing surface. The
variables are:
Constants:

� L1 carrier wavelength
c Speed of light

Known variables:

Pj Vector from origin to pseudolite j
T Vector from origin to target vehicle

Unknown variables:

R Vector from origin to robot
�Pj Clock error on pseudolite j
�R Clock error on robot receiver
�T Clock error on target receiver
kj Integer ambiguity along carrier from pseudolite j.

The initial values of kj are assumed known as noted
in assumption (3).

The measurement equations are as follows:

�Rj = jR� Pjj+ c�Pj + c�R + �kRj (1)

�Tj = jT � Pj j+ c�Pj + c�T + �kTj (2)

Where jXj is the magnitude of vector X. The clock
errors of the receivers and the pseudolites can be re-
moved by performing a double di�erence on these
measurement equations, as described in [13]. The
�rst di�erence equations are obtained by subtracting
equations ( 2) from ( 1) for each pseudolite j:

��j = �Rj � �Tj

= jR� Pjj � jT � Pjj+ c�RT + �kRTj (3)

The second di�erence equations are obtained by sub-
tracting equation j from equation k where k = (j+1)
modN , and N is the number of pseudolites for which
valid signals are being received by both receivers3.
The second di�erence will also eliminate satellite
ephemeris errors, selective availability errors, and
ionospheric and tropospheric distortion errors, in the
case of using the real GPS satellites rather than in-
door pseudolites.

5��jk = ��j ���k

= jR� Pjj � jR� Pkj �

jT � Pjj+ jT � Pkj+ kRTjk (4)

3This is just one way of arranging the �rst di�erences to

derive second di�erences.



From these nonlinear equations the optimal estimate
of R given the measurements 5��jk needs to be
found. This can be done using a Newton-Raphson
gradient descent algorithm as described in [14]. Pro-
vided below is a simpli�ed version of the technique,
ignoring measurement noise.

Given a system of equations in the form:

z = h(x) (5)

where

h(x) a known nonlinear function of x
z current measurement
�z measurement at previous time sample
x the unknown vector to be estimated
x̂ the current estimate of x based on z
�x the previous estimate of x based on �z

( 5) is linearized by di�erentiating with respect to x
and then approximating dz = �z and dx = �x:

dz=dx = dh(x)=dx = H(x) (6)

where H(x) is the linearized observation matrix eval-
uated at x. Now approximating

dz �= �z = z � �z = z � h(�x) (7)

dx �= �x = x� �x (8)

leads to the linearized system of equations:

z � h(�x) = H(x)(x� �x) (9)

with the approximate solution:

x̂ = �x+ (H(�x)TH(�x))�1H(�x)T (z � h(�x)) (10)

and gradient:

gradient = �H(�x)T (z � h(�x)) (11)

( 10) can be iterated upon between measurement up-
dates by replacing �x with x̂ each iteration until the
magnitude of the gradient ( 11) is smaller than a des-
ignated tolerance. ( 10) is also used each time a new
measurement arrives, in which case �x is set to x̂ from
the previous measurement.

5 Results

In order to verify the accuracy and feasibility of us-
ing the GPS system for feedback control, the follow-
ing experiment was performed. The robot was com-
manded to move in a 1 meter by 1 meter square in the

X/Y plane using GPS and the equations derived in
the previous section to obtain the feedback measure-
ment. Data was collected by the GPS receivers and
the vision system for post analysis. The experiment
was con�gured as follows:

� Four pseudolites, including one master pseudo-
lite, provided the GPS signals. This is the mini-
mumnumber of measurements necessary to solve
the nonlinear equations for the relative position
of the robot.

� The target was placed at a �xed and known lo-
cation.

� The integer ambiguities between the robot and
the target were initialized using the vision sys-
tem.

� The receivers were synchronized via the 50bps
data signal broadcast by the master pseudolite.

� Both receivers provided carrier phase measure-
ments at 5Hz. The phase measurements were
then converted to positions using the equations
from section ?? and provided the feedback to
the robot's controller.

The results in Figure 6 show the step response of
the robot as measured by the GPS system. These re-
sponses demonstrate that the robot can be accurately
controlled to well within a few centimeters of the de-
sired locations. For example, the position error in Y
from time=0 to time=30 seconds is 0.5 centimeters
RMS.
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Figure 6: Step Responses in X and Y

Figure 7 is a top view of the robot's motion as it tra-
versed the square path in a counter-clockwise man-
ner. Note that the GPS signal overlays the desired



path quite well, while the vision system, although
providing a cleaner signal, is o�set from the GPS
and the desired path. This is due to the fact that
the vision and GPS systems have not been calibrated
to each other, and therefore the absolute positions
deviate. Since the controller feedback came from the
GPSmeasurements, the GPS signal overlays the com-
manded path. Also, some of the discrepancies toward
the outer corners can be attributed to lens distortion
in the vision system camera.
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Figure 7: X vs. Y Positions

As a �nal check on the correctness of the system, the
measurements from the vision system were converted
to double di�erenced phases and then compared with
the actual double di�erenced phases that were mea-
sured. The GPS phase and the phase derived from
the vision system match closely, as Figure 8 indicates.
The centimeter-level accuracy exhibited by the GPS
phases is clearly shown here. The noise around t = 17
seconds is most likely due to multipath, and the ef-
fects of this noise on the estimated position in x can
be seen in Figures 6 and 7. This type of noise will
be reduced through �ltering and by taking measure-
ments from additional pseudolites in future experi-
ments.

6 Conclusions

The research presented in this paper has demon-
strated a broad range of objectives: First, we have
established a well-controlled environment in which
to study and develop GPS systems for high-precision
spacecraft rendezvous and capture. Second, we have
experimentally demonstrated that di�erential carrier
phase GPS can achieve the accuracies and bandwidth
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Figure 8: Double Di�erenced Phases

necessary to provide relative position measurements
for closed-loop real-time control. Finally, we have
presented the novel concept of applying GPS to con-
trol indoor systems. This has been achieved through
modi�cation of the fundamental theory and with only
slight modi�cations to the software of o�-the-shelf
GPS receiver technology. The critical di�erences be-
tween indoor and outdoor GPS systems have been
identi�ed and several critical issues have been re-
solved.
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