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Abstract

A new attitude sensor is proposed that consists of a
single global positioning system (GPS) antenna
mounted on a turntable with its phase center offset
from the turntabl€'s spin axis. It isbeing considered as
a means of sensing 3-axis attitude information. It is
attractive because its GPS receiver could have a low
number of channels and, therefore, be smaller and use
less power. The system senses attitude by
demodulation of periodic oscillations of the GPS
carrier phase. These oscillations are caused by the
turntable’s rotation, and their amplitude and phase
depend on the direction vector to the tracked GPS
satellite.  This system is described in detail, its
demodulation phase-locked loop is designed, and its
performance is analyzed and evaluated via simulation.
The computer simulation results show that, when using
a turntable radius of 0.1 m, a rotation rate of 4,000
RPM, and an ovenized crysta oscillator for the
receiver clock, the system can sense vector attitude
with a 1-s accuracy of 1.4 deg at a bandwidth of 0.64
Hz. Accuracy can be improved by increasing the
turntable radius or by reducing multi-path reflections.

Introduction

Many different air, space, and marine vehicles need
a 3-axis dtitude determination system, and various
types of sensor data can be used to determine the roll,
pitch, and yaw orientations. The measured carrier
phase of a Global Positioning System (GPS) signal is
one such datatype™.

Attitude sensing based on GPS signals is attractive
for several reasons. Oneis that a GPS receiver often
is already part of a system because of its ability to
sense position and velocity. If it can be made to sense
atitude, then there will be a weight and power savings
for the overall system because no additiona attitude
sensors will be needed. Alternatively, a GPS-based
system can provide attitude determination redundancy.
Yet a third attractive feature of GPS-based attitude
sensing is the continuous availability of its signal. In
low-Earth-orbit spacecraft applications, attitude data
from sun sensors and from horizon sensors may not be
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continuously available 2, but a well designed GPS-
based system will not have this problem.

The standard GPS-based attitude sensing method
uses multiple GPS antennas that are spatialy
distributed on the user vehicle. The receiver measures
the carrier phase differences of the signal from a given
GPS satellite. Each phase difference between an
antenna pair gives the cosine of the angle between the
vector to the GPS satellite and the vector from one
antenna to the other. The former vector is known in
inertial coordinates; the latter vector is known in
vehicle body coordinates. Given enough of these
cosine measurements, the full 3-axis attitude of the
vehicle can be determined. The minimum number of
receiver antennas is 3, and the minimum number of
received GPS signalsis 2 ™.

There are several difficulties with the standard
approach.  One is the need to resolve phase
ambiguities, which are integer cycle uncertainties in
the carrier phase differences. Another problem is that
the receiver may need to have many channels, one per
antenna per satellite. A system that uses 4 antenna to
track 6 GPS satellites might require 24 channels. This
can require a high processor speed, which can increase
the receiver's weight and power consumption. Yet a
third problem with the traditional approach is that
cosine-type attitude measurements are more difficult
to use in a full 3-axis solution procedure than are
vector-type measurements >,

Alternate schemes have been pursued for doing
GPS-based attitude determination using fewer than 3
antennas *°.  The idea of Ref. 4 is to compute a
pseudo-attitude based on the usua relationships
between acceleration, velocity, and attitude for an
aircraft. References5 and 6 use two GPS antennas that
are mounted on a spinning satellite. Their approach
makes use of the known dynamics of a spinning,
nutating spacecraft and deduces 3-axis attitude and
attitude rate from the carrier phase differences
between the signals that are received at the two
antennas.

The present work presents a new way to use asingle
GPS antenna to sense 3 axis attitude information. A
patch-type antenna is mounted on a spinning turntable.
Its phase center is mounted off-axis, so that it
translates around a circle as the turntable rotates. Its
field of view is centered on the turntable€'s rotation axis
so that its geometric gain pattern's inertial orientation
does not vary significantly with table rotation. Figure



1 isaschematic depiction of this system.
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Fig. 1. Measurement geometry for attitude sensing
based on a GPS antenna mounted on a
turntable.

This system senses attitude by measuring a
sinusoidal phase modulation of the GPS carrier signal.
The circular motion of the antennas phase center
causes a received GPS signal's carrier phase to have a
sinusoidally varying component because the motion
creates sinusoidal variations of the distance from the
antenna to the GPS satellite. This is effectively an
FM-type component. The frequency of this
modulation equals the rotation frequency of the table.
The amplitude and phase of the modulation can be
deduced by a specially designed phase-locked loop in
the receiver. This amplitude and phase are uniquely
related to the orientation, in table coordinates, of the
vector to the GPS satellite. Therefore, this system
provides vector-type attitude measurements. A similar
concept has been used in the field of radio direction
finding ’.

This system is related to the 2-antenna systems of
Refs. 5 and 6. Those systems and the present system
each make use of circular motion of antenna phase
centersin order to sense attitude. Attitude information
is derived from time variations of GPS carrier phase
signals.

There are some significant differences between the
present system and those of Refs. 5 and 6. The present
system does not rely on the spin of the vehicle to

create antenna motion. References 5 and 6 depend on
having a good attitude dynamics model of the vehicle,
but the present system does not need any such model
so long as the attitude variations are not of too high a
bandwidth. The systems of Refs. 5 and 6 use two
antennas, but the present system uses only one. The
present system can achieve arelatively high-bandwidth,
on the order of 1 Hz. Attitude information is derived
within the phase-locked loop that the receiver uses to
track the GPS carrier signal. The systems of Ref. 5
and 6, on the other hand, have very low bandwidths —
Ref. 6 requires data batches of 50 to 400 sec in
duration in order to deduce attitude.

This new system has been considered because it has
several important advantages.  First, it can provide
enough data to determine 3-axis attitude by tracking
only 2 GPS satellites, which requires only 2 receiver
channels.  Second, this system does not require
resolution of integer phase cycle ambiguities because
attitude is sensed from the time history of the carrier
phase of a single antenna, not from phase differences
between multiple antenna.  Third, this system can be
built mostly out of existing hardware. The necessary
hardware includes a receiver whose phase-locked
loops can be re-programmed and turntables of
appropriate diameter and speed. In fact, there exist
open-architecture GPS receivers whose tracking loops
can be re-programmed 8, and there exist suitable
turntables, ones which are aready being used on
spacecraft to provide attitude sensing while
simultaneously augmenting the pitch-axis angular
momentum °.

This paper's 5 main sections accomplish its goals
of defining, explaining, and evaluating this new system.
Section 2 defines the system's hardware configuration.
Section 3 explains what its measurements are and how
these are related to attitude. Section 4 designs and
analyzes a phase-locked loop that is used to
demodulate the attitude information.  Section 5
describes a simulation that has been used to evaluate
the system's performance. Simulation results are
presented in Section 6 along with analysis results. The
paper closes with a short conclusions section that
summarizes its contributions.

I1. Description of System Har dware Components

This section describes the basic hardware
requirements for the design of the system that is
depicted schematically in Fig. 1. As stated above, the
system needs a turntable, a GPS antenna mounted on
the turntable, and a receiver that is connected to that
antenna.  In addition, the turntable needs to have a
speed controller, and it needs to have an encoder so
that the turntabl€e's rotational phase, y. on Fig. 1, is



always available to the receiver.

The turntable is envisioned as being like a typical
spacecraft scan whed that is used for simultaneous
pitch axis momentum augmentation and horizon
sensing °. Its diameter would be on the order of 0.25
m, and it would be able to rotate at speeds up to 4,000
RPM. Slower turntable speeds are acceptable, and
larger turntable diameters will tend to increase the
system’s accuracy, but these numbers have been used
as baselines because they are typica of hardware that
is currently used on a number of spacecraft. The
accuracy of the turntable's position encoder is
important. The receiver needs to know y ,(t) in order
to deduce the azimuth of the direction vector to each
tracked GPS satellite, y .. Any erroriny . will trandate
directly into an error in y. Therefore, the required
encoder accuracy is 0.1 deg or better.

The antenna should be a patch-type antenna. These
can be made with a diameter on the order of 0.05 m.
This alows the phase center to be mounted at a
significant distance from the turntable rotation axis.
The nominal mounting radius assumed for this study is
r.=0.1m.

The antenna field of view must be fairly wide, and
its center must be aligned with the turntable’s rotation
axis. Theideaisto have awide enough field of view so
that the system can always see at |east 2 GPS satellites.

System geometry is important in order to get good
signal  reception. The turntable needs to be
cantilevered on its bearings so that the antenna has a
clear view of the sky during the whole rotation cycle.
The turntable should have a ground plane for the
antenng; i.e., its outer face should be a ground plane.
Also, the turntable/antenna system should be mounted
on the user vehicle in a place that minimizes multi-path
interference. It may be a good idea to restrict the
antenna field of view somewhat if that will help to
reduce multi-path signal reception.

The receiver can be a standard receiver asin Ref. 8.
There are three important features that the receiver
must have. Firgt, it must be able to accept turntable
azimuth readings from the turntable encoder and
synchronize them with its correlator accumulations.
Second, it must have a special purpose phase-locked
loop that measures the in-phase and quadrature
components of the turntable-synchronous carrier phase
oscillation. Any open-architecture receiver should be
modifiable to have the requisite phase-locked loop.
Third, if one wants to do 3-axis attitude determination,
then the receiver must have at least 2 channels so that
it can simultaneously track at least 2 GPS satellites.

The final requirement of the hardware design is that
it must transmit the 1575.42 MHz L, signa from the

antenna to the receiver's radio-frequency (RF) front

end without significant loss of signal-to-noise ratio
(SNR). In order to do this, one must transmit the RF
signal across a rotary joint, or one must mount the
receiver on the turntable. Inthe latter case, the system
will have to transmit power to the receiver across the
rotary joint, and the receiver's attitude estimate will

have to get transmitted back across the rotary joint. If

the receiver is not mounted on the turntable, then a
rotary capacitive coupling can be used to transmit the

RF signal acrosstherotary joint.

I11. Measurement Model

The geometry of Fig. 1 can be used to explain why
this system's measurements give attitude. Assume that
the rotating turntable in the figure is mounted on a user
vehicle and that the user vehicle's attitude varies slowly
compared to the rotation speed of the turntable. The
following are the significant geometric and kinematic
features of the system: The xyz coordinate-system is
fixed to the user vehicle. It does not rotate with the
turntable, but its z axis is aligned with the turntable's
rotation axis, and itsx-y plane is the plane in which the
patch antennds phase center moves. The patch
antenna's location in the xyz coordinate system is
defined by the rotation angley . and the radial offset r..
Theturntable rotates at a constant speed w,. Therefore,
y.(t) = wit + y, The GPS satellite's position in the
Xyz coordinate system is defined by its azimuth, vy
dlevation, ¢, and distance from the origin, r.
Typically, r, will be on the order of 0.1 m, whiler , will
be on the order of 26" 10° m. Therefore, (r./r.) << 1.

The user vehicle attitude can be determined if the
receiver can sense y, and g, for two or more GPS
spacecraft that are not collinear with the user vehicle.
The quantitiesy . and g. define the direction to the GPS
spacecraft, Tg, in user vehicle coordinates. Given

knowledge of the user vehicle location, this same
vector is known in inertial coordinates. It is well
known that one can uniquely deduce 3-axis attitude
given knowledge of two or more independent direction
vectors both in vehicle coordinates and in inertial
coordinates °. Thisiswhy the proposed system can be
used to determine the full 3-axis attitude if it can track
2 or more GPS satellites.

In order to understand how to deducey . and g, from
carrier phase measurements, consider the range from
the user antenna to the GPS satellite. From geometry,
the range between the antenna and the satelliteis:

lNas = \/r 52 + ra2 - 2r ¢l €0SQs CO Wt +Y 0 - Y )
@ rs - 13€0805COS(Wat +Y 50 - ¥ s) (1)
where the approximation on the second line of eg. (1)



isvalidfor (r./rg) <<1.

The range to the GPS satellite can be used to
deduce an expression for the received carrier phase. If
W is the transmission frequency of the signal in
radians/sec, then

fot) = wt - ras(t)é;%g + constant

eCyg

= WC t + f DUPP(t) (2)
where f . is the received carrier phase in radians and ¢
isthe speed of light. Theterm f 5,,(t) is the integrated
effect on the carrier phase of the signa's Doppler
shift. An alternate expression for the received carrier
phase can be derived by substituting the 2" line of eq.
(1) into eq. (2):
fo(t) = wet +fo.(t) +X coswat+y 50)

+X.Sin(Wat +Y 40) 3

The term f,,(t) is the Doppler-induced phase
perturbation that would be present if there were no
turntable rotation. This quantity constitutes what is
usualy known as the integrated Doppler shift or the
accumulated deltarange *. The last two terms on the
right-hand side of eq. (3) give the effects on carrier
phase of the turntable's rotation. The coefficients x.
and x, are

Wer
— lcosqscosy ] (49)

%[cosqs siny (] (4b)
c

The quantities y . and g. can be deduced from egs.
(44) and (4b). Suppose that r, is known and that x. and
X, have been measured by the receiver — Section 4 of
this paper will show how to do this. Then the only
unknowns in egs. (4a) and (4b) arey . and g, and these
equations can be inverted to yield the formulas

Yy = arctan2(x, X.) (5a)
gs = arccos[(c,/ xg + xs2 ) (Werg)] (5b)

IV. A Phase-L ocked L oop for Tracking Sinusoidal
Carrier Phase Variations

A coherent GPS receiver uses a phase-locked loop
to reconstruct the carrier phase inside of the receiver.
Figure 2 shows a high-level block diagram of atypical
channel of acoherent GPS receiver *# '3, The RF front
end starts with the signa from the antenna and pre-
amp, Ye(t), and performs band-pass filtering and down-
conversion via mixing. Its output signal, y.(t), has a
nomina intermediate frequency (IF) of w.. The
carrier phase numerically controlled oscillator (NCO)
constructs in-phase and quadrature approximations of
the down-converted carrier signal, cogfwi- t +f .(t)] and
- sinfwie t + f .(t)]. These signals are mixed with y,(t)

to form the base-band in-phase and quadrature signals,
yi(t) and y,(t). The delay-locked loop (DLL) correlates
these signals with a reconstruction of the pseudo-
random (PRN) code of the GPS satellite that is being
tracked, and it adjusts its play-back rate of the PRN
code so as to maximize the correlation. In the process,
the DLL produces in-phase and quadrature
accumulations, I, and Q,, once every PRN code period,
i.e., about once every 0.001 sec. The loop filter of the
phase-locked loop (PLL) wuses the I, and Q,
accumulations to adjust the frequency of the carrier
phase NCO by adjusting w,. (= df /dt). This quantity is
nominally the PLL's estimate of the carrier signal's
Doppler shift because f () is nominally the PLL's
estimate of f o,(1).

In the present system, the PLL's loop filter is
constructed to estimate x. and X, as part of the
procedure by which it computes w,.. Recall from eqg.
(3) that x. and x. are the coefficients of the two
components of the carrier phase that oscillate at the
turntable frequency. The PLL estimates x. and X, as
part of a Kaman filter. In order to develop this
Kaman filter, it is necessary to develop a stochastic
mode! that describes the dynamics of f ,,,(t) and the
effect of f py(t) 0N the measurementsl, and Q..

Carrier Phase M odel
A discrete-time carrier phase model has been
developed. Suppose that the DLL's PRN code cycles

start and end at the sampletimest,, t,, t,, ..., t,, ... Then
the carrier phase dynamic model is
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Inthismodel Dt,, = t, - t,.,. The frequency Wy, isthe
value of df /dt during the time interval t,, to t,. The
state x, = fo, - fr. + Wi, the integrated Doppler shift
due to trandlation of the center of the turntable relative
to the GPS satellite minus the carrier NCO's



approximate integrated Doppler shift plus a term that
arises due to carrier phase wrap-up. Wrap-up is a
combined effect of the signal's polarization and the
antennas attitude rotation about its field-of-view
centerline. Thestatex, = f p,, + W, the Doppler shift
due to the velocity of the turntable center relative to
the GPS satellite plus another carrier phase wrap-up
term. The state X, = f py, the rate of change of
Doppler shift due to the acceleration of the turntable
center relative to the GPS satellite.
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Fig. 2. Block diagram of a single channel of a
coherent GPSreceiver.

The 3" 1 vector w,, in eg. (6a) is the discrete-time
white noise process disturbance. It models the effects
of receiver vehicle maneuvers. It has the following

statistical model!:
E{w,.} =0 (749)
éa 0 O0uy
T _ é U
E{ W W1} = dw Dty é 0 g O a (7b)
g0 O %sé

where d,, is the Kronecker delta and ¢. and q.. are
equivalent continuous-time white noise intensities.
The modeled values of g.and g.. can be used to tune the
resulting Kalman filter.

The model in egs. (6a) and (6b) alows Kaman
filter estimation of both the attitude parameters x. and
X, and the velocity and acceleration of the line-of-sight
from the center of the turntable to the tracked GPS
satellite. The ability to deal with non-zero velocity and
acceleration is obviously important for vehicles. The
ability is also important for static receivers because
the motion of the GPS satellite causes significant
relative velocity and acceleration.

The measurement that is used in the Kalman filter
is derived from the DLL's in-phase and quadrature
accumulations. It is a carier phase error
measurement:

y, = -arctan2(Q, 1) (8)
If the receiver has achieved lock on the signal, then this
measurement can be model ed as the average difference
between the NCO's phase and the actual carrier phase.
The average is taken over the time interval from t,, to
t,:

th
o A Xp (t) + X (t)cos(wat +y 40)
n-1ltp,

+Xs(t)sin(Wat +y g0)ldt  +Vq 9

where v, is a Gaussian random measurement error that

is caused by thermal noise and digitization. Itsmeanis

zero, its variance is svz, and it is uncorrelated in time

and uncorrelated with w, ;.

This measurement can be modeled in terms of the
state vector of eq. (6a). The following measurement
eguation has been derived by substitution into eg. (9)
of the underlying continuous-time model that has been
used to derive eg. (6a):

Yo =

yn -
eXp U
ey u
é Dt,., Dt aeva
(?1 n-1 n-1 Ce(n-1) Cs(n- 1)U €Xa U
8 2 6 é u
X
evcu
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€Dty 1 U
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The coefficientsin eq. (10) are

_ esinW,ty +Y 50) - SINWatpy 1 +y ao)g

Cc(n-l) - € (1161)
e Wa Dt g 1]
_ écos(Wyty+Y 40) - COSWaty. 1+Y 50)U
Cuny = - & atn™y a0 aln-1"Y a0 LJ (11b)
é WaDtp- 1 a
éCqrn. 1y - SIN(w, t, + U
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8 WaDtn. 1 q]
éC. .1y - cos(w,t + U
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The discrete-time model in egs. (6a) and (10) takes
the following form:
X, = FoiXox + G Weenyy + Gty Wt (129)
Yo = CuiXos + Dot Wignyy + Dugryy Woa + (12b)
The 5" 1 state vector in this model is X = [X,, X, X Xe,
x]'. The matrices F.,, G, and G, are effectively
defined by eg. (6a), and the matrices C,,, D,.,, and Dy
are defined by eq. (10).



This timevarying system's 5 5 observability
Gramian matrix has been calculated for one turntable
rotation period. It has a rank of 5, which proves the
system's observability **. Therefore, the system states
can be estimated from the carrier phase error
measurements.

Kalman Filter to Estimate Carrier Phase States

A Kaman filter can be used to estimate the states
of the phase model in egs. (12a) and (12b). The
Kalman filter keeps track of the estimated state vector,
X. It can be implemented via the following combined
propagation and update equations:

\_/n =Y - [Cnl s(n-]_ + Dn-l ere(n-l)] (13a)
Xn = Fui Xno1 + G Wiy + Lo (13b)
In these equations the scalar Vv, is the filter

innovation, and L, isthe 5 1 filter gain matrix.

The filter gain matrix will be time-varying due to
the time variations in the system model. The most
important time variations are the sinusoidal variations
of Cy.yy ad C,,.,), Wwhich are elements of the C,, matrix.
Normally L, would be computed using a time
propagation of a matrix Riccati equation, which, in this
case, would have to be specialy designed to account
for the appearance of the process noise w,, in the
measurement equation **. If the turntable's rotation
rate w, is very slow or if the Kaman filter needs to
have a high bandwidth, then this way of computing L,
will definitely be needed.

In the present case it is sometimes possible to
compute a time varying filter gain without propagating
a matrix Riccati equation. The following filter gain is
approximately optimal when the Kaman filter's
bandwidth islower than the turntabl e rotation speed:

¢ Lpa VY
(S u
L, = éLcch(n-l)L:j (14)

8lesCo(n- 1§

The quantity L, is aconstant 3" 1 steady-state gain
matrix. It can be derived by solving a steady-state,
time-invariant Kalman filter problem. This problem is
for a modified form of egs. (6a) and (10), one that
deletes the states x, and x, and the 2™ and 3 elements
of the process noise disturbance vector w. Also, DX,
isset equal to itsnominal value of 0.001 sec.

The scdar gan L. can be determined by an
averaging technique that solves a time-invariant
Kaman filter problem for an average of the system
over one period of the turntable's rotation, 2p/w,. Such
techniques have been found to work well for periodic
systems whose closed-loop bandwidth is low
compared to the frequency of periodicity *°. Note that,
in the case of a Kalman filter, loop closure refers to

the feeding back of the innovation to correct the state
estimate, as in eg. (13b). L. is the scalar gain that
would be used in the eg.-(13b) form of the steady-state
Kaman filter for the following scalar, time-invariant
problem:

Xesm = Xestny + Wesngy (154q)
Vet = 0.5Xeny + 0.25Wiensy + Ve V2 (15b)
where E{W.qn.y} = 0, E{ Wiy Wesny} = G Qe (0.001
sec), E{Veo} = 0, E{VeanVeso} = o SV, a1 E{Weqy
WVewn} = 0. In this model Wy, is equivalent to the 2™
element of w,, in eq. (6a) and v, is equivalent to v, in
eg. (10). Equation (15a) is equivalent to the fourth line
of eg. (6a), and eg. (15b) is equivaent to eq. (10)
multiplied by C,., and averaged over a turntable
rotation period. Alternatively, wy.,, iS equivaent to
the 3% element of w,, in eq. (6a), and egs. (15a) and
(15b) can be derived by using the fifth line of eq. (6a)
and by multiplying eg. (10) by C,., and averaging over
a turntable period. This technique works because the
filter's error dynamics converge slowly compared to
the turntable rotation period and because

average(CZ 1)) = average(C%,.1)) = 05 while

average(Cy.y) = average(Cy,,) = average(CynyConn) =
0. These facts combine to yield filters for the three
state components [X,, X, XJ, X, and X, that are
approximately decoupled, and the composite gain for
these three filters is well approximated by the form
givenineq. (14).

Use of the Kalman Filter Output to Drive the
Carrier NCO

The phase locked loop needs to feed back vy, the
phase error, to w,, the frequency of the carrier tracking
NCO. The Kaman filter, athough it gives optimal
estimates of the components of the phase error, gives
no guidance on how to pick w,.. Intheory, thefilter can
function properly with an arbitrary w,.. In practice, itis
necessary to choose w,, so as to stabilize y to a value
near zero. Otherwise, cycle slips can occur due to the
2p indeterminacy of eg. (8), or the assumptions of this
whole analysis can break down due to poor PRN code
correlation when the carrier NCO frequency is far
different from the incoming signa’s intermediate
frequency.

The phase-locked loop’ s feedback control law uses
the states of the Kalman filter to determine w,. The
PLL assumes that w,.,, has already been chosen by the
time the Kalman filter's estimate X, is available.

Therefore, it uses X, to determinew,.,, according the

following rule: the predicted value of the phase error at
timet,.. must equal a times the estimated phase error
at timet,, where a is an arbitrary tuning factor for the



PLL that isintherange 0 £ a < 1. This rule is
embodied in the following formula for the NCO
frequency:

Wiy = {- DWW + (1-a) X )

* (Bt Dtns) Xy(ny + 05(DtitDbrs)* Xa( )
+ [COS(W.tn2+Y ) - @ COS(Witi+Y )] Xg( )
+ [S| n(Watn+2+y aO) -a Sl n(Watn+y aO)] &s( n) }/uml

(16)
The Kaman filter and this w,. feedback law
constitute the PLL loop filter that is shown in Fig. 2.
The equations that get implemented in this digital filter
are egs. (8), (13a), (13b), and (16). Equation (8) can
be implemented efficiently and without significant loss
of SNR by using an approximation to the 2-argument
arctangent function.

PLL Tuning

The feedback control law in eg. (16) will cause the
PLL to converge to zero phase error with afirst-order
response. The time constant of this decay will bet,, =
-2(0.001 sec)/In(a). The performance of the Kalman
filter istheoretically independent of the actual value of
this time constant. t, should be chosen small enough
to keep the phase errors from becoming too large, but
not too small, otherwise system noise will cause
excessive jitter of the carrier NCO frequency. A value
of a = 0.8 has been used throughout most of this study,
which translates into a settling time constant of t, =
9 msec.

The overall bandwidth of the PLL is governed by t,
and by the error decay time constants of the Kalman
filter. These latter time constants are determined by
the Kalman filter gain parametersL,. and L. When t,
is smal, the effective bandwidth of the PLL is
governed primarily by the values of the Kalman filter
gains.

Dealing with GPS Data Bits

An actua system must be able to deal with phase
shifts that occur due to the transmission of data bits.
In a real GPS system, data bits are encoded on the
signa at a rate of 50 bhits/sec. This introduces the
possibility of 180 deg phase shifts of f ,, Once every
20 PRN code periods. Extralogic is needed in areal
receiver to avoid the possibility that the PLL will
interpret such a phase shift as a change of f ,,, due to
an actual Doppler shift. The necessary logic is not
hard to implement if the receiver is already tracking a
signa that has a large SNR. The problem becomes
trickier when one is trying to achieve phase lock on a
signal that has a low SNR. The problem of data bit
logic is not addressed in the present paper.

V. Simulation of the GPS Signal and the Rotating
Antenna/Receiver System

A simulation of this system has been developed. It
is for use in evaluating the system’s functioning and
accuracy. The simulation includes the following
components: the PRN-code-modulated signals of the
tracked GPS satellite and of interfering satellites, the
thermal and digitization noise of the receiver, the
receiver clock drift, the down-converting mixers and
band-pass filters of the RF front end, the carrier NCO,
mixers, and loop filter of the PLL, and the PRN code
NCO, correlators, and loop filter of the DLL. The
simulation implements time-domain models of the
system’ s major elements.

Thermal and digitization noise typically arise from
different elements within a circuit, but the simulation
lumps al of the noise at the receiver input and
characterizes it by an equivaent total input noise
temperature. The receiver noise temperature in the
simulation has been sized to match what has been
observed experimentally in a terrestrial application.
This experiment used a typica receiver ®, a patch
antenna with a hemispherical gain pattern, and a low-
noise preamplifier. The system's front end had a gain
of 31 dB and a noise figure of 2.5 dB as measured
from the antenna input to the receiver input.

Most of the RF signals in the simulation are
represented by their complex envelopes. A complex
envelop representation takes the form:

y(t) = real{ s,(t)e’"'} (17)
wherey,(t) is a band-limited signal in a frequency band
centered at the carrier frequency w, s(t) is the base-

band complex envelop of y(t), and j = J-1. Itcanbe
shown that any band-limited signal can be represented
in this way, and it is straightforward to mode the
effects of mixers and band-pass filters on a signal's
complex envelop representation *°.

GPS Signal Model. The simulation starts by
constructing a complex envelop representation of the
incoming GPS signal. Each GPS satellite signal
consists of asine wave that is Doppler shifted from the
nominal 1575.42 MHz L, carrier frequency and that
has its pseudo-random code modulated onto it via
binary phase-shift keying. Suppose that the incoming
signal is ye(t) and that its complex envelop is s«(t),
similar to eq. (17). Then the center frequency is w =
W, = 2p 1575.42  10° rad/sec, and the complex
envelopis

S(t) = ,gl{Aic‘ [t O1XPL bopp O]} + Vsl (18)

The i superscript in this equation refers to GPS



satellite i. The amplitude Al sets the signal power.
The function C'(t) is the satellite'’s +1 pseudo-

random code, and t (t) is the pseudo-random code
phase measured in code seconds. The PRN code
repeats itself with a period of Dt = 0.001 code sec.

The quantity flijopp(t) is the integrated Doppler shift
of the carrier signal. Note that t '(t) =t +
[f bopp(D) /W] + constant.  The signd vi(t) is a
complex envelop representation of the equivalent total
thermal and digitization noise of the antenna plus the
receiver. The simulation only attempts to track one of

the GPS satellite signals. The others are included to
simulate multi-channel interference.

Each f IiDopp (t) time history is determined from the

GPS satellite range time history and the table rotation
time history according to the following formulas,
which are consistent with egs. (1) and (2):

f bopp(t) = constant - (w/c)-

JIr L0124 12 - 2r L(t)r, cosql cos(wat +y a0 -y 5)
(19)
where

ri) = rly + rit+ 05rle (20)

r & istheinitia distance from the turntable center to

GPS satellitei, r iso isthe initial range rate, and r'S is
the range accel eration.
The simulation assumes that each GPS satellite has

anonzero initial line-of-sight velocity, r iso , and anon-

zero line-of-sight acceleration, r'S The initial line-

of-sight rates have been chosen randomly to fall in the
range + 8,600 m/sec, which is consistent with the
possible range of relative velocities for a user satellite
inlow Earth orbit. The line-of-sight accelerations have
been chosen randomly to fall in the range 5 ¢'s.
Although this large range for the accelerations is
probably excessive, it serves to make the point that
large accelerations do not adversely affect the system's
performance.

The simulation uses the actual GPS C/A pseudo-
random codes. They are generated by computer code
that emulates simple feedback shift registers®’.

The simulation uses a sampled version of the signal.
If the sample interva is defined to be Dt,,, then the
sampled signal is
Sem = See(MDhgy)

& {ACt mDtamlentt bop(mtsm)

+ Veen (21)
where mis the sample index and Vi, is a sampled-data
version of the RF noise model.

The nomina sample period that has been used is
Dty = 81.46 nanosec. This yields 12 samples per
pseudo-random code chip, which is adequate to
represent the digital code signals C'(t ) . The sampling
frequency is 1/Dt,, = 12.3 MHz. This is significantly
more than twice the 1 MHz bandwidth of the
intermediate RF signal that comes out of each
receiver’s RF front end, yi(t), which implies that this
sample period is adequately small.

The thermal/digitization noise model is represented
by the discrete-time Gaussian white-noise sequence
Ve Veeay Vee@y - Veeans -+ TS Standard deviation is

Swe = KT / Dgim (22)

where k is Boltzmann's constant and T.. is the
equivalent input noise temperature of the receiver in
degrees Kelvin. The discrete-time noise sequence is
then

Mo = Snoe [Meeam + [Minagen] (23)
In this model N, and Ny are both real, zero-mean,
unit-variance, uncorrelated discrete-time white-noise
processes, which are simulated by a random number
generator.

One significant error source has been neglected in
this simulation model, multi-path noise. It has been
neglected because it is too difficult to model. It is
best studied via experiment. For completeness sake,
however, a later section of this paper estimates the
magnitude of multi-path-induced attitude measurement
errors.

Complex Envelop Simulation of the Receiver’'s
RF Front End. The RF front end of the receiver is
modeled by 3 stages of band-pass filtering that
dternate with two stages of mixing. It produces a
signa yi(t) whose intermediate frequency is nominally
3.636 MHz and whose bandwidth is approximately 1
MHz. The mixers and filters are modeled by
appropriate band-pass modeling techniques®. The last
band-pass filter model, the one with a 1 MHz
bandwidth, has a 5-pole complex envelop
representation. Its 5 poles fal in an asymmetrical
Butterworth-like pattern. Its model matches
experimental frequency response data from an actual
filter.

PLL and DLL Simulation. This section describes
the simulation of everything that is downstream of the
RF front-end: the in-phase and quadrature mixers, the
DLL, the PLL's loop filter, and the carrier NCO. The
input to this part of the simulation is y.(t), the
intermediate frequency signa that comes out of the



receiver’s RF front end —review Fig. 2.

This part of the simulation bases its calculations on
time intervals, each of which corresponds to the
receiver's estimate of a distinct period of the PRN
code of the tracked satellite. The boundaries of these
timeintervas are t,, t,, t,, ..., t,, ... At these sample
times the receiver’s estimated code phase is always an
integer multiple of the nominal code period of 0.001
sec.;i.e, f(t,) = n 0.001, where f'(t) isthe DLL’s
estimated code phase at timet.

This part of the simulation works entirely with real
signals. Before mixing the signal to base-band, it uses
the complex envelop s.(t) to compute the actual signal
that comes out of the RF front-end: y.(t) =

real{ s (t)e/WIF 1.

The next operation is the generation of the outputs
of thein-phase and quadrature carrier mixers. They are
Yi () = COSWirt + Wigyy (t=101) +Frenn] Yie(t)

fort,,£t<t,
Yo(t) = - SiN[Wiet + W (t=t) +Foon] Vie(t)

fort,Et<t, (24b)
The value w;. = 2p” 3.636" 10° rad/sec is used as the
nomina mixing frequency.

The next part of the simulation models the PRN
code play-back NCO, the code mixers, and the
integrate-and-dump accumulators. Asfar asthe PLL is
concerned, these actions effectively perform the
following calculations to determine the in-phase and
quadrature accumul ations:

Ty oK (t)]go'f o

(24a)

(259)

lo =

0.001, ;

Q= —L ool (t)]8 Hdt (25b)

0.001; -
where the PRN code, C[t], and the estimated code
phase, t(t), both correspond to the tracked GPS
satellite. The actua caculations are digita
summations that approximate these integrals. The
summations break the integration intervals up into
10230 sub-intervals and perform Euler integration.

The simulation also emulatesaDLL. Thisinvolves
the calculation of early and late accumulations, similar
to egs. (25a) and (25b) but with offsets of { . Another
part of the DLL simulation is a carrier-aided
proportional feedback control law that adjusts df /dt
of its PRN play-back NCO. The goa of this feedback
controller is to align t (t) with the actual t(t) of the

received signal's code. The control law is
Wni15 = Xv(n)"'(]-5Dt )Xa(n)
+Wa{- Xc(n) sin[wa (th +1.5Dty) +Y o]

+Xg(n) COS[W, (tn +1.5Dt,) +y 0]} (268)

édta  _ . . + Whas
Sat ﬂ1+1 =1+ Ky (t-f), W,

Ko is the proportional gain. A value of 2p has been
used for Ky, which corresponds to a 1 Hz bandwidth
for the DLL. The code phase error term, (-t ), is
computed from the difference between early and late
accumulations for the time interval t,, to t,. This type
of computation is described in Ref. 12. The last term
on the right-hand side of eq. (26b) is the carrier aiding
term; W,.15 is a prediction of what the signa's

average Doppler shift will be during the time interval
fromt,., tot,..

The simulation's PLL loop filter calculations have
already been described in Section IV. They aregivenin
egs. (8), (13a), (13b), and (16).

The effects of receiver clock errors have been
incorporated using a two-state drift model from Ref.
18. The states are dt,, the time error, and df,, the
fractional frequency error. Their dynamic models are:
df,. = df. + w, and df,c = W,.. The white noise
processes w,. and W, drive the drift with intensities
E{w. ()W, (t)} = 0.5hd(t-t) and E{w, ()wy(t)} =
2p°h.d(t-t). The constants h, and h., define the level
of drift. Thisclock drift model impacts the rest of the
simulation through eg. (8). The average value of the
quantity w,dt,. during the accumulation interval from t,,
to t, gets subtracted from the right-hand side of eqg. (8).
This models the effect of receiver clock drift on the
PLL's measurement of the carrier phase error.

The simulation operates iteratively and must be
initialized. It processes one PRN code period interval
a atime, and it uses some of the outputs from the
interva t,, tot, asthe inputsto the interval t, to t,... In
order to initialize the process, the simulation needs to
start with guesses of the Kalman filter state, X, the
NCO phasg, f .., the estimated PRN code phase, { , the
PLL's NCO rate, w,, and the DLL's NCO rate, df /dt.
In order to achieve lock, these guesses need to be
fairly accurate. Any real receiver has a start-up mode
that searches to find good initia guesses for such
quantities. After the search is complete, the receiver
locks onto the GPS signal and tracksit for along time.
The system's acquisition-mode performance does not
impact its accuracy during this steady-state period.
Therefore, fairly good first guesses of the above
quantities have been used, and the issue of signa
acquisition has not been considered in the present

study.

(26h)



VI. Evaluation of Attitude Sensing Performance

The simulation and miscellaneous analyses have
been used to evaluate the attitude sensing accuracy of
the system. There are a number of issues that have
been investigated in order to determine the system's
expected performance. Thermal and digitization noise,
interference from other GPS satellites, receiver clock
drift, and receiver distortion all might cause attitude
sensing errors. The amount by which these effects
degrade accuracy needs to be investigated. Some of
these errors can be reduced by reducing the attitude
sensing bandwidth, and the relationship between
bandwidth and accuracy must be determined. Other
system parameters that may affect accuracy are
turntable rotation speed, w,, antenna mounting radius,
r., and the elevation angle of the tracked GPS satellite
above the turntable's plane of rotation, . These
parameters' effects al'so need to be investigated. Also
at issue is whether the system can distinguish small
periodic integrated Doppler shift variations that ride on
top of the Doppler shifts that are caused by large line-
of-sight velocities and accel erations.

An example case has been evaluated using the
simulation. It is characterized by the following
parameters. The antenna mounting radiusisr, = 0.1 m,
and the turntable speed is w, = 419 rad/sec (4000
RPM). The tracked GPS satellite has an elevation
angle of g, = p/4 rad (45 deg). Thethermal/digitization
noise level of the antenna and receiver combine with
the level of the received signal’'s power to yield an SNR
of 18 dB for the I, and Q, accumulator outputs. This
SNR level corresponds to a 7.2-deg RMS phase
measurement noise at the 1000 Hz sampling
frequency. The clock drift parameters are those of a
representative ovenized crystal oscillator: h, = 2" 10%
sec and h, = 6.1" 10%)/sec. The gain for the attitude
sensing part of the Kalman filter is L., = 0.008, which
yields a 0.64 Hz attitude sensing bandwidth. The filter
gain component L. equals [0.0426, 0.9135, 9.7869]".
This produces a 3.4 Hz velocity/acceleration
determination bandwidth, and the characteristic values
of this part of the Kaman filter form a 3-pole
Butterworth  pattern. The initial velocity and
acceleration of the line of sight from the turntable
center to the tracked GPS satellite are rgy = 6000
m/sec and ¢ = 50 m/sec® (5 g's). The tracked
satellite transmits PRN code number 8. There are 8
interfering GPS satellites, all with the same received
power level as the tracked satellite. These interfering
signals reduce the SNR at thel, and Q, outputs by 1 dB.

Figure 3 shows the estimation errors for g, (solid
line) andy . (dash-dotted line) for this case. During the

10

first half second of the simulation the Kalman filter
converges from initial errors. Afterwards, it settles
into a steady state. Both angles have steady-state RMS
errors of 0.2 deg and peak steady-state errors of about
0.6 deg. Thisisrelatively coarse attitude accuracy.

1

—— Elevation Error

——-- Azimuth Error

Attitud Error (deg)

Time (sec)

Fig. 3. Attitude estimation errorsfor a typical case.

In order to explore system accuracy in various
situations, it is helpful to parameterize the attitude in
terms of the unit direction vector to the tracked GPS
spacecraft, T5. One can use x, and X, to directly
calculate this vector. Equations (4a) and (4b) and the
geometry of Fig. 1 imply that

e . u
e @o U
é Wela g u
- é c 0 a
's = @ Wela QXS a (27)
¢ 20, L\
€l1-gc 9 (xC +xS)L,J
g Wela g ¢!

The covariance of the T estimation error can be
calculated from the covariance of the x. and X
estimation errors. Suppose that these latter two
quantities’ estimation errors are uncorrelated and that
their standard deviations both equa s... (Thisisagood
approximation for the Kalman filter whose gain is
given in eg. (14) if the turntable rotation speed is high
enough.) Then the Ty vector's (linearized) estimation
error covariance matrix is

E [fs( est) ™ Fs( actual) Il IA’s( est)” Fs( actual) I =

(28)
@
where ?y =[-siny, cosy ,, 0]" and Fq =[-cosy sing,, -

siny sing,, cosq]’ are orthogonal unit vectors in the



directions of locally increasing y , and q., respectively.

Equation (28) gives the key to understanding the
effects on the system's accuracy of various design
parameters. The directional standard deviations for T
estimation errors are:

csC O 1

SeI = . (29a)
Wela gSingg

s, = @2cto (29b)
Wela @

wheres,, is measured in the elevation direction and s.,
is measured in the azimutha direction. The
simulations and analyses have shown that s, the
standard deviation of x. and X, depends only on the
filter's bandwidth and the input signal-to-noise ratio for
the channel. The quantities ¢ and w, are fixed
parameters. Therefore, the only ways to affect system
accuracy are to change the antenna mounting radius on
the turntable, r,, the bandwidth of thefilter, or the input
signal-to-noise ratio of the receiver/antenna system.

Equation (29a) says that the elevation accuracy
increases with increasing elevation, reaching its
maximum when g, = 90 deg. At g. = O deg the
elevation standard deviation goes to infinity. In other
words, the best vector attitude sensing geometry
occurs when the tracked GPS satellite is lined up on
the turntable's rotation axis, and the worst geometry
occurs when the tracked satellite is in the turntable
plane—review Fig. 1.

There is obviously a lower bound on the useable
elevation window if one wants to get a reasonable
vector attitude measurement from the system.
Elevations down as low as g, = 45 deg are certainly
useable, as demonstrated by the resultsin Fig. 3. At 45
deg, the RMS elevation error isonly 41% larger than it
isat g.= 90 deg.

A full 3-axis attitude solution requires that the
system track 2 or more non-collinear GPS satellites.
Therefore, at least some of the tracked GPS satellites
must have elevations significantly below 90 deg. This
requirement should not present a problem. In fact, it
would be acceptable to track a satellite with very low
turntable-relative elevation if azimuth information was
the only information which was needed from that
satellite.

The simulation results have borne out this analysis.
When r, is increased, attitude errors decrease
proportionately. When g isincreased, elevation errors
decrease as l/sing. The use of different turntable
speeds does not affect attitude error, to a certain point,
if one uses an ovenized crystal oscillator with stability
characteristics like those that have been used in the
Fig-3 example. Turntable speeds as low as 105
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rad/sec. (1000 RPM) have been simulated without
changing any other parameters, and the system's
performance has been virtualy unchanged. Of course,
if very low turntable speeds are used, then the attitude
error will be affected, either because of excessive
receiver clock drift or because of violation of the
bandwidth assumption that is associated with the
periodic Kalman filter gain approximation in eq. (14).

The effect of receiver clock stability has been
investigated. The example that produced Fig. 3 has
been re-run with a less stable receiver clock, one
whose drift model is characterized by the parameters
hy = 2710™ sec and h, = 2°10%%sec.  This
corresponds to a temperature-compensated crystal
oscillator 8. The attitude determination performance
deteriorates significantly in this case. The RMS
elevation and azimuth errors increase to 0.5 deg.
Furthermore, the system sensitivity to rotor speed
increases when this poorer receiver clock is used. If
the wheel speed is decreased from 4,000 RPM to
1,000 RPM, then the RMS attitude errors increase to
about 1.5 deg.

It should be noted at this point that thereis away to
estimate and compensate for the effects of receiver
clock errors. The method relies on attitude data from
3 or more GPS satellites that are in a suitable
geometric relationship. The receiver-clock-induced
errorsin X, and X are the same for all tracked

satellites. They can be estimated by comparing the
measured angles between the vectors to the tracked
GPS satellites with the known values for these angles
based on ephemerides. This technique is analogous to
the standard receiver clock correction that is used in
the GPS navigation solution. The full analysis of this
technique is not given here because it is beyond the
scope of this paper.

The simulation results show that performance is
insensitive to several environmental and system
disturbances. Interference from other GPS satellites
does not significantly affect performance at practically
achievable SNRs. Receiver distortion in the RF front
end also haslittle effect. The attitude sensing accuracy
does not degrade if large Doppler shifts and Doppler
shift rates get induced by large velocities and
accel erations of the turntable’ s center.

Attitude sensing accuracy can be increased by
lowering the filter bandwidth or by raising the SNR. A
simple calculation shows that s, scales as the square
root of filter bandwidth divided by signal-to-noise
ratio, and the simulation results have borne this out.

Suppose that one wanted to improve the accuracy of
the case associated with Fig. 3. Suppose that the
accuracy goal was to reduce the RMS elevation error



to 0.03 deg. Recal that Fig. 3 shows a steady-state
RMS elevation error of 0.2 deg and that the attitude
sensing filter bandwidth is 0.64 Hz. The filter
bandwidth would have to be reduced to 0.014 Hz in
order to meet the 0.03 deg accuracy goal. Such afilter
would have an effective delay of 11 sec when operating
on a dynamically varying attitude signal, which would
be unacceptable performance in many situations. The
filter associated with Fig. 3 has a delay of only 0.25
sec. If one wanted to make the same accuracy
improvement via reduction of receiver noise, then an
increase of 16 dB in the SNR would be needed. Such
anincreaseis probably not feasible.

Another way to increase accuracy is to lower the
filter bandwidth while augmenting the attitude
determination system with an inertia attitude
measurement. One could add atuning-fork rate gyroin
order to get acceptable bandwidth with respect to real
dynamic attitude variations while simultaneously
lowering the bandwidth of the GPS part of the system.
This type of approach has been tried successfully with
a multi-antenna-based GPS attitude sensing system *°,
and it would probably work well with the rotating-
antenna system. Such an approach would work best if
the attitude determination Kalman filter were coupled
to thereceiver’sPLL.

There may be a practical way to increase accuracy
by drastically increasing the mounting radius of the
antenna, r.. There are practical limitations to the size
of a physical turntable, but these limitations can be
overcome if one electrically simulates an antennaon a
turntable. One way to do this would be to mount a
large ring of patch antennas on the user vehicle. An RF
switching circuit would connect them to the receiver
one at atime. The sequence of connection would
follow acircular path, which would synthesize circular
motion of the phase center of asingle antenna. Thisis
one of the methods described in Ref. 7 for radio
direction finding. Note that it should be possible to
use distorted circular patterns. Such a mounting
pattern might be more easily realizable due to antenna
location constraints on areal vehicle. If the mounting
pattern is not exactly circular, then the receiver's PLL
will have to be modified to account for the distortion.

One might protest that such a design would be a
reversion to the original multi-antenna approach. On
one level this is true, but such a system would retain
the advantage of not needing many receiver channels.
Furthermore, if the neighboring antennas were close
enough to each other, then the system would not need
to resolve integer ambiguities, yet it would have the
advantages of along baseline. Of course, this approach
assumes that it is practica to mount many patch
antennas and a number of RF switches on the user
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vehicle.

It should be noted that, in some sense, this paper's
new system is equivalent to the original multi-antenna
GPS dtitude sensing scheme. Instead of using
multiple antennas, it uses one antenna at multiple
locations. Although this scheme has several
advantages, it retains some of the basic limitations of
the multi-antenna system.  The most important
common limitation is that both systems accuracies
vary in the same way with bandwidth and with antenna
baseline length (r.).

This analogy allows one to make a rough estimate
of the impact of multi-path errors on accuracy. Multi-
path has been found to induce 0.005 m RMS
differential carrier phase ranging errors between pairs
of static antennas *. It is reasonable to suppose that
this differential error magnitude will hold true for the
present system's single antenna if the difference is
taken between times when the antenna is on opposite
sides of itscircular path. In this case, the attitude error
will be 0.005m/(2r,) radians. For r, = 0.1 m this
translates into an RM S attitude error of 1.4 deg. Thus,
multi-path error will dominate all other error sources
unless the system uses a low-stability oscillator in its
receiver and a low turntable speed. Multi-path errors
can be reduced by increasing, r., the mounting radius of
the antenna.

Conclusions

A system that senses vector attitude information
using a single GPS antenna has been proposed and
anadyzed. The antenna is mounted on a turntable with
its phase center offset from the rotation axis. The
resulting circular motion causes periodic phase
modulation of the received GPS carrier signal. This
periodic modulation can be detected by using a special
loop filter in the receiver's carrier tracking phase-
locked loop. The amplitude and phase of the
modulation can be used to deduce the direction vector
to the tracked GPS satellite in receiver vehicle
coordinates. This vector measurement is an attitude
measurement, and two such vector measurements are
sufficient to determine the 3-axis attitude of the user
vehicle.

The proposed system has been analyzed, and it has
been evaluated using atime-domain simulation. A 1-s
accuracy of 1.4 deg has been demonstrated for a
system that uses a 0.1 m antenna mounting radius, a
4,000 RPM turntable speed, an ovenized crysta
oscillator for its receiver clock, and a 0.64 Hz phase-
locked loop bandwidth. The attitude error standard
deviation is inversely proportional to the antenna
mounting radius. The accuracy is essentialy
independent of the turntable rotation speed if that



speed is significantly larger than the sensor's
bandwidth and if the receiver clock is sufficiently
stable. The dominant error source in the system
comes from multi-path reflections.
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