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Attitude Sensing Using a Global-Positioning-System
Antenna on a Turntable
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A new attitude sensor is proposed that uses a single global positioning system (GPS) antenna mounted on a
turntable with its phase center offset from the turntable’s spin axis. It is being considered as a means of sensing
three-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 4000 rpm, and an ovenized crystal
oscillator for the receiver clock, the system can sense vector attitude with a 1-o accuracy of 1.4 deg at a bandwidth
of 0.64 Hz. Accuracy can be improved by increasing the turntable radius or by reducing multipath reflections.

I. Introduction

ANY different air, space, and marine vehicles need a three-

axis attitude determination system, and various types of sen-
sor datacan be used to determineroll, pitch, and yaw. The measured
carrier phase of a global positioningsystem (GPS) signalis one such
data type.!

Attitude sensing based on GPS signals is attractive for several
reasons. One is 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 attitude, then there will be a weight and power savings
for the overall system because no additional 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 applications, attitude data from sun sensors and
horizon sensors may not be continuously available? 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 spatially 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 three-axis attitude of the vehicle can be determined.!

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 antennas to track 6 GPS satellites
might require 24 channels. This can require a high processorspeed,
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 three-axis
solution procedure than are vector-type measurements.’

Alternate schemes have been pursued for doing GPS-based atti-
tude determination using fewer than the normal minimum of three
antennas*~® The idea of Ref. 4 is to compute a pseudoattitudebased
on the usual relationships between acceleration, velocity, and atti-
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tude for an aircraft. References 5 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 spacecraftand deduces
three-axisattitudeand attituderate from the carrier phase differences
between the two antennas.

The present work presents a new way to use a single GPS antenna
to sense three-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 (FOV) is centered on the turntable’s rotation axis so
that its gain pattern’s inertial orientation does not vary significantly
with table rotation. Figure 1 is a schematic of this system.

This systemsenses attitude by measuring a sinusoidalphase mod-
ulation of the GPS carrier signal. The circular motion of the an-
tenna’s 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
amplitudeand phase of the modulationcanbe deducedby a specially
designed phase-locked loop in the receiver. The amplitude and the
phase are uniquely related to the orientation, in table coordinates,
of the vector to the GPS satellite. Therefore, this system provides
vector-typeattitude measurements. A similar concepthas been used
in the field of radio direction finding.’

This systemisrelated to the two-antennasystems of Refs. 5 and 6.
Those systems and the present system each make use of circular mo-
tion of antenna phase centers to sense attitude. Attitude information
is derived from time variations of GPS carrier phase signals.

There are some significantdifferencesbetweenthe presentsystem
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 a relatively 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 Refs. 5 and 6, on the other hand, have very low
bandwidths; Ref. 6 requires data batches of 50-400 s in duration to
deduce attitude.

This new system has been considered because it has several im-
portant advantages. First, it can provide enough data to determine
three-axis attitude by tracking only two GPS satellites, which re-
quires only two receiver channels. Second, this system does not
require resolution of integer phase cycle ambiguities because atti-
tude is sensed from the time history of the carrier phase of a single
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Fig. 1 Measurement geometry for attitude sensing based on a GPS
antenna mounted on a turntable.

antenna, not from phase differences between multiple antennas.
Third, this system can be built mostly out of existing hardware.
The necessary hardware includes a receiver whose phase-locked
loops can be reprogrammed and a turntable of appropriate diame-
ter and speed. In fact, there exist open-architecture GPS receivers
whose tracking loops can be reprogrammed.? and there exist suit-
able turntables that are already being used on spacecraft to provide
attitude sensing while simultaneouslyaugmenting the pitch-axisan-
gular momentum.’

This paper’s five main sections accomplish its goals of defin-
ing, explaining, and evaluating this new system. Section II defines
the system’s hardware configuration. Section III explains what its
measurements are and how these are related to attitude. Section IV
designs and analyzes a phase-locked loop that is used to demodu-
late the attitude information. Section V describes a simulation that
has been used to evaluate the system’s performance. Simulation re-
sults are presentedin Sec. VI along with analysisresults. The paper
closes with a short conclusionssection that summarizesits contribu-
tions.

II. Description of System Hardware Components

This section describes the basic hardware requirements for the
design of the system. It uses 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 turntable’s rotational phase v,
(Fig. 1) is always available to the receiver.

The turntableis envisioned as being like a typical spacecraftscan
wheel that is used for simultaneous pitch axis momentum augmen-
tation 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 4000 rpm.
Slower turntable speeds are acceptable, and larger turntable diame-
ters will tend to increase the system’s accuracy, but these numbers
have been used as baselines because they are typical 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 w,(t) to deduce the azimuth of the direction vector to each
tracked GPS satellite, y;. Any errorin y, will translate directlyinto
an error in ;. 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 allows the phase cen-
ter to be mounted at a significant distance from the turntable rota-
tion axis. The nominal mounting radius assumed for this study is
r,=0.1 m.
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The antenna FOV must be fairly wide, and its center must be
aligned with the turntable’s rotation axis. It should have a wide
enough FOV so that it can always see at least two GPS satellites,
but to minimize multipath errors, the FOV should not be too wide.

System geometry is important to get good signal reception. The
turntable needs to be cantileveredon its bearings so that the antenna
has a clear view of the sky during the whole rotation cycle. The
turntableshould have a ground plane for the antenna, that is, 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
multipath interference.

The GPS receiver must have the following two features. First, 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 mea-
sures the in-phase and quadrature components of the turntable-
synchronous carrier phase oscillation. Any open-architecture re-
ceiver should be modifiable to have the requisite phase-lockedloop.
In addition,if one wants to do three-axisattitude determination, then
the receiver must have at least two channels so that it can simulta-
neously track at least two GPS satellites.

The final requirementof the hardware design is that it must trans-
mit the 1575.42-MHz L, signal from the antenna to the receiver
without significant loss of signal-to-noise ratio (SNR). To do this,
one must transmit the rf signal across a rotary joint, or one must
mount the receiver on the turntable. In the former case, a rotary rf
coupling must be used. In the latter case, the system must transmit
dc power to the receiver across the rotary joint, and the receiver’s
attitude estimate must get transmitted back across the rotary joint.

III. 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
Fig.1is mountedon auser vehicle and thatthe 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, butits z axis is aligned with the
turntable’s rotation axis, and its x-y plane is the plane in which the
patch antenna’s phase center moves. The patch antenna’s location
in the xyz coordinate system is defined by the rotation angle v,
and the radial offset r,. The turntable rotates at a constant speed
,. Therefore, y,(t) = o,t + y,o. The GPS satellite’s position in
the xyz coordinate system is defined by its azimuth v, elevation g;,
and distance from the origin p,. Typically, r, will be on the order
of 0.1 m, whereas p, will be on the order of 26 X 10° m. Therefore,
(ro ps) < 1.

The user vehicle attitude can be determined if the receiver can
sense v, and 9, for two or more GPS spacecraftthat are not collinear
with the user vehicle. The quantities y; and g, define the directionto
the GPS spacecraft,7,, in user vehicle coordinates.Given knowledge
of the user vehicle location, this same vector is known in inertial co-
ordinates. It is well known that one can uniquely deduce three-axis
attitude given knowledge of two or more independentdirection vec-
tors both in vehicle coordinatesand in inertial coordinates.!® This is
why the proposedsystem can be used to determine the full three-axis
attitude if it can track two or more GPS satellites.

To understand how to deduce y; and 6, from carrier phase mea-
surements, consider the range from the user antenna to the GPS
satellite. From geometry, the range between the antenna and the
satellite is

Pas = \/P? +

= py — 1, co86; COS(CO,,t + W — l//s) (1)

r2 = 2p,r, cosO; cos(@,t + Wao — W)

where the approximation on the second line of Eq. (1) is valid for
(ral ps) <K 1.

The range to the GPS satellite can be used to deduce an expression
for the received carrier phase. If @, is the transmission frequency of
the signal in radians per second, then
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(1)

.t — pu.r(t)(a)('/c) + const + w,!

= ot + ¢D0pp(t) + ,t (2)

where ¢, is the received carrier phase in radians and c is the speed
of light. The term o, arises due to carrier phase wrap-up, which
is a combined effect of the signal’s polarization and the antenna’s
attitude rotation about its FOV centerline The term ¢pp,(?) is the
integrated effect on the carrier phase of the signal’s Doppler shift.
An alternateexpressionfor the received carrier phase can be derived
by substituting the second line of Eq. (1) into Eq. (2):

¢('(t) = CO('t + ¢I)nr(t) + Cout + Xe COS(CO,,t + l//110)

+ Xs Sil’l(Ct)ut + l//uO) (3)

where ¢ p,, (1) is the Doppler-inducedphase perturbationthat would
be present if there were no turntable rotation. This quantity consti-
tutes what is usually known as the integrated Doppler shift or the
accumulateddeltarange.!' The last two terms on the right-handside
of Eq. (3) give the effects on carrier phase of the turntable’s rotation.
The coefficients x,. and x, are

X, = (@.r,/c)[cos b cos ] (4a)

X, = (@cr/c)[cos 6, sin ] (4b)

The quantities w, and 6, can be deduced from Egs. (4a) and (4b).
Suppose that r, is known and that x. and x; have somehow been

measured by the receiver. Then the only unknowns in Eqs. (4a) and
(4b) are y; and 6,, and these equations can be inverted to yield

v, = arctan2(x,, X..) (5a)
c/x2 + x2
9, = arccos| ——— (5b)
CO('rll

IV. Phase-Locked Loop for Tracking Sinusoidal
Carrier Phase Variations

Many GPS receivers use a phase-locked loop to reconstruct the
carrier phase inside of the receiver. Figure 2 shows a high-level
block diagram of a typical channel of a GPS receiver.'>!> The rf
frontend starts with the signal from the antenna and preamp, y,¢(#),
and performs bandpass filtering and down conversion via mixing.
Its output signal yi(#) has a nominal i.f. of wy. The carrier phase
numerically controlled oscillator (NCO) constructs in-phase and
quadrature approximations of the down-converted carrier signal,
coslwit + ¢,.(t)] and —sin[w;t + ¢,.(1)]. These signals are mixed
with y;(#) to form the baseband in-phase and quadrature signals,
y;(t) and y,(t). The delay-lockedloop (DLL) correlates these sig-
nals with a reconstruction of the pseudorandom (PRN) code of the
GPS satellite that is being tracked, and it adjusts its playback rate
of the PRN code so as to maximize the correlation. In the process,
the DLL produces in-phase and quadrature accumulations, /, and
Q,, once every PRN code period, that is, about once every 0.001 s.
The loop filter of the phase-locked loop (PLL) uses the /, and Q,
accumulations to adjust the frequency of the carrier phase NCO by
adjusting @,.(=d¢,./dt). This quantity is nominally the PLL’s esti-
mate of the carriersignal’s Doppler shiftbecause ¢,.(f) is nominally
the PLL’s estimate of ¢ppp(7).
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A
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Fig.2 Block diagram of a single channel of a GPS receiver.

The present system’s PLL loop filter estimates x. and x; as part
of the procedure by which it computes w,,. This procedure uses a
Kalman filter. The filter is based on a stochastic carrier phase model
that includes dynamic variations of @p,p(#) and the measurements
I, and Q,.

Carrier Phase Model
A discrete-timecarrier phase model has been developed. Suppose
that the DLL’s PRN code cycles start and end at the sample times

fo, t1, ..., t,. Then the ¢popp(#) dynamic model is
X, 1 Aty A2 /2 0 0[]
x, 0 1 At,_, 0 Of|=x
x, | =10 0 1 0 0 Xq
x, 0 o0 0 1 0]«

X, 0 o0 0 0 14 Lxd, _,
Aty A2_ /6 0 0]
0 At,_yf2 0 0

- 0 Oren-1) T 1 0 0 (|Wn-1 (6a)

0 0 10
0 0 0 1]

¢D0pp(tn) = ¢re(tn) + xp(n) + x('(n) COS(CO,,t,, + l//110)
+ Xs(n) Sil’l(Ct)ut” + l//uO) — 1, (6b)

In this model, At,_,=t, —t,_;. The frequency @, -1, is the
value of d¢,./dt during the time interval #,_, to #,. The state
X, = @pur — Py + @4t, the integrated Doppler shift due to transla-
tion of the center of the turntable relative to the GPS satellite minus
the carrier NCO’s approximateintegrated Doppler shift plus the car-
rier phase wrap-up term. The state x, = ¢ ,,, + @,, the Doppler shift
due to the velocity of the turntable center relative to the GPS satel-
lite plus another carrier phase wrap-up term. The state x, = ¢p,,,
the rate of change of Doppler shift due to the acceleration of the
turntable center relative to the GPS satellite.

The 3 X 1 vectorw, _; in Eq. (6a) is the discrete-time white noise
process disturbance. It models the effects of receiver vehicle ma-
neuvers. It has the following statistical model:

% 0 0
E{wn—l}zov E{wm—lw:—l}zémnAtn—l 0 qes 0
0 0 g

)

where 6,,, is the Kronecker delta and ¢, and g., are equivalent
continuous-time white noise intensities. The modeled values of ¢,
and g, can be used to tune the resulting Kalman filter.

The measurementthat is used in the Kalman filter is derived from
the DLL’s in-phase and quadrature accumulations. It is a carrier
phase error measurement,

Yo = —arctan2(Q,, I,,) (8)

Ifthereceiverhasachievedlock on the signal, then this measurement
can be modeled as the average difference between the NCO’s phase
and the actual carrier phase. The average is taken over the time
interval from ¢, _; tot,:

n
Yn / [xp(t) + x('(t) COS(CO,,t + l//uO)
th—1

B Al‘rz—l

+ x.r(t) Sil’l(Ct)ut + l//110)] dr + Vn (9)

where v, is a Gaussian random measurementerror that is caused by
thermal noise and digitization. Its mean is zero, its variance is 62,
and it is uncorrelatedin time and uncorrelated with w, _ ;.

This measurement can be modeled in terms of the state vector of
Eq. (6a). The following measurement equation has been derived by



substitution into Eq. (9) of the underlying continuous-time model
that has been used to derive Eq. (6a):

=

:.R :‘R

Yn = [1 Atn—l/z A1‘3_1/6 C('(n—l) C.r(n—l)]

&

n—1

- (Atn— l/z)a)re(n— 1)
+ [Aff_1/24 D -1 D.r(n—l)] Wu-1) + vy (10
The coefficients in Eq. (10) are

Sil’l(Ct)ut,, + l//110) - Sil’l(Ct),,t,,_l + l//110)
C('(n—l) = +|: o Al 1 (1]3)

COS(C!),,t,, iz ) - COS(CO,,t,,_ iz )
Cin-1) = —|: Ow AL 1 0 (11b)

C.r n—1) — Sin(a)utn + Va )
D(-(n—1)=—|: ( ) PN 1 0 (1]0)
C(' n—1) = COS(CO,,t,, + vy, )
D.r(n—l)=+[ D o AL 0 (11d)

The discrete-time model in Eqs. (6a) and (10) takes the following
form:

X, =01 X1 + D11y ¥ Dwiu-ywa—1 (122
Yn = Cn—lxn—l + Dn—la)re(n—l) + Dw(n—l)wn—l + Vi (12b)

The 5 X 1 state vector in this model is x =[x, X,, x,, X, X,]”. The
matrices @, _, I, _1, and T',,(, -1, are defined by Eq. (6a), and the
matrices C, _, D, _1, and D,,(, _, are defined by Eq. (10).

This time-varying system’s 5 X5 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 Kalman filter can be used to estimate the states of the phase
model in Eqs. (12a) and (12b). The Kalman filter keeps track of the
estimated state vector £. It can be implemented via the following
combined propagation and update equations:

vnzyn_[cn—lﬁn—l +Dn—la)re(n—l)] (133)
ﬁnzd)n—lﬁn—l+rn—la)re(n—l)+Ln‘7n (13b)

In these equationsthe scalar 7, is the filter innovation,and L,, is the
5 X1 filter gain matrix.

The filter gain matrix will be time varying due to the time varia-
tions in the system model. The most important time variations are
the sinusoidal variations of C,, — 1, and Cy, — 1,, which are elements
of the C,, _ | matrix. Normally, L, would be computed using a time
propagationof a matrix Riccati equation, which, in this case, would
have to be specially designed to account for the appearance of the
processnoisew,, _  in the measurementequation.!* If the turntable’s
rotation rate @, is very slow or if the Kalman filter needs to have a
high bandwidth, then this way of computing L, will definitely be
needed.

For this particular system, it is sometimes possible to compute a
time-varying filter gain without propagating a matrix Riccati equa-
tion. The following filter gain is approximately optimal when the
Kalman filter’s bandwidthis lower than the turntablerotationspeed:

vau
Ln = L('.\'C('(n—l) (14)
L('.\' C.r(n -1)

The quantity L,,, is a constant 3 X1 steady-state gain matrix.
It can be derived by solving a steady-state, time-invariant Kalman
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filter problem. This problem is for a modified form of Egs. (6a) and
(10), one that deletes the states x. and x, and the second and third
elements of the process noise disturbance vector w. Also, At, _ is
set equal to its nominal value of 0.001 s.

The scalar gain L, can be determined by an averagingtechnique
that solves a time-invariant Kalman filter problem for an average of
the system over one period of the turntable’s rotation, 27/ @,. Such
techniques have been found to work well for this type of periodic
system if the filter bandwidth is low compared to the frequency of
periodicity.’ L., is the scalar gain that would be used in the Eq. (13)
form of the steady-state Kalman filter for the following scalar, time-
invariant problem:

'x('.\'(n) = 'x('.\'(n -1 + W(-.\'(n -1) (153)
Yes(n) = O-Sx('.\'(n -1 + O-ZSW('.\'(n -1 + v('.\'(rz)/ \/E (15b)

Where E{W('.\'(n - 1)} = Ov E{Wt'.\'(m - I)W('.\'(n - 1)} = 5mnq('.\' (0001 S)!
E{V('.\'(n) } = 0, E{V('.\'(m)vr.\'(n) } = 5mn st and E{Wt'.\'(m —1Vesn) } =0.
In this model w,(,—1, is equivalent to the second element of w,, _,
in Eq. (6a) and v is equivalent to v, in Eq. (10). Equation
(15a) is equivalent to the fourth line of Eq. (6a), and Eq. (15b)
is equivalent to Eq. (10) multiplied by C,, -1, and averaged over
a turntable rotation period. Alternatively, w s, -1, is equivalent
to the third element of w,_; in Eq. (6a), and Eqs. (15a) and
(15b) can be derived by using the fifth line of Eq. (6a) and by
multiplying Eq. (10) by C,,-1) and averaging over a turntable
period. This technique works because the filter’s error dynam-
ics converge slowly compared to the turntable rotation period
and because average(CZ,_,)) = average(C;, ) = 0.5 whereas
average(C..,-1)) = average(Cy, - 1)) = average(C.,—1)Csp-1)) =
0. These facts combine to yield filters for the three state compo-
nents [x,, x,, x,]", x., and x, that are approximately decoupled,
and the composite gain for these three filters is well approximated
by the form given in Eq. (14).

Use of the Kalman Filter Output to Drive the Carrier NCO

The PLL needs to feed back the phase error y to the frequency
of the carrier tracking NCO ®,.. The Kalman filter, although it
gives optimal estimates of the components of the phase error, gives
no guidance on how to pick @,.. In theory, the filter can function
properly with an arbitrary w,,. In practice, it is necessary to choose
,, to stabilize y to a value near zero. Otherwise, cycle slips can
occur due to the 27 indeterminacy of Eq. (8). Worse yet, major
assumptions of this analysis can break down due to poor PRN code
correlationwhen the carrier NCO frequency is far differentfrom the
incoming signal’s i.f.

The PLL'’s feedback control law uses the states of the Kalman
filter to determine w,.. The PLL assumes that .., has already
been chosen by the time the Kalman filter’s estimate X, is available.
Therefore, it uses £, to determine ., + 1y according the following
rule: The predicted value of the phase error at time 7, . , must equal
o times the estimated phase error at time #,, where o is an arbitrary
tuning factor for the PLL that is in the range 0 <o < 1. This rule is
embodied in the following formula for the NCO frequency:

Dre(n+1) = {_Atna)re(n) + (1 - a)'fp(n) + (Atrz + Atn+1))€v(rz)
2 A
+ OS(Atrz + Atn+1) xu(n) + [Cos(mutn+2 + l//110)
- aCOS(CO,,t,, + l//110)]')6('(") + [Sin(a)utn+2 + l//110)

- Sil’l(Ct)ut,, + l//110)])?.3'(") } /Atn +1 (16)

The Kalman filter and this o,, feedback law constitute the PLL
loopfilterthatis shownin Fig. 2. The equationsthat getimplemented
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 approximationto the two-argumentarctangentfunction.

PLL Tuning

The feedback control law in Eq. (16) will cause the PLL to con-
verge to zero phase error with a second-orderresponse that is char-
acterized by the single time constant z,; = —2(0.001 s)/fx(c). The
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performance of the Kalman filter is theoreticallyindependentof the
actual value of this time constant. Note that z,; should be chosen
small enough to keep the phase errors from becoming too large,
but not too small, otherwise system noise will cause excessivejitter
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 z,; =9 ms.

The overall bandwidth of the PLL is governed by z,; and by the
error decay time constants of the Kalman filter. These latter time
constants are determined by the Kalman filter gain parameters L ,,,
and L.,. When 1, is small, the effective bandwidth of the PLL is
governed primarily by the values of the Kalman filter gains.

Dealing with GPS Data Bits

An actual 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 signal at a rate of 50 bps. This introduces
the possibility of 180-deg phase shifts of ¢pp, Once every 20 PRN
code periods. Extra logic is needed in a real receiver to avoid the
possibility that the PLL will interpret such a phase shift as a change
of ¢pepp due to an actual Doppler shift. The necessary logic is not
hard to implement if the receiver is already tracking a signal 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
evaluatingthe system’s functioningand accuracy. The simulationin-
cludes the following components: the PRN-code-modulated signals
of the tracked GPS satellite and of interfering satellites, the ther-
mal and digitization noise of the receiver, the receiver clock drift,
the down-convertingmixers and bandpass filters of the rf frontend,
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 digitizationnoise typically arise from different ele-
ments within a circuit, but the simulation lumps all of the noise at
the receiver input and characterizes it by an equivalent total input
noise temperature. The receiver noise temperaturein the simulation
has been sized to match what has been observed experimentally in
a terrestrial application. This experiment used a typical receiver}
a patch antenna with a hemispherical gain pattern, and a low-noise
preamplifier. The system’s frontend 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.(1) = real{sz(t)e-f‘”’} (17)

where y, () is a band-limited signal in a frequency band centered at
the carrier frequency . In Eq. (17) s,(¢) is the base-band complex
envelope of y,(¢), and j = /—1. It can be shown that any band-
limited signalcanbe representedin this way, and itis straightforward
to model the effects of mixers and bandpass filters on a signal’s
complex envelope representation !®

GPS Signal Model

The simulation starts by constructing a complex envelope rep-
resentation of the incoming GPS signal. Each GPS satellite signal
consists of a sine wave that is Doppler shifted from the nominal
1575.42 MHz L, carrier frequency and that has its pseudoran-
dom code modulated onto it via binary phase-shift keying. Sup-
pose that the incoming signal is y(#) and that its complex en-
velope is s.¢(t), similar to Eq. (17). Then the center frequency is
o=0, =21 X1575.42 X 10° rad/s, and the complex envelope is

N

5at) = > {ACT (D] exp [ (o) + @u) ]} +vulr) (18)

i=1
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The i superscriptin Eq. (18) refers to GPS satellite i. The ampli-
tude A’ sets the signal power. The function Ci(7) is the satellite’s
+1 PRN code, and 7' (¢) is the PRN code phase measured in code
seconds. The PRN code repeats itself with a period of A7 =0.001
code s. The quantity ¢{Jopp(t) is the integrated Doppler shift of the
carriersignal. The signal v¢(?) is a complex enveloperepresentation
of the equivalenttotal 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 multichan-
nel interference.

Note that t/(t) = {t(1 + o,/ ».) + [(pgopp(t)/ ®,] + const} has
been used. Technically, the @, term should not be included in this
expression, but its presence does not significantly affect results be-
cause o,/ o, <K 1. It has been used because a legacy piece of simu-
lation software included it.

Each ngopp(t) time history is determined from the GPS satel-
lite range time history and the table rotation time history accord-
ing to the following formulas, which are consistent with Egs. (1)
and (2):

Piopp(!)
= —\/[p;(t)]2 + r2 = 2pi(t)r, cos Oi cos (co,,t + w0 — 1//;)
X (w./c) + const (19)
where

pi(t) = pjg + Pyt + 0.50,1° (20)

where pi is the initial distance from the turntable center to GPS
satellitei, py, is theinitialrangerate, and g} is the range acceleration.

The simulation assumes that each GPS satellite has a nonzero
initial line-of-sightvelocity p; and a nonzero line-of-sightacceler-
ation p;. The initial line-of-sight rates have been chosen randomly
to fall in the range 8600 m/s, which is consistent with the possible
range of relative velocities for a user satellite in low Earth orbit. The
line-of-sightaccelerationshave been chosen randomly to fall in the
range =5 g. Although this large range for the accelerationsis prob-
ably excessive, it serves to make the point that large accelerations
do not adversely affect the system’s performance.

The simulation uses the actual GPS Coarse/Acquisition pseudo-
random codes. They are generated by computer code that emulates
simple feedback shift registers.!”

The simulationuses a sampled version of the signal. If the sample
interval is defined to be At,, then the sampled signal is

N

Stigmy = (M Algim) = Z (AiCi [Ti(mAtsim)]

i=1

Xexp{j[(p;)opp(mAtsim) + CoumAtsim]}) + vrf(m) (2])

where m is the sample index and v, is a sampled-data version of
the rf noise model.

The nominal sample periodthathasbeenusedis At;,, = 81.46ns.
This yields 12 samples per PRN code chip, which is adequate to
represent the digital code signals C'(7). The sampling frequency
is 1/ Atg, = 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, y;;(¢), which implies that this sample
period is adequately small.

The thermal/digitization noise model is represented by the
discrete-time Gaussian white-noise sequence vy, V1), Vif(2)s - - - »
Vii(m)- Its standard deviation is

k T;‘C vr

Onoise =
) At
sim

(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

Vii(m) = O'noise["real(m) + jvimag(m)] (23)



In this model Vieaiom) and Vimagm) are both real, zero-mean, unit-
variance, uncorrelated discrete-time white-noise processes, which
are simulated by a random number generator.

One significanterror source has been neglectedin this simulation
model, multipath noise. It has been neglected because it is too dif-
ficult to model. It is best studied via experiment. For completeness
sake, however, a later section of this paper analytically estimates the
magnitude of multipath-inducedattitude measurement errors.

Complex Envelope Simulation of the Receiver’s Radio Frequency
Front End

The rf frontend of the receiveris modeled by three stages of band-
pass filtering that alternate with two stages of mixing. It produces
a signal y(#) whose i.f. is nominally 3.636 MHz and whose band-
width is approximately 1 MHz. The mixers and filters are modeled
by appropriate bandpass modeling techniques.'® The last bandpass
filter model, the one with a 1-MHz bandwidth, has a five-pole com-
plex envelope representation. Its five poles fall in an asymmetrical
Butterworth-likepattern. Its model matches experimental frequency
response data from an actual filter.

PLL and DLL Simulation

This section describes the simulation of everything that is down-
stream of the rf front end: the in-phase and quadrature mixers, the
DLL, the PLL’s loop filter, and the carrier NCO. The inputto this part
of the simulation s y;(#), the signal that comes out of the receiver’s
rf front end (review Fig. 2).

This part of the simulationbases its calculationson 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 time intervals are fy, #, ..., t,. At these sample times, the
receiver’s estimated code phase is always an integer multiple of the
nominal code period of 0.001 s, that is, 7(#,) =n X0.001, where
7(t) is the DLL’s estimated code phase at time .

This partof the simulationworks entirely with real signals. Before
mixing the signal to base band, the simulation uses the complex
envelope s;¢(¢) to compute the actual signal that comes out of the rf
frontend: y;(t) = real{s;(¢)e’ " }.

The next operationis the generation of the outputs of the in-phase
and quadrature carrier mixers. They are

Yi(t) = cos[wigt + @pen—1y(t =t 1) F Preu—1y]yie(t)

for t,_, <t<t, (24a)

Yo(t) = —sin[@yt + @,on—1y(t = ti=1) F Dren—1)]ie(t)
for t,_, <t<t, (24b)

The value oy =27 X 3.636 X 10° rad/s is used as the nominal mix-
ing frequency.

The next part of the simulation models the PRN code playback
NCO, the code mixers, and the integrate-and-dump accumulators.
As far as the PLL is concerned, these actions effectively perform
the following calculations to determine the in-phase and quadrature
accumulations:

1 n dA
Iy = 0.001 / y/(f)C[f(t)][d—:} dr (25a)

th—1

1

" _Jaz
O = 0.001 /t,,l yQ(t)C[T(t)][E} dt (25b)

where the PRN code C[7] and the estimated code phase £(¢) both
correspond to the tracked GPS satellite. The actual calculations are
digital summations that approximate these integrals. The summa-
tions break the integrationintervals up into 10,230 subintervalsand
perform Euler integration.

The simulation also emulates a DLL. This involves the calcu-
lation of early and late accumulations, similar to Eqs. (25a) and
(25b), but with code phase offsets from . Another part of the DLL
simulation is a carrier-aided proportional feedback control law that
adjusts dz/dt of its PRN playback NCO. The goal of this feedback
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controlleris to align 7(¢) with the actual 7(¢) of the receivedsignal’s
code. The control law is

CAOn+ 1.5 = )ev(n) + (1~5Atn)'fu(n) + Cou{_)e('(n) Sil’l[Ct),,(tn + 15Atn)

+ l//110] + )e.r(n) COS[CO,,(I}, + 15Atn) + l//110]} (263)

Wy +15

|:dri| =1+ Kpu(r — 1), + (26b)
nt 1

dr ,
Kpy 1 is the proportional gain. A value of 27 has been used for
KprL, which corresponds to a 1-Hz bandwidth for the DLL. The
code phase error term (z — %), is computed from the difference
between early and late accumulations for the time interval 7, _; to
t,. This type of computation is described in Ref. 12. The last term
on the right-handside of Eq. (26b) is the carrier-aidingterm; &, + 1.5
is a prediction of what the signal’s average Doppler shift will be
during the time interval from#, ;| to £, 4 ».

The simulation’s PLL loop filter calculations have already been
described in Sec. IV. They are given in 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 the
time error 8¢, and the fractional frequency error 8f,.. Their dy-
namic models are &, =8f,. + wi,. and 8f,. =w,,.. The white
noise processes Wi, and wj,. drive the drift with intensi-
ties E{W lr('(t)wlr('(r)} = 05h05(t - 1) and E{WZr('(t)W2r('(T)} =
272h_,8(t — 7). The constants hy and h_, define the drift level.
This clock drift model impacts the rest of the simulation through a
modified versionof Eq. (8). The average value of the quantity ©.6t,.
duringtheinterval?, _ | tot, gets subtractedfrom the right-handside
of Eq. (8). This simulates the principal effect of receiver clock drift
on the carrier phase measurement.

The simulationoperates iteratively and must be initialized. It pro-
cesses one PRN code period interval at a time, and it uses some of
the outputs from the interval ¢, _ |-, as the inputs to the interval
t,~t, + 1. To initialize the process, the simulation needs to start with
guesses of the Kalman filter state £, the NCO phase ¢,., the esti-
mated PRN code phase %, the PLL’s NCO rate ®,., and the DLL’s
NCO rate dz/dt. To achieve lock, these guesses need to be fairly
accurate. Any real receiver has a startup mode that searches to find
good initial guesses for such quantities. After the search is com-
plete, the receiver locks onto the GPS signal and tracks it for a long
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 signal acquisition has not been considered in the present study.

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 to determine the sys-
tem’s expected performance. Thermal and digitization noise, inter-
ference 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 theseerrors can be reduced by reducing the attitude sensing band-
width, and the relationship between bandwidth and accuracy must
be determined. Other system parameters that may affect accuracy
are turntable rotation speed @,, antenna mounting radiusr,, and the
elevation angle of the tracked GPS satellite above the turntable’s
plane of rotation, ;. These parameters’ effects also need to be in-
vestigated. Also at issueis whether the system can distinguishsmall
periodic integrated Doppler shift variations that ride on top of the
Doppler shifts that are caused by large line-of-sight velocities and
accelerations.

An example case has been evaluated using the simulation. It
is characterized by the following parameters: The antenna mount-
ing radius is r, =0.1 m, and the turntable speed is w, =419 rad/s
(4000 rpm). The tracked GPS satellite has an elevation angle of
6, = /4 rad (45 deg). The thermal/digitization noise level of the
antennaand receiver combine with the level of the received signal’s
powerto yieldan SNR of 48 dB Hz. This SNR level correspondsto a
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Fig.3 Attitude estimation errors for a typical case.

7.2-deg rms phase measurementnoise at the 1000-Hz sampling fre-
quency. The clock drift parameters are those of a representative ov-
enized crystal oscillator: iy =2 X 10722 sand h_, = 6.1 X 1072%/s.
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 ,,, =[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 Kalman filter form a
three-pole Butterworth pattern. The initial velocity and acceleration
of the line of sight from the turntable center to the tracked GPS
satellite are Py =6000 m/s and p, =50 m/s®> (5 g). The tracked
satellite transmits PRN code number 8. There are eight interfering
GPS satellites, all with the same received power level as the tracked
satellite. These interfering signals reduce the SNR by 1 dB.

Figure 3 shows the estimation errors for 6, (solid line) and v;
(dash-dotted line) for this case. During the first half second of the
simulation, the Kalman filter converges from initial errors. After-
wards, 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.
This is relatively coarse attitude accuracy.

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, ;. One can use x, and x; to directly
calculate this vector. Equations (4a) and (4b) and the geometry of
Fig. 1 imply that

[C/ ( a)(' rll )]'x(
[C/ ( CO(' rll )]'x)

- \/1 - [C/(CO(.V,,)]Z ('x(2 + 'x?)

A
s

27

The covariance of the 7, estimation error can be calculated from
the covarianceof the x, and x; estimation errors. Suppose that these
latter two quantities’ estimationerrorsare uncorrelatedand that their
standard deviations both equal o,. [This is a good approximation
for the Kalman filter whose gain is given in Eq. (14) if the turntable
rotation speed is high enough.] Then the 7 vector’s (linearized)
estimation error covariance matrix is

E{ [i.r(esl) - i.r(aclual)] [i.r(esl) - i.r(aclual)] ! }

(150 0777
where 7, =[—siny,, cosy,,0]" and 7y =[- cosy;sing;,
— sin y, sin@;, cos@,]” are orthogonalunit vectorsin the directions
of locally increasing y, and 6, respectively.

Equation (28) gives the key to understanding the effects on the
system’s accuracy of various design parameters. The directional
standard deviations for #; estimation errors are

A aT

= [o,c/ (o1, [rvrw + Fofg

Fofy (28)

O = [o;.l\,c/(co(.r,,)](l/sin 93) (293)

(29b)

O = [oscl (@cry)]

where o is measured in the elevation direction and o,, is measured
in the azimuth direction. The simulations and analyses have shown
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that, if using an oversizedcrystal oscillator, o, dependson only two
quantities: the filter’s bandwidth and the input SNR for the receiver
channel. The quantities ¢ and . are fixed parameters. Therefore,
the only ways to affect system accuracy are to change the antenna
mounting radius r,, the bandwidth of the filter, or the SNR of the
receiver/antenna system.

Equation (29a) says that the elevation accuracy increases with
increasing elevation, reaching its maximum when 9, =90 deg. At
0, =0 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 usable elevation window
if one wants to get a reasonable vector attitude measurement from
the system. Elevations down as low as 0, =45 deg are certainly
usable, as demonstrated by the results in Fig. 3. At 45 deg, the rms
elevation error is only 41% larger than it is at 9, = 90 deg.

A full three-axis attitude solution requires that the system track
two or more noncollinear 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 were the only information
that was needed from that satellite.

The simulation results have borne out this analysis. When r, is
increased, attitude errors decrease proportionately. When 0; is in-
creased, elevation errors decrease as 1/ sin@,. 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
such as those that have been used in the Fig. 3 example. Turntable
speeds as low as 105 rad/s (1000 rpm) have been simulated without
changing any other parameters, and the system’s performance has
been virtually 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 band-
width assumption that is associated with the periodic Kalman filter
gain approximationin Eq. (14).

The effect of receiver clock stability has been investigated. The
example that produced Fig. 3 has been rerun with a less stable re-
ceiver clock, one whose drift model is characterized by the param-
eters hg =2 X 107" s and h_, =2 X 1072/s. This correspondsto a
temperature-compensaed crystal oscillator.'® The attitude determi-
nation 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 4000 to 1000
rpm, then the rms attitude errors increase to about 1.5 deg.

Note that thereis a way to estimate and compensate for the effects
ofreceiverclockerrors. The methodrelies on attitudedata from three
or more GPS satellites that are in a suitable geometric relationship.
The receiver-clock-inducederrors in £. and £, are the same for all
tracked satellites. They can be estimatedby comparing the measured
angles between the vectors to the tracked GPS satellites with the
known valuesfor these angles based on ephemerides. This technique
is analogousto the standard receiver clock correction that is used in
the GPS navigation solution. A full analysis of this technique has
been omitted 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 has little effect. The attitude sensing accuracy does not degrade
if large Doppler shifts and Doppler shift rates get induced by large
velocities and accelerations 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
o, scales as the square root of filter bandwidth divided by SNR,
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 re-
duce the rms elevation error to 0.03 deg. Recall that Fig. 3 shows a
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steady-staterms elevationerror of 0.2 deg and that the attitude sens-
ing filter bandwidthis 0.64 Hz. The filter bandwidth would have to
be reduced to 0.014 Hz to meet the 0.03-deg accuracy goal. Such
a filter would have an effective delay of 11 s 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 s. 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 an increase is probably not
feasible.

Another way to increase accuracy is to lower the filter bandwidth
while augmenting the attitude determination system with an iner-
tial attitude measurement. One could add a tuning-fork rate gyro
to get acceptable bandwidth with respect to real dynamic attitude
variations while simultaneouslylowering the bandwidth of the GPS
part of the system. This type of approach has been tried success-
fully with a multiantenna-basedGPS attitude sensing system,'® and
it would probably work well with the rotating-antennasystem. Such
an approach would work best if the attitude determination Kalman
filter were coupled to the receiver’s PLL.

There may be a practical way to increase accuracy by drasti-
cally 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 antenna
on 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
connectthem to the receiverone at a time. The sequence of connec-
tion would follow a circular path, which would synthesize circular
motion of the phase center of a single antenna. This is 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 mount-
ing pattern might be more easily realizable due to antenna location
constraints on a real vehicle. If the mounting pattern were not ex-
actly circular, then the receiver’s PLL would have to be modified to
account for the distortion.

One might protest that such a design would be a reversion to
the original multiantenna 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
closeenoughto each other, then the system would notneed toresolve
integer ambiguities, yet it would have the advantages of a long
baseline. Of course, this approach assumes that it is practical to
mount many patch antennas and a number of rf switches on the user
vehicle.

Note that, in some sense, this paper’s new system is equivalentto
the original multiantenna GPS attitude 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 multiantenna system. The most important
common limitationis 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 multipath errors on accuracy. Multipath has been found to induce
0.005-mrms differential carrier phase ranging errors between pairs
of static antennas.! It is reasonable to suppose that this differential
errormagnitudewill hold true for the presentsystem’s singleantenna
if the difference is taken between times when the antenna is on
opposite sides of its circular path. In this case, the attitude error
will be 0.005 m/(2r,) rads. For r, =0.1 m this translates into an
rms attitude error of 1.4 deg. Thus, multipath error will normally
dominate all other error sources. Multipath errors can be reduced
by increasing r,,, the mounting radius of the antenna.

VII. Conclusions

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

The proposedsystemhas beenanalyzed, and it hasbeen evaluated
using a time-domain simulation. A 1-o accuracy of 1.4 deg has
been predicted for a system that uses a 0.1-m antenna mounting
radius, a 4000-rpm turntable speed, an ovenized crystal oscillator
for its receiver clock, and a 0.64-Hz PLL bandwidth. The attitude
error standard deviation is inversely proportional to the antenna
mounting radius. The accuracy is essentially independent of the
turntable rotation speed if that speed is significantly larger than
the sensor’s bandwidthand if thereceiverclockis sufficiently stable.
The dominant error source in the system comes from multipath
reflections.
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