GPS receivers are ubiquitous. They are now
used for a myriad of applications and can be
found in the hands of navy frogmen, mounted
on tractors, carried aloft by weather balloons,
and orbiting in spacecraft. And the
miniaturization of receivers allows them to be
embedded in such diverse devices as cellular
telephones and artillery shells. GPS receivers
work more or less the same way regardless of
the kind of platform they are attached to.
However, some users have recently concluded
that, if the platform is spinning, a rotational
effect must be accounted for: carrier phase
wrap-up. This effect is the change in the GPS
carrier phase caused by rotation of a
circularly polarized receiving antenna relative
to a circularly polarized GPS signal. If the
wrap-up effect is not accounted for, a receiver
can make significant position fix errors when
fewer than four satellites are in view.

In this month’s column, we present an
intuitive derivation of the effect and summarize
the results of an innovative procedure to
calculate phase wrap-up. We also present
predictions for a common antenna type — the
crossed dipole — and compare them with GPS
measurements collected from a rooftop
spinning-antenna experiment.
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“Innovation” is a regular column featuring
discussions about recent advances in GPS
technology and its applications as well as the
fundamentals of GPS positioning. The column
is coordinated by Richard Langley of the

. Department of Geodesy and Geomatics

Engineering at the University of New
Brunswick, who appreciates receiving your
comments as well as topic suggestions for
Sfuture columns. To contact him, see the
“Columnists” section on page 4 of this issue.

Guiding rapidly rotating platforms, such as
the artillery shell shown in Figure 1, is one
advanced GPS application currently under
investigation. The militaries of the United
States and other governments are interested
in further developing guided munitions to
enhance their accuracies and reliabilities.
GPS is one tool being used to pursue those
goals. The figure illustrates the geometry of
the problem, showing line-of-sight vectors
from each satellite to receiving antennas
mounted on the shell, and identifies two typ-
ical antenna locations: the base of the shell
and the outer circumference. :

As an artillery shell spins and moves along
its trajectory, and as the satellites move in
their orbits, the depression angle, 6, and
azimuth angle, ¢, for each satellite change
with time. The angles (6 and ¢) are both
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defined with respect to a coordinate frame
whose z axis is parallel to the spin axis. For
most cases of interest, the shell will be under-
going nontumble flight with uniform rota-
tion. Mathematically, this implies uniform
rotation in azimuth so that ¢(z) = ¢, + pr,
where ¢, is some initial azimuth at time ¢ = 0
and p is the rotation rate.

The satellite signals received by the shell’s
embedded GPS unit will each have a differ-
ent azimuth offset, ¢, . However, they all will
accumulate azimuthal phase at the same rota-
tion rate, typically 1-25 revolutions per sec-
ond. In addition, the depression angle, (t), is
unique for each satellite depending on its par-
ticular rise and set times. Because this angle
changes slowly as compared with the naviga-
tion update rate, it may be considered a con-
stant for the navigation update cycle (typi-
cally about 1-10 times per second).

The questions that we had to answer when
starting our investigation were the following:
Does rotation have any effect on GPS sig-
nals? And if yes, how do we quantify the
effect as a function of geometry and antenna
type? A literature search revealed very few
GPS resources addressing antenna rotation.
Furthermore, standard radar reference books
failed to discuss the phase pattern of the cir-
cularly polarized antennas typically used in
GPS applications. Finally, current GPS simu-
lators do not contain rotation or circular
polarization models. So, we returned to first
principles and worked through the full vector
field expressions for circularly polarized
waves. Our work revealed a nontrivial effect,
which we call carrier phase wrap-up.

Base-mounted
crossed dipole

Circumference-
mounted crossed
dipole

Figure 1. A GPS antenna can be
mounted on a rotating artillery shell’s
base or circumference. The base-
mounted antenna’s boresight is parallel
to the shell’s spin axis. A GPS satellite’s
direction, in a coordinate frame whose
z-axis is aligned with the spin axis, is
given by 6, the depression angle (equal
to 90 degrees minus the elevation angle
measured from the x—y plane), and ¢,
the azimuth.
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Carrier phase wrap-up affects GPS re-
ceiver operation and GPS navigation fixes in
several ways. For the two mounting geome-
tries shown in Figure 1, the rotation causes
each satellite to experience a common Dop-
pler shift “error” of p/2m Hz if p is given in
radians per second. This shift translates into
an equivalent error of pA/27 in the receiver’s
clock-drift estimate, where A is the GPS car-
rier wavelength. For a p value of 507 radians
(25 revolutions) per second, this equals about
4.8 meters per second for the L1 frequency.
Although relatively small, this error can inte-
grate into large position errors for “clock-
hold” solutions used when fewer than four
satellites are in view. This condition might be
experienced by a GPS receiver in an artillery
munition because its antenna would, in gen-
eral, not be pointing to the zenith and
so would “see” only a portion of the sky.
Terrain occlusions might also restrict the
antenna’s view.

A GPS receiver attempting direct P(Y)-
code acquisition experiences another effect;
it must account for the additional p/27-Hz
offset when searching for the signal in the
two-dimensional pseudorange-by—Doppler
offset uncertainty grid. Finally, a circumfer-
ence-mounted antenna will be subjected to
additional spin-modulation terms that in-
crease as the elevation angle decreases.
Eventually, these increasing terms can cause
areceiver to lose lock on low elevation angle
satellites. Users can mitigate this problem by
selecting optimum antenna-mounting loca-
tions determined by our three-dimensional
phase wrap-up theory.

AN INTUITIVE VIEW
Most people are familiar with the Doppler
effect, which is the apparent change in fre-
quency (or rate of phase change) caused by
the relative translation between a traveling
wave and a moving antenna. Doppler effects
occur for any wave type — both longitudinal
(acoustic) and transverse (electromagnetic).
Similarly, carfier phase wrap-up is an appar-
ent change in carrier phase caused by the
changing orientation of a circularly polarized
antenna relative to a circularly polarized
wave. Thus, carrier phase wrap-up is a prop-
erty of circularly polarized electromagnetic
waves (and elliptically polarized ones too,
but that is beyond the scope of this article).
Because GPS uses circularly polarized trans-
missions and antennas, it is sensitive to car-
rier phase wrap-up (see the “Electromagnetic
Waves and Polarization” sidebar for a brief
description of polarization).

Consider translational motion of a plat-
form whose spin axis is aligned with the line
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Electromagnetic Waves and Polarization

An electromagnetic wave is a self-propagating
wave with both electric and magnetic field
components that are generated by the oscilla-
tion of a charged particle. The wave’s charac-
teristics, and in fact the possibility for the actual
existence of electromagnetic waves, is given by
Maxwell's equations — that set of four famous
equations relating the electric and magnetic
field, which the British physicist James Clerk-
Maxwell tied together in the 1860s. The solution
of the equations gives rise to a further pair of
equations that describe a wave propagating at
the speed of light. Maxwell's equations helped
to unravel some of the mysteries of light,
including its apparent wave nature, as well as
foretell of the existence of radio waves.

It can be shown that in free space (a
vacuum) or in any homogeneous, isotropic,
linear, and stationary medium, the electric and
magnetic fields are transverse to the direction
of propagation and the fields are mutually
perpendicular. If we introduce a coordinate
system whose positive z-axis is aligned with
the wave’s direction of propagation, and
assume that wave fronts (surfaces of equal
phase at a given time) are locally planar (an
excellent approximation far from the transmit-
ter), then the electric and magnetic field vectors
lie in the x-y plane. The vector describing the
electric field can be decomposed into two
orthogonal vectors, one parallel to the positive
x-axis and one parallel to the positive y-axis.

If the x- and y-components have the same
phase (or are different by an integer multiple of
), the wave is said to be linearly polarized as
the electric field vector is always directed along
a fixed line. If the two components differ in

of sight to a GPS satellite (see Figure 2). As
the platform moves toward or away from the
source, it encounters transmitted phase fronts
at a faster or slower rate. The carrier appears
to be either up- or downshifted in frequency.
Because the pathlength is physically chang-
ing, the entire spectrum occupied by the sig-
nal also compresses or expands. This is the
well-known Doppler effect that alters both
the GPS carrier phase and pseudorange mod-
ulation. The effect is the same for both linear
and circularly polarized signals.

Now consider antenna rotation. If you
rotate a linearly polarized antenna relative to
a linearly polarized signal in space (see the
left side of Figure 2), the main effect will be
a loss of received power whenever the trans-
mit and receive antenna elements are mis-
aligned. GPS satellites transmit right-hand
circularly polarized (RHCP) signals (see the
right side of Figure 2; actually, the GPS sig-
nal specifications permit a small amount of
ellipticity) so that inexpensive user equip-
ment, regardless of orientation, can receive
signals without losing signal strength.

The electric field (E-field) of a circularly
polarized signal is a constant magnitude vec-
tor that rotates through 360 degrees every
spatial wavelength and every temporal cycle.
Although received power is no longer a func-
tion of azimuth (for an omnidirectional an-

phase, their sum describes an ellipse about the
z-axis. This is an elliptically polarized wave. If
the two components have the same amplitude
but are /2 (or an odd multiple of ©/2) out of
phase, the ellipse becomes a circle and the
wave is said to be circularly polarized. Circular
polarization has a “handedness.” If, at a fixed
point in space, the electric field vector rotates
clockwise (counterclockwise) for an observer
looking from the source toward the direction of
the wave propagation, the polarization is right-
handed (left-handed).

The signals emitted by GPS satellites are
right-hand circularly polarized. Some other
satellites, notably spin-stabilized ones, also use
circular polarization. Television broadcast
signals are typically linearly polarized. In North
America, they are transmitted with the E-field
oriented horizontally. That is why the few
remaining housetop television antennas are
horizontally mounted. The radio signals of
terrestrial mobile communications systems are
typically vertically polarized to permit good
signal reception by whip antennas.

Not many people realize that sunlight is
polarized. It is initially unpolarized (the electric
field changes and oscillates in any direction)

' but because of scattering by the atoms and

molecules making up the earth's atmosphere,
sunlight becomes partially polarized. You can
easily witness this by rotating a pair of polariz-
ing sunglasses while looking in a direction
perpendicular to the direction to the sun (the
scattering phenomenon is also responsible for
why we see the sky as blue — but that's
another story).

—RBL.L.

tenna), a phase effect remains. Specifically, if
you rotate in the opposite direction of the cir-
cular polarization (toward it), you appear to
encounter the phase fronts more often; rotat-
ing away from the E-field vector, you appear
to encounter them less often.

This effect creates an apparent change
with time in the received signal’s phase and
hence a frequency shift. Because the path-
length is not physically changing, however,
the modulation — hence the pseudorange
observable — remains unchanged. The entire
signal spectrum will just shift up or down in
frequency. This rotationally induced fre-

~quency shift is unique to circularly polarized

transmissions and antennas. It does not occur
with linearly polarized antennas receiving
linearly polarized transmissions.

In his classic book Antennas, John Kraus,
professor emeritus at The Ohio State Univer-
sity, describes producing this effect (which
he called rotational Doppler) in 1957 by
mechanically rotating a circularly polarized
helical antenna about its boresight. He also
discusses using this technique to demonstrate
phase modulation and beam steering.

Despite these early developments, the
GPS community has not thoroughly dis-
cussed phase wrap-up, because its occur-
rence heretofore has been so limited. Now,
however, GPS receivers are small enough to
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Figure 2. A linearly polarized electro-
magnetic wave is characterized by an
electrical (E) field vector that points in
the same direction as the wave propa-
gates. If a rotating linearly polarized
antenna intercepts the wave, the field’s
effective amplitude is proportional to
cos(a), where « is the angle between
the field polarization and antenna
directions. The circularly polarized
wave’s E-field rotates with a constant
amplitude: If a circularly polarized
antenna with the same-handed rotation
intercepts this wave, the wave induces a
constant signal level in the antenna.

insert into smart, spin-stabilized artillery
munitions, so engineers will increasingly
have to account for phase wrap-up in applica-
tions involving spin stabilization. GPS simu-
lator manufacturers may also need to cus-
tomize their products to service customers
who are testing receivers intended for these
applications.

While these arguments explain carrier
phase wrap-up in the simple case, where the
depression angle 6 is 0, GPS engineers and
simulator vendors will want three-dimen-
sional models that can predict phase wrap-up
for any geometry and mounting location. In
the next section we will present the full three-
dimensional results but skip the formal math-
ematical derivation, which can be found in
the references listed in the “Further Reading”
sidebar. To simplify the explanations, our
discussions will neglect ionospheric disper-
sion, tropospheric propagation delay, and rel-
ativistic effects.

GENERAL MODEL

The entire electromagnetic signal propaga-
tion model used for GPS usually reduces to a
simple band-pass transfer function. The
propagation of an electromagnetic signal,
including the receiving antenna’s response,
can be modeled as a filter, where the input to
the filter is the electromagnetic signal trans-
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mitted by the spacecraft antenna, and the out-
put is the signal passed by the receiving

- antenna to the GPS receiver. The ratio of the

filter output to its input, as a function of fre-
quency, is called the transfer function.

For a P(Y)-code GPS receiver, this trans-
fer function has a frequency response cen-
tered at either the L1 or L2 frequencies, spans
a bandwidth capable of passing the 10-
megabit-per-second P(Y)-code, and has gain
and phase that vary with the line-of-sight
geometry as well as with frequency. The gain
determines the received signal level; the
slope of the phase-versus-frequency plot
(known as the group delay) determines the
delay of the modulation (and hence the
pseudorange); and each sinusoidal frequency
component of the signal is phase shifted
according to the phase-versus-frequency
component of the transfer function. Because
most line-of-sight geometry variations are
slow compared with the navigation update
cycle, the GPS propagation transfer function
is usually considered to be time invariant
during a few seconds.

Unfortunately, most published propaga-
tion transfer functions are based on antenna
pattern models that do not account for circu-
lar polarization effects. Figure 3 summarizes
the standard models used in GPS textbooks
and simulators, as well as the terms we use to
incorporate phase wrap-up considerations.

Calculations and Analysis. We base our new
wrap-up term calculations on the following
assumptions:

B The GPS satellites are far enough away
that the GPS signal in space is assumed to be
a plane wave; its direction of propagation and
polarization remain unaffected by small
changes in the receiving antenna’s position.

B The receiving antenna can be approxi-
mated by a pair of crossed dipoles driven in
quadrature. (Circular polarization can always
be expressed as the sum of two linear polar-
izations combined in quadrature. The issue is
whether the far-field pattern for each polar-
ization of a typical GPS antenna, such as a 3-
centimeter-square microstrip patch, is similar
to the far-field pattern of a single dipole. If
the patch dimensions are small compared
with the GPS wavelength, then this should be
a reasonable approximation.)

B The dipoles used in the receiving
antenna models are infinitesimally small,
Hertzian dipoles. Therefore, the current
induced by the incoming plane waves can be
calculated from the projection of the E-field
onto the dipole (mathematically, a dot prod-
uct). This approach simplifies the analysis
without altering the validity of the phase
wrap-up effect.
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Our analysis technique consists of model-
ing the transmitted circular polarization as a
complex vector that is a function of depres-
sion and azimuth angle, Ecp; modeling the
combined effects of the receiving antenna’s
mounting geometry and complex quadrature
summing network as a complex vector m;
and modeling the antenna’s response using
the third assumption listed earlier. The
antenna’s complex response to the circular
polarization portion of the transmitted E-field
becomes the additional transfer function that
will correctly account for circular polariza-
tion effects. This additional wrap-up transfer
function is:

H,,(6(0), (), ) =E,,.m

where the gain and phase shift of pr can be
calculated as

Ay, = H,, (60, 0(t). D)
@, = arg(H,,, (6(1), 0(t), 1)

Base Mounted. When one carries out the
three-dimensional dot product for the shell-

base-mounted antenna, identifying the wrap-
up gain and phase terms is quite simple. The
additional phase portion of the wrap-up
transfer function is —¢, and the magnitude
portion of the wrap-up transfer function is the
(I+cos(6)) amplitude gain pattern of a circu-
larly polarized antenna. The amplitude term
shows a 6-decibel loss in power as the line of
sight makes a 90-degree depression angle
with respect to the spin axis (which for the
base-mounted case is also aligned with the
antenna boresight).

The phase wrap-up factor, —¢, is new. It
shows that the base-mounted circularly
polarized crossed dipole’s phase depends
directly on the antenna’s orientation with
respect to the carrier source. The GPS geo-
detic surveying community has long known
this and models antenna orientation accord-
ingly (including the phase wrap-up effect,
which it terms phase wind-up) in its high-
precision data analysis software.

The effect of rotating a crossed-dipole
antenna is calculated by letting ¢ vary with
time. For the simple case of rotation at a con-
stant angular velocity about the boresight, let
@(t) = ¢, + pt, where p is the antenna’s rota-

tion rate. When the antenna rotates in such a
way that the angle ¢ increases with time at p
radians per second (looking down on the
antenna from the positive z-axis, it turns
clockwise with the incident RHCP field), the
carrier frequency appears to shift down by
exactly the antenna rotation rate. The carrier
frequency appears to shift up by the same
amount when the antenna rotates in the oppo-
site direction.

Because the carrier shift is independent of
the depression angle, 6, it is the same for all
channels. If all measurements are weighted
equally, only the GPS clock real-time rate
solution is directly affected. However, if the
GPS receiver has fewer than four satellites in
view and attempts to propagate the clock-rate
solution during the outage period without
correcting for this common frequency shift,
the resulting position fix will grow in error by

DOP X FF X (pA/2m) x AT meters

where DOP is a dilution of precision factor,
FF is a filter “memory” factor, and AT is the
outage period until four satellites become
visible again. As an example, let’s assume
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ments, the error at the end of the outage - angle, this frequency shift is common to all

period would be almost 30 meters. channels. We will denote the term —¢ as the

A phase plot of the base-mounted antenna  ideal phase wrap-up term. B. HOFMANN-WELLENHOF and
e el 2 £ . . - H. LICHTENEGGER, University of Technology,
is snnply the negative of the azimuth angle; Circumference Mounted. Although t.he base S N COlLIN. o s
the azimuth term directly phase modulates mounted phase wrap-up functions are Rockville, MD

the GPS carrier. In most cases, the azimuth ~ extremely simple, and almost intuitively

angle varies at a uniform rate so the only obvious once you see them, the full three- Global POSitioning
System

Line of Sight Range, R(t), azimuth t)), and
deprsesion (8 ) angl(eg i Theory and Practice
* New Wrap-Up Terms FOURTH, REVISED EDITION
H] o A 4—> From reviews of the third edition —
gain = 4 A 5 “If you need to learn about GPS now ...
SV transmit antenna Hetlved | recommend that you read this book from
amplitude ain (6 (t), ¢ (t ! cover to cover, turn it over and do it again”
—P gnd s(pach s Aup (8 (), ¢ (1), ) Amplitude e AMERICANg SCIENTIST
:Ziz:tﬂ “This book is like a good buffet: there is some-
| 5> thing for every taste, the quality is excellent,
L1 f and the price is right” — AAPG BULLETIN
“quite useful as a textbook to better under-
» f stand every aspect of the physical and mathe-
SV transmit arg (H) ~ 2nfR/c + antenna terms matical backgrounds of the GPS system”
phase and phase = Received — PAGEOPH
group delay :E;?en(ae ), 6 1) group delay ~ R/c + P Phase and The new edition of this very popular reference
—¥ . Shasels anter;nadpr?ase wp (), gr‘l’”p and textbook explains recent advances in the
shift due to # centencelay ey technology of Global Positioning System (GPS)
range R — such as Differential GPS (DGPS), ambiguity
group delay = phase slope/2n resolution, realtime kinematic (RTK) tech-
niques, the International GPS Service for
notes: 1) Ayp (8 (1), ¢ (1), ) is the magnitude of the wrap-up transfer function Geodynamics (IGS) and the combined adjust-
2) Dy (0 (1), 6 (t), ) is the phase of the wrap-up ment of GPS and terrestrial data. The authors
show, clearly and comprehensively, how GPS
Figure 3. The effect of the transmission media and a receiving antenna’s properties werkssanuhewIuoambs used ol B e
S . . . surements (i.e. surveying) as well as for navi-
on an electromagnetic signal’s received amplitude and phase can be modeled by a gationiand shtitude determination. WHIS flich
transfer function. This model includes the new phase wrap-up terms. new material has been added, the overall
structure of the book remains the same as the
earlier popular editions. The authors explain in
detail the practical use of GPS as well as the
400 . r basic mathematical models for various modes
Depression angle of GPS operation, with examples of different
— 300 (EEEB%) ] applications and types of projects. For novice
14 — 0 GPS users, they describe proper project plan-
% 200 —:20) 4 ning, execution, data reduction and coordinate
i) 9 computation.
© 100 1997/APPROX. 370 PP., 40 ILLUS./SOFTCOVER $59.00 (TENT.)
@ ISBN 3-211-82839-7
£ o |
FOUR EASY WAYS TO ORDER:
100 ¢ CALL Toll-Free 1-800-SPRINGER,
400 8:30 AM - 5:30 PM ET, FAX 201-348-4505.

Please mention S700 when ordering by phone.

e Send a message over the INTERNET to
orders@springer-ny.com.

* WRITE to Springer-Verlag New York, Inc., Order Dept.
S700, PO Box 2485, Secaucus, NJ 07096-2485.

e VISIT your local scientific bookstore or urge your
librarian to order for your department.

So— Payment may be made by check, purchase order or credit
card. Please enclose $3.00 for shipping (add $1.00 for
each additional book) & add appropriate sales tax if you

- reside in CA, IL, MA, MO, NJ, NY, PA, TX, VA, and VT.
Canadian residents please add 7% GST. Remember ... your
i . 1 30-day return privilege is always guaranteed! Prices subject
0.0 | I i | to change without notice. 2/97 REF. #S700
0 50 100 150 200 250 300 350 400

Azimuth (degrees)

Amplitude

Figure 4. The phase and amplitude of the new transfer-function model’s phase
wrap-up component for a circumference-mounted antenna is shown to equal the
ideal (base-mounted antenna) phase wrap-up term plus a residual component that
is a function of depression angle and azimuth.

Springer

hittp://www.springer-ny.com

Circle 29
February 1997 GPS WORLD 55




INNOVATION

@ 6 T . (b) 10
5 R
! N
% 4 | L 6} e -
3 ! | ¥ : ] °
= ol B I B i ,,;+,+Jc}++,+*f“f +++_ § 4
B & S L T RS Ay | 2] 2
1k , I : i ! - 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
10 T : _. 50 T T — T
s | N | | +8 Hz jump in clock rate
E . L /Edue to negative rotation
E i g 0 — --.-Z:f}—\r:;
© PR | ]
E 0 3 ] 7 $ /f \T |
K] ® _r/l« -8 Hz jump in clock rate
= 5 ! \ / ; 50 |- — ~ due to positive rotation 1
5 - 1 [} |
: ) [ s 7 |
-10 L L -100 !
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Time (seconds) Time (seconds)

Figure 5. A rooftop experiment demonstrated that for a GPS
antenna rotated about its boresight at specified rotation rates
(a) the measured velocity and clock-rate errors (b) agreed
with those predicted by our model. The arrows indicate the

dimensional analysis reveals some unex-
pected surprises when you examine the cir-
cumference-mounted case. Consider the
results for a circumference-mounted antenna,
shown in Figure 4. Unlike the base-mounted
case, the phase terms are now functions of
the depression angle. Thus, each satellite has
a different phase wrap-up error. However,
the phase term appears to be the sum of the
ideal —¢ phase wrap-up term plus some small
perturbation that increases as the depression
angle deviates from the spin axis. In fact, we
can consider it to be the sum of two terms: the
ideal phase wrap-up term —¢ and a small
depression angle—dependent residual term.
The ideal phase wrap-up term causes a
common frequency offset on all channels and
occurs for both the base- and circumference-
mounted cases. All effects caused by this
term, as cited for the base-mounted case,
carry over to the circumference-mounted
case. However, the residual spin-modulation
terms cause additional errors for circum-
ference-mounted locations. The additional
phase dynamics will cause each channel’s
tracking loops to yield different errors, thus
the root-mean-square noise on a fix will be
larger than that of a nonrotating receiver’s
fix. In some cases, if the spin modulation
terms are large or fast enough compared with
the tracking-loop bandwidths or the linear
range of the tracking loop’s discriminator
functions, the loops could break lock.

EXPERIMENTAL DATA

To test our model for phase wrap-up, we per-
formed a rooftop experiment at Draper Labo-
ratory using a rotating base-mounted an-
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tenna. The results support the model predic-
tions. We mounted a circularly polarized
patch antenna on a spin table capable of rotat-
ing at 10 revolutions per second. We
employed a keyed P(Y) receiver configured
to reduce low elevation angle satellite use, to
minimize satellite constellation shifts, and to
eliminate selective-availability errors.

We varied antenna rotation rate between
plus and minus eight revolutions per second
in the sequence 0, 48, 0, -8, 0, +8, 0, -8, 0.
The length of time for each rotation rate was
approximately five minutes, but the spin-
table inertia made it impossible to control the
duration precisely. We read the spin rate
from a tachometer, recorded it by hand,
and logged and processed all receiver data
electronically.

We expected that, in the absence of satel-
lite switching, discrete changes in rotation
rate would produce discrete changes in
clock-rate error, and that the changes in

clock-rate error would be equal and opposite -

in response to equal and opposite antenna
rotation rates; we expected the velocity esti-
mate to be unaffected.

Figure 5a shows time dilution of precision
(TDOP) and spin-table rotation rate during
the data collection. The low value of TDOP
indicates that the receiver was making pre-
cise solutions for time throughout the experi-
ment, so velocity and clock-rate data were
reliable. The discontinuities in the TDOP
plot also indicate where constellation
switches occurred: at about 2,500 and 3,800
seconds into the experiment.

The velocity and clock-rate data collected
between these two times provide the

times at which we made changes to the antenna’s rotation
rate after a constellation switch and after the receiver stabi-
lized to the ambient temperature and corresponding times of
clock-rate changes.

strongest support of our phase wrap-up
model. Figure 5b shows this with velocity in
the upper plot and clock rate in the lower.
Except for small transients (typically corre-
sponding to less than 0.02 meters per sec-
ond), the velocity solution was independent
of rotation rate, as expected.

The plot of the receiver’s estimated clock
rate during this period clearly shows discrete
jumps associated with changes in antenna
rotation rate. Also, the clock rates corre-
sponding to equal and opposite antenna rota-
tion rates are themselves equal and opposite,
as hypothesized. Arrows on the plot approxi-
mately match corresponding arrows on the
rotation rate plot in Figure 5a, showing a
clear cause-and-effect relationship.

SUMMARY

We have introduced a theory that determines
how rotating receiving antennas affect the
GPS navigation solution. By tracking how
each orthogonal polarization component con-
tributes to the received phase, we have shown
that circular polarization phase wrap-up
effects depend on the antenna’s geometry
and phase configuration. We applied the the-
ory to a common antenna type for two differ-
ent mounting geometries and provided
supporting data.

* For antennas that can be modeled as
crossed dipoles, both the base- and circum-
ference-mounted cases have a common phase
wrap-up term. The phase wrap-up error is the
same on all channels for nontumble flight
because it is independent of the depression
angle. Because all channels have the same
frequency bias, a single-point navigation
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solution with nonsingular geometry will
place all of the phase wrap-up error into the
clock-rate term. If fewer than four satellites
are in view and the receiver uses the clock-
drift model to predict the time error, then the
fix during the outage period will have a posi-

tion error that grows with time. Also, for a
GPS channel attempting direct P(Y)-code
acquisition, estimates of both translation
along the antenna boresight and rotation
about the boresight axis may be needed to
correctly estimate where the receiver should

INNOVATION

initialize the Doppler frequency search.

Finally, any receiver that uses raw Dop-
pler or a previously determined clock-rate
term to align pseudorange channel data
should subtract the rotation-error term. Typi-
cally, precompensation procedures that use
raw Doppler or clock rate are performed to
align channel data to incoming aiding data, or
to align channel measurements with different
data-bit boundaries to a common time point.
For the circumference-mounted antenna
case, additional spin-modulation terms exist
that are different for each channel and can
cause loss-of-lock problems.

We are continuing our phase wrap-up
work and are now studying how elliptical
polarization affects phase wrap-up. We are
developing various antenna models, includ-
ing the offset crossed dipole and quadrifilar
helix. We also plan to investigate the effects
of finite-length dipoles in the antenna models
and large microstrip patch geometries. A
general model resulting from these studies
will allow GPS receiver and simulator manu-
facturers to account for the phase wrap-up

effect in their products. B
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