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Phase Wind-Up Analysis

Assessing Real-Time Kinematic Performance

Don Kim, Luis Serrano, and Richard Langley

MANY ADVANCES in GPS technology have occurred since the first test
satellite was launched in February 1978. Perhaps the most significant for
applications requiring very high accuracies in real time was the develop-
ment of the technique known as RTK, or real-time kinematic.

In RTK positioning and navigation, a reference station transmits carrier
phase and pseudorange data over a radio link to one or more roving sta-
tions. At a rover, the reference station data is combined with the rover
data, resolving carrierphase ambiguities, and the rover’s position is deter-
mined in real time. Either single- or dual-frequency GPS receivers can be
used, with the dual-frequency systems
typically affording faster ambiguity resolu-
tion and higher positioning accuracies over
longer distances.

RTK systems, in common with other
techniques, are susceptible to biases and
errors such as ionospheric and tropos-
pheric refraction along with line-of-sight-
dependent phase-measurement effects
including multipath, antenna phase-center
variation, and carrierphase phase wind-up.
This latter phenomenon may not be famil-
iar to all readers. It is a bias introduced into
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Phase wind-up can

significantly degrade carrierphase measurements by the rota-
tion of a GPS receiver’s antenna. There is
system peﬁurmace. also a contribution from the rotation of a

GPS satellite’s antenna as it orbits about

the Earth.

In developing an RTK-based vehicle navigation system at the University
of New Brunswick (UNB), we have observed a few instances where the
phase wind-up due to rotation of the rover receiving antenna can signifi-
cantly degrade system performance. In this month's column, we'll look at
carrierphase wind-up, introducing three wind-up observables that allowed
us to perform qualitative assessments of its effects on the UNB RTK sys-
tem. One motivation behind such an assessment is to determine
whether or not we need to proceed to the next step of implementing al-
gorithms to correct for the effects of phase wind-up. | am joined by Dr.
Don Kim, the chief architect and developer of the UNB RTK system, and
graduate student Luis Serrano.

“Innovation” features 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 welcomes
your comments and topic ideas. To contact him, see the “Columnist” section on page 10 of this issue.
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circularly polarized antenna’s
phase depends directly on the an-
tennas orientation with respect to

the signal source. As a result, the observed
carrier phase depends on the relative orien-
tation of the transmitting and receiving an-
tennas as well as the direction of the line of
sight between them. Changing the receiver
antenna orientation changes the reference
direction and thus the measured phase. Sim-
ilarly, changing the orientation of the trans-
mitting antenna changes the direction of
the electric field at the transmitting antenna
and subsequently that at the receiving an-
tenna. The result is also a change in the
measured phase. As one or both of the an-
tennas rotate, the phase change accumu-
lates and is referred to as phase wind-up.
It has also been called phase wrap-up and
the (right-hand circular) polarization phase
component.

In addition, the rotation of the receiving
antenna causes an apparent change in the
GPS carrier frequency. It is distinguished
from the normal Doppler shift in that phase
wind-up is carrier-frequency independent
and does not affect ranging modulation
group delay. Note that Doppler shift is
the apparent change in carrier frequency
caused by movement along a receiver’s line-
of-sight (LOS). A GPS receiver antenna can
sense Doppler shift, which alters both the
GPS carrier phase and ranging modulation
group delay. The polarization-induced fre-
quency shift is sometimes called rotational
Doppler.

In this article, we will concentrate our
discussion on the phase wind-up associated
with rotation of receiving antennas.

Observable Effects

The different effects of phase wind-up can
be observed depending on the relationship
between the spin axis of the platform host-
ing the antenna and the antenna boresight.
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A base-mounted antenna (the spin axis
is aligned with the antenna boresight) has
a phase that depends directly on the an-
tennas orientation. In this case, the phase
shift is common to all signals, from differ-
ent satellites, simultaneously received and
therefore to all receiver channels. By dou-
ble-differencing the measurements (between
satellites and between receivers), there-
fore, this common phase shift can be re-
moved.

For a rotating circumference-mounted
antenna (the spin axis is not aligned with
the antenna boresight), however, the phase
term appears to be the sum of the common
phase shift plus some small perturbation
that increases as the depression angle devi-
ates from the spin axis. All of the channels
see the same steady phase wind-up term but
each channel will have a different amount
of spin modulation (phase and amplitude)
determined by the elevation angle. This ad-
ditional spin modulation cannot be can-
celled by the double-differencing operation.

Although the observed carrier phase from
non-aligned antennas cannot be cancelled
by the double-differencing operation, it has
been generally ignored in GPS applications
due to the relatively small effect. How-
ever, related to our recent work on an RTK-
based vehicle navigation system, we have
observed in a few cases that the phase wind-
up can significantly degrade the perform-
ance of the system. In this article, we intro-
duce three phase wind-up observables and
use them to demonstrate qualitative assess-
ment of the phase wind-up in several test
scenarios.

Phase Wind-up Observables

To validate the effects of the phase wind-up
in the carrier-phase measurements, we use
the phase wind-up observables described in
this section. For the present, these observ-
ables are not used for correcting the ef-
fects of the phase wind-up but for the qual-
itative assessment of its effects on the
carrier-phase measurements. Potential use
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of these observables in correcting the effects
of the phase wind-up in the carrier-phase
measurements will be investigated in the
near future.

Single-Difference Observable. The
following equations are useful for qualita-
tive assessment of the phase wind-up effects
in the single- and double-differenced car-
rier-phase measurements.

The single-difference (between anten-
nas) observation equation for carrier-phase
measurements can be expressed as:

AD; = Ap +LAN, + AT —Al, + AT +A@ 5
+AQgycp + AQpcy +AQye +Ag, i=10r2

oY)
where A is the single-difference operator;
p is the distance between the transmit and
receive antenna phase centers; Nis the inte-
ger ambiguity; T'is the tropospheric delay; I
is the ionospheric delay where '-=(f"/ )\,
; f and are the frequency and wavelength of
the carrier-phase measurements, respectively;
T is the receiver clock bias; P8 is the an-
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tenna line bias; @rice is the phase wind-up;

Prcv is the antenna phase center variation;
Pup is the multipath contribution to the car-
rier-phase measurement; € is receiver system
noise; and 7 indicates the L1 or L2 signal.

The first step in obtaining the phase wind-
up observables is highpass filtering the sin-
gle-differenced carrier-phase measurements.
In this case, we can remove constant com-
ponents (such as the integer ambiguity) and
reduce low-frequency components such as
the tropospheric and ionospheric delay, the
inter-frequency bias, the antenna line bias,
the antenna phase-center variation, and mul-
tipath in EQUATION (1). Differential (in the
time domain) single-differenced carrier-phase
measurements correspond to the output of

the highpass filter as:
dA®, = dAp +dAQge, +dAe], i=Tor2,

)
where dAg/ includes receiver noise and the
residuals of low frequency components.

The second step in obtaining the phase
wind-up observables is generating the geom-
etry-free combination of L1 and L2 carrier-
phase measurements as:

dAd =dAD, —dAD, = dA@g.q,, +dAel

(3)

As the geometry-free combination can
remove common components in L1 and
L2 carrier-phase measurements (namely,
the tropospheric delay, the receiver clock
bias, and the antenna line bias), the residu-
als of low-frequency components in dA€ ¢
will be further reduced.

The phase wind-up observable will be
obtained by the integration of EQUATION
(3). By using the same type of antennas (to
reduce the antenna phase-center variation)
and careful site selection (to reduce multi-
path), and for short baseline situations (to
reduce the ionospheric delay), we can ob-
tain:

[dadedt = [dAQacp, dt + [ dae et

"\ AQpicn, = [dADdt.

4

As the phase wind-up observable in
EQUATION (4) is obtained by the integration
of EQUATION (3), we cannot see the initial
offset of the phase wind-up. Also, note that
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this observable shows the combined effects
of the phase wind-up in the L1 and L2 car-
rier-phase measurements.
Double-Difference Observable. The
double difference (between antennas and
satellites) observation equation for carrier-
phase measurements can be expressed as:

VA®, =VAp + A VAN, + VAT - VAl
+VAQgpcp + VAQee, +VAQ, +VAg, i=10r2,

5)
where VA is the double difference opera-
tor. The receiver clock bias and the antenna
line bias are removed in EQUATION (5). With
the same considerations for the antenna
type, site selection, and baseline length as
for the single-difference approach, we can
obtain a simpler equation as:

VA®D, =VAp + VAN, +VAQq, +VAe/, i=1or2.

()
As VAT isdependent on the height dif-
ference of the receiver antennas as well as
baseline length, we have to assume the
height difference to be small to reduce the
tropospheric delay to a negligible size.
Lets assume that ambiguity parameters
are resolved in the double-differenced car-
rier-phase measurements. In fact, this as-
sumption is normally acceptable under the
situations considered above (with insignif-
icant residuals of low-frequency compo-
nents). Then, by generating the geometry-
free combination of L1 and L2
ambiguity-fixed carrier-phase measure-
ments, the phase wind-up observable will
become:

VA®,. = VA®D,, —~VAD,, ~AVAN, +1,VAN,
=VAQguch, +VAeg
o VAQgicr, = VADG.
)
By estimating VAp in EQUATION (6), we
may separate the phase wind-up on each
separate L1 and L2 carrier-phase meas-
urement as:

VAQqcp = VAD, ~VAF —XL VAN, i=Tor2.
®)
Test Scenarios

To assess the effects of phase wind-up, we
performed a rooftop experiment at Head

Hall on the University of New Brunswick
Fredericton campus using a 3-axis (3D) mo-
tion table that uses computer-controlled
stepper motors and controllers (see photo).
The results support the validation of the
phase wind-up observables. We also in-
vestigated the significance of the phase wind-
up effects on an RTK-based vehicle navi-
gation system using double-differenced
carrier-phase measurements.

3D Motion Table Test. As illustrated in
the photo, we set up a base station antenna
in static mode and mounted two antennas
on the 3D motion table capable of rotating
360 degrees around the yaw axis and 40 de-
grees around the pitch and roll axes.

With this system set-up, we could analyze
two different antenna combinations — one
static and one rotating antenna and two
rotating antennas. The first combination
of a static and a rotating antenna is a typi-
cal test set-up for assessing phase wind-up.
The second combination of a pair of rotat-
ing antennas was used to demonstrate that
the effects of the phase wind-up are cancelled
in the single- and double-differenced carrier-
phase measurements for co-rotating aligned
antennas.

Static-Rotating Antenna Pair. We started
the phase wind-up simulation with a non-
aligned case. For the simulation, we selected
a40-degree pitch angle and rotated the an-
tennas clockwise and counter clockwise
around the yaw axis. Then we reset the pitch
angle to align the antennas’ spin axes and bore-
sights, and rotated again clockwise and
counter clockwise around the yaw axis.

The top panel in FIGURE 1 shows the
changes of azimuth due to the rotation of the
antennas. Height changes at around 400 sec-
onds of elapsed time in the middle panel were
caused by resetting the pitch angel. The az-
imuth and height were determined by pro-
cessing conventional double-differenced car-
rier-phase measurements. The bottom panel
shows the phase wind-up observations in
EQUATION (4) derived using the geometry-
free combination of the differential single-dif-
ferenced carrier-phase measurements. Al-
though the rotating antennas will experience
the same phase changes (in cycles) at both L1
and L2 frequencies, the phase wind-up ob-
servables in distance units must be consistent
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with the wavelength difference between the
two frequencies. This means that there should
be a peak-to-peak effect of approximately 5
centimeters in the observations. The bottom
panel in Figure 1 confirms the predicted ef-
fect.

Two Co-Rotating Antennas. The effects
of phase wind-up on the carrier-phase meas-
urements obtained from two rotating anten-
nas are illustrated in FIGURE 2. This set-up rep-
resents the case where the boresights of two
antennas are aligned with each other although
not necessarily with the spin axis. As expected,
the bottom panel shows that the effects of
phase wind-up are cancelled by single differ-
encing between antennas. The reasoning for
this cancellation is that two co-rotating an-
tennas experience exactly the same rotational
effects regardless of the alignment of the spin
axis and the antennas’ common boresights.

We also analyzed the effects of phase
wind-up in the double-differenced carrier-
phase measurements using EQUATION (7).
As illustrated in FIGURE 3, the effects of phase

wind-up are significantly reduced in the
double-differenced carrier-phase measure-
ments compared with the single-differenced
ones in Figure 1. Also, we can notice a slight
difference between the non-aligned (first
two rotations) and aligned (last two rota-
tions) results in the bottom panel. Although
not easily discerned because of the scale of
the y-axis, the phase wind-up observations
of the non-aligned double-differenced car-
rier-phase measurements are noisier than
those of the aligned ones.

The reasoning for the difference is that
the non-aligned carrier-phase measurements
will pick up additional residual effects of
phase wind-up. Also, antenna phase-center
variation, if any, can be picked up by the ro-
tation of non-aligned antennas. Multdpath
may contaminate the non-aligned carrier-
phase measurements as well. Therefore, in the
first two rotations, we may see the combined
effects of three different error sources includ-
ing the residual spin modulation of the phase

wind-up, antenna phase-center variation, and
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multipath. In fact, it is the combined effects
of several error sources rather than the iso-
lated effects of the phase wind-up that can
compromise an RTK system in reality. We
discuss this again in the next section.

Vehicle Test. We had carried out a ve-
hicle test to examine the overall perform-
ance of the UNB RTK system. The refer-
ence station was set up at UNB and (for this
test) the reference station and mobile sta-
tion data were post-processed. During the
more than one-hour test, we drove the ve-
hicle on highways and streets in and around
Fredericton, New Brunswick. FIGURE 4
shows the trajectory of the vehicle.

The performance of the UNB RTK sys-
tem was very good most of the time during
the test. However, we found several places
where the system had problems. In some
cases, this took place when the vehicle
changed its direction (FIGURE 5) — note the
gaps in the solutions. So we began to inves-
tigate what caused the system problems. We
selected an area where the vehicle was being
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SD Wind-up [PRN16, Head-Hall, 06 SEP 2005:248186.3]
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driven downhill and changing its direction
(FIGURE 6). In this case, we can expect that
the vehicle experiences phase wind-up due
to non-aligned boresights. Note that dur-
ing the first 8 seconds the vehicle stopped
and waited for a green light to make a left
turn.

The phase wind-up observations ob-
tained from the single-differenced geome-
try-free combination in EQUATION (4) are
illustrated in FIGURE 7 . The bottom panel
clearly shows the effects of phase wind-
up. As the vehicle changed its direction
about 180 degrees (see the top panel and
Figure 5), the phase wind-up observations
should pick up a half of the wavelength dif-
ference between L1 and L2 carrier phases.
For PRN 18 in Figure 7, we see this change
of 2.5 centimeters. On the other hand,

we saw an additional change of around 1-2
centimeters for PRN 22. This additional
change comes from the combined effects
of the three different error sources: the resid-
ual spin modulation of the phase wind-up,
antenna phase-center variation, and mult-
path. As we were not aware of this happen-
ing when we performed the vehicle test, we
did not prepare any external aid to isolate
individual error sources. Thus it is not clear
which error source is dominant in this case.

FIGURE 8 shows the phase wind-up ob-
servations obtained from the double-differ-
enced geometry-free combination in EQUA-
TION (7). The bottom panel clearly shows a
significant effect of phase wind-up. Assum-
ing that there are no significant contribu-
tions from antenna phase-center variation

and multipath, the double-differenced phase

wind-up observations in the bottom panel
should provide evidence of the residual spin
modulation of the phase wind-up. How-
evet, it is not clear which error source is most
likely in this case. Therefore, we could not
assess how significant the residual effect of
the phase wind-up was. Instead, as illus-
trated in the bottom panel, we could con-
firm the significance of the combined ef-
fects of the three different error sources.
We further tried to assess the residual ef-
fects of the phase wind-up on L1 and L.2
double-differenced carrier-phase measure-
ments using EQUATION (8). The residuals of
the L1 double-differenced carrier-phase
measurements during the first 8 seconds
(when the vehicle was waiting for the green
light) show no bias. On the other hand,

there was a bias of 2 centimeters in the
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Vehicle Trajectory [Fredericton, 19 AU
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Vehicle Trajectory [Kimble Drive, 19 AUG 2004:396303.3-396330.0, 10 Hz] Vehicle Dynamics [Kimble Drive, 19 AUG 2004:396303.3-396330.0, 10 Hz]
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L2 double-differenced carrier-phase measurements. Consider-  phase wind-up can degrade the performance of our system. In this
ing the vehicle’s dynamics at this time (static mode and fixed  article, we introduced three phase wind-up observables and
orientation), the most likely error source for this bias is multipath.  demonstrated qualitative assessment of the phase wind-up using these
As the vehicle turns to the left (from the 9-second epoch of elapsed ~ observables.

time), the geometry between a reflector and a satellite changes and In situations where there are no significant contributions from
hence the effect of multipath is changed. Also, due to the antenna  antenna phase-center variation and multipath, the double-difference

rotation, the carrier-phase measurements pick up the residual spin
modulation of the phase wind-up and, if any, the antenna phase-
center variation as well.

Concluding Remarks

RTK technology is able to provide positioning and navigation solu-
tions in real time with high accuracy and precision —
normally better than a few centimeters at a 95 percent confidence
level. However, an RTK system can suffer from reliability prob-
lems when operating conditions are sub-optimal or if certain error
sources are not properly compensated. In our recent work on an
RTK-based vehicle navigation system, we have often observed that

A ROOF-TOP TEST set-up for the validation of phase wind-up effects
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SD Wind-up [PRN18, Kimble Drive, 19 AUG 2004:396303.3 ]

DD Wind-up [PRN22/18, Kimble Drive, 19 AUG 2004:396303.3]
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A FIGURE 8 Double-differenced phase wind-up observations for

phase wind-up observable can provide evi-
dence of any residual spin modulation of the
phase wind-up. Although we could not as-
sess directly the effects of the residual spin
modulation in our tests, we confirmed that
these effects could be significant in the dou-
ble-differenced carrier-phase measurements.
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