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This paper presents further research on the SNUGL pseudolite-based navigation system
presented in this journal in 2003. This system has centimetre-level accuracy, but has an
error source arising from right-hand circularly polarized (RHCP) transmissions, unlike
outdoor Global Positioning System (GPS). The GPS satellites and pseudolites use RHCP
signals, and the polarization affects carrier-phase measurements according to the Line-of-
Sight (LOS) vectors from transmitters to receivers. The RHCP error is eliminated by a
double differencing process in outdoor GPS, but the error remains in the pseudolite-based
system because the LOS vectors from transmitters to a reference and user receivers are
different for the close transmitter constellations. This paper shows the RHCP effect on the
pseudolite-based navigation system through simulations and experiments. It then shows
the RHCP-compensation method improves the measurement and position accuracy by
over 10%.
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1. INTRODUCTION. GPS is a good sensor for navigation, but it cannot
be used indoors or in signal-blocked environments, even though there are many
potential users in such environments. Many approaches have been tested for indoor
navigation using GPS technologies, and a pseudolite-based navigation system can
be a solution. With such motivation, the Seoul National University GPS Lab
(SNUGL) implemented an indoor navigation system using asynchronous pseudo-
lites in 1999 [Kee, Jun et al. 2000] and published a description in this journal [Kee,
Jun and Yun, 2003]. This system uses pseudolites as transmitters and a reference
and user receivers, and has an accuracy of several centimetres. This system can be
used for outdoor navigation with or without GPS satellites. The error sources of
the system, in general, include multipath, pseudolite position error, and measure-
ment noise (thermal noise). There exists, however, one more antenna-related
error source, which has been ignored for GPS but should be considered in
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Figure 1. SNUGL pseudolite-based indoor navigation system overview.

pseudolite-based navigation systems. That is the Right Hand Circularly Polarized
(RHCP) effect. This affects carrier-phase double-difference measurements because
of the different line of sight (LOS) vectors between two receivers and two transmit-
ters. Generally the LOS vectors are the same for the outdoor GPS system because
the transmitters are very far away from the receivers, but pseudolites are so close to
the receivers that the LOS vectors are different for two receivers, even from the
same transmitter.

The RHCP effect on GPS with non-aligned antenna arrays was introduced by
Lightsey [Lightsey and Parkinson, 1996]. Lawrence [Lawrence and Cobb, 1995] and
Zimmerman [Zimmerman, 1996] extended the RHCP effect to an indoor navigation
system with non-aligned antenna arrays. Adams modified the RHCP equations
to remove an ambiguity and also analysed RHCP effects with non-aligned antenna
arrays in an indoor navigation system [Adams and How, 1998].

This paper analyses the RHCP effects on the carrier-phase double-difference
measurements and on the Carrier-phase Differential GPS (CDGPS) solutions of
the SNUGL asynchronous pseudolite-based navigation system even with aligned
antennas, and compares experimental results with simulation results. This paper
also proposes an RHCP-compensating method for improving the accuracy of the
pseudolite-based navigation system.

2. THEORY.

2.1. SNUGL Pseudolite-based Navigation System. The pseudolite-based navi-
gation system makes it possible for users to navigate in urban canyons and even
inside buildings. The system is composed of pseudolites, transmission antennas,
receiver antennas, a reference receiver, user receivers, wireless modems, and a
processing computer, as shown in Figure 1.

Transmission antennas, which are right-hand circularly polarized, are installed
beneath the ceiling and connected to pseudolites. The user and the reference receivers
gather integrated carrier-phase (ICP) measurements and send them to the PC via
wireless modems. The PC then solves the navigation equations with ICP double
differences and the CDGPS algorithm. The distances between pseudolites and the
receivers are very short, tens of metres or less. Thus, a user movement causes a rapid
change of the line of sight (LOS) vectors from the pseudolites to the user. Moreover,
in contrast to the outdoor GPS, the two LOS vectors from one pseudolite to the
reference and to the user are different from each other. The different LOS vectors
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Table 1. Average Positioning Error of the Pseudolite-based Navigation System (10).

Near the reference station Whole test area
3-Dimensional RMS Error 1-56 cm 43 cm
position error (RMS) _* -
N S O N N
0.15 ot

Figure 2. SNUGL Pseudolite-based Navigation System Position Error (RMS) with a Reference
Station at (0, 0, 0).

bring about the RHCP effect on the carrier-phase double-difference measurements
and solutions shown in Figure 2 and Table 1. The position error increases as a user
moves farther from a reference because the LOS vector difference at a greater
distance is larger than that close-by. The RHCP effect on the measurement is very
small; below several centimetres, however, it may not be negligible because the noise
level and the navigation error of the system are not much bigger than the RHCP
effect.

2.2. Right-Hand  Circularly — Polarized (RHCP) Effect. GPS satellites
and pseudolites use Right-Hand Circularly Polarized signals. The signal is an E-field
radiating from a transmitter to a receiver, which is circularly polarized perpendicu-
larly to the direction of propagation as shown in Figure 3. When the signal is received
by a patch antenna, the phase measurement is calculated by the projection of the E-
field onto coordinates fixed to the receiver antenna. The carrier-phase measurement
on a patch antenna can be modelled as a combination of two perpendicular compo-
nents with a phase delay of 90 degrees, so phase measurements even for the same
distances can be different depending on the receiving angle. Therefore, the RHCP
effect can be ignored only if the two receiving antennas have the same bore-sight
direction and the LOS vectors from the transmitter to the two receiving antennas are
the same, because the RHCP effects on the reference and the user are then identical
and eliminated through the double differencing process. In the outdoor GPS, the
LOS vectors from a satellite to a reference and a user are almost equal and are not
changed by user movements as shown in Figure 4(a). Therefore, it is not necessary
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Figure 3. Right-hand circularly polarized GPS signal E-field.
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Figure 4. The LOS vectors for a reference and a user receiver are the same in outdoor GPS (a),
but different in the pseudolite-based navigation system, depending on the user position (b).

for outdoor GPS users to consider the RHCP effect, except for some special users
who use non-aligned antenna arrays. On the other hand, pseudolite-based navigation
system users should not disregard the RHCP effect, even when a user antenna is
aligned with a reference antenna, because the LOS vectors from a pseudolite to the
reference and the user are different depending on the user position as shown in
Figure 4(b).

2.3. Coordinate System and Rotation Matrix. For our analysis, two coordinate
systems are defined. One coordinate (x”, 3", 2") is fixed on the transmitter antenna
and the z"-axis points in the direction of signal propagation (4.+A4,+4.). The
other coordinate is the inertial coordinate (X, Y,Z), in which the Z-axis is
toward the zenith. Figure 5 shows the coordinate systems. (X, ', Z") is a transient
coordinate.

The rotation matrixX, Rzersiai—1x), from the inertial coordinate to the transmitter-
fixed coordinate can be calculated by a two-step rotation transformation. First, the
inertial coordinate is rotated by o degrees about the X-axis to a transient coordinate
(¥',7',2) so that the Z-axis is parallel to the vector ( 4, + 4.), where A4 is defined as a
LOS vector from a transmitter to a receiver. Second, the coordinate (¥',7',2') is
rotated by 3 degrees about the y'-axis so that the £/-axis is parallel to the vector A. The
result is the transmitter-fixed coordinate (x”,7”,2Z”). Thus, the rotation matrix,
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Ry, from the transmitter-fixed coordinate to the inertial coordinate can be calculated
from equation (1).

T
RT( Tx— Inertial) = (R(InertiaIH TX))

=(R2,B) R(1,a))"
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where the rotation angles o and 3 can be defined by equation (2).

cosa=— —— = A:
VEEE e
. y —A,
sina= =
VIiA+2 \/A§,+Ag
2
Vv ) \/ A2+ A2
cosp= roe NV
N s ]|
Sinﬁ: _7)( Ax

JErri2 ]

2.4. RHCP Phase Error Modelling. The instantaneous field of a plane wave
shown in Figure 6, travelling toward the Z-axis, can be written as equation (3) and
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Figure 5. Two Coordinate Systems. (X, y, ) is an inertial coordinate and (x”,y",2") is a
transmitter-fixed coordinate.
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Figure 6. E-field vector radiated from a helical antenna.

simplified as equation (4) with respect to the transmitter-fixed coordinates.

E(z:1) = Eg(z:0)0 + Ey(z:0)),
where
Eo(z;0) = Egocos(wt+kz+¢.)

3)
Ey(z;0) = Egocos(wt+kz+¢,)
1
A¢=¢}_¢x=_<§+2n)ﬂ, n=0,1,2,...
. R cos(wyqt)
Er=Eg0+Eyp+E, = | sin(wp11) 4)
0

The received E-field is represented as E,.. with respect to the receiver-fixed co-
ordinate and calculated as equation (5). If the bore sight of the receiver antenna is
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pointed toward the zenith, the tilt angle can be assumed to be zero, therefore, the
receiver-fixed coordinates are the same as the inertial coordinates and R,= R nr=1
(the identity matrix), where R, is the rotation matrix from the vehicle to the inertial
frame, and R 7 is the rotation matrix from the receiver antenna to the vehicle frame.
The zero tilt angle indicates the best condition for minimizing the RHCP effect.

Eoe=Tr_rocEr=(RyRynt) RrET

Tw Ty T [cos(wpl) Thicos(wpat) + Trasin(w 1)
=Ty Te Te| | sin(wpt) | =| Tacos(wrt)+ Tassin(wiq?) |,
Ty T T 0 Tyicos(wpat) + Taasin(w 1)
where (5)

Ry = Rotation Matrix from vehicle to inertial coordinate
R n7= Rotation Matrix from Rx antenna to vehicle coordinate
Ry = Rotation Matrix from Tx antenna to inertial coordinate
T7_rec = Rotation Matrix from Tx antenna to Rx coordinate
The patch antenna on the receiver can be considered as two dipole antennas in the
X and the Y direction with a phase delay of 90 degrees [Balanis, 1997]; therefore, the
received signal can be modelled by equation (6). The integrated carrier-phase

measurement is calculated by integrating the phase measurement, and should be w7,

ideally, instead of [w; t-arctan(b/a)]. The unexpected additional phase term, arctan

(b/a)= arctan(%) in equations (6) and (7) represents a phase delay caused by the

RHCP effect.
r(1) = EXFC(0)+ EFPC(1— 27/ (40 11))
=Tncos(wpqt)+ Tiesin(wyqt)
+ Torcos(wpat —/2) + Taasin(w 1t —/2)
=Tncos(wpt)+ Trasin(wpit) + Taorsin(w 1) — Tegcos(wyqt)
= (T —Tas)cos(wpt) + (Tor + Thg)sin(w 1) (6)

=(Va®+b?)cos|w it —arctan(b/a)],

where
a=Ty—Ty
b=Tyn+Tis

Ty + T12> )

@ rucp=arctan (
Ty —Th

3. SIMULATIONS OF THE RHCP EFFECT
3.1. Unexpected Additional Measurement by RHCP Effect. Figure 7 shows the
unexpected additional phase measurement from the RHCP effect simulated with
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Figure 7. Simulated additional phase measurement by RHCP effect with various rotation angles.
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Figure 8. Simulated additional phase term on the single carrier-phase measurement by RHCP
effect with a receiver at (0, 0, 0) and the pseudolite position varies about (x, y, 3).

various rotation angles o and {3, which depend on the direction of radiation. The
peak-to-peak difference is about 6 cm.

Low eclevation angles of the pseudolites are not available in the actual system,
therefore we consider the actual situation of a volume 10 m x 10 m x 3 m, where
the pseudolites are fixed on the top corners and the ceiling. Figure 8 shows the
unexpected additional phase term on the single carrier-phase measurement from
the RHCP effect at the position (0, 0, 0) when the pseudolite moves to (x, y, 3).
The figure shows that the RHCP phase error depending on the position (not the
orientation or attitude) is as big as +1 cm, and can be bigger when the measurements
are double-differenced.

3.2. RHCP Effect on the Pseudolite-based Navigation System. The SNUGL
pseudolite-based indoor navigation system uses double differences of carrier-phase
measurements taken by a reference and a user receiver. If we assume the reference
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station is fixed at (0, 0, 0), which is the best position to remove system errors, the
RHCP effects on the double-difference measurements can be simulated in various
combinations of the pseudolite and the user positions indicated by (x, y), as shown in
Figure 9. Figure 9(a) shows the result when two pseudolites are at opposite corners
and the distance is the longest. Figure 9(b) shows the result when two pseudolites are
on the same side, and Figure 9(c) shows the result when the master pseudolite is at
the centre.

Such RHCP errors in the double-difference measurements are introduced into
the user position, which is calculated using these measurements. Figure 10 shows
the simulated RHCP effects on the CDGPS 3-dimensional solutions as root mean
square (RMS) values, which are as high as several centimetres. Consequently, the
RHCP error on the solution is not negligible compared with the noise level of
the system, and it is important that the RHCP error is not white noise but a bias
error.

4. EXPERIMENTAL RESULTS.

4.1. Experimental RHCP Errors on the Carrier-phase Measurements. Carrier-
phase double-difference measurements for two receivers and two pseudolites were
compared with the double difference of the actual ranges. For the comparison, the
positions of the reference and the user logging points were pre-measured on the floor,
and the positions of the transmitter antennas were surveyed using the Inverse
CDGPS (ICDGPS) method [Kee, Yun, Jun and Parkinson, 1999]. Carrier-phase
measurements are logged for 100 epochs at each of 110 positions on the floor, from
— 15 to 1'5 metres on the X-axis and from —1-2 to 1-5 metres on the Y-axis on a
30-cm grid, as shown in Figure 11. The RHCP effects are very small when the user is
close to the reference station at (0, 0, 0); therefore, the pseudolite positions were
solved using ICP data measured in the area close to the reference station, to minimize
the RHCP effect on the pseudolite positions themselves. The calculated pseudolite
positions are shown in Table 2.

Figure 12 shows the RHCP errors on the double-difference measurements
simulated using the same situation as the actual test setup when PL2 and PL4 are
used. The experimental results of the differences between the measurements and the
actual ranges, which are the measurement errors, are plotted in Figure 12(b). It is
clear that the simulated RHCP errors in Figure 12(a) and the experimental result
in Figure 12(b) have the same tendency. They show similar slant planes and the
inclinations can be considered as the RHCP effect. The same tendency is shown in
other pseudolite combinations.

4.2. RHCP Compensation Results. We can simulate the RHCP effects using
the reference, user and pseudolite positions, and the RHCP effects can be removed
by compensating simulated values. Figure 13 shows the result of the compensation.
The compensated double-difference measurements have no inclination or bias
errors.

Table 3 and Figure 14 show the compensation results. The average RMS errors,
which were measured at 110 user positions with all pseudolite combinations, are
reduced from 1-06 cm to 0-98 cm for a 7-4% improvement, and the position accuracy
is improved by 11:6%. The values are not very large because another error source,
multipath, is a dominant error source compared with the RHCP effects. The small
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RHCEP error on Double Difference measurement (z=3 m)
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Figure 9. Simulated RHCP error on the carrier-phase double difference for a reference at (0, 0, 0),
users at (x, y, 0) and two pseudolites (a) at (—5, 5, 3) and (5, — 5, 3), (b) at (—5, 5,3)and (=5, —5,
3), and (c) at (-5, 5, 3) and (0, 0, 3.5).
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Figure 11. Experimental setup. Circles are pseudolite positions and ‘*’s are the user positions
where the carrier-phase measurements are logged.

test area is a bad environment for multipath errors. The system errors are not
proportional to the application size, but the multipath errors can be reduced when
the application volume is larger. Therefore, the RHCP-compensation would be more
effective in larger system application areas.

If the user stands near the reference station, the LOS vectors from the pseudolites
to the user and to the reference receivers are similar and the RHCP effects on double-
difference measurements are very small. As the user moves away from the reference,
the RHCP effects become larger. This means the improvement would be larger for
users at greater distances from the reference station. Figure 15 shows how much the
measurements are improved after RHCP-compensation. When the user is 1-8 m from
the reference station, the measurements are improved by 15-1%, and the position
improvement in this area also was better than 15%.
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Table 2. Calculated pseudolite positions.

PL 1 PL 2 PL 3 PL 4 PL5 PL 6
X (m) —0-149 2:374 1-524 —3-843 —3-843 —3179
Y (m) —0-001 2:307 —1972 —2-189 0-325 2:428
Z (m) 2423 2292 2:287 2:320 2:368 2-310

RHCP error on Double Difference
measurement (Simulation) Double Difference measurement error (experiment)
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(a) Simulated RHCP error )
(b) Experimental RHCP error
Figure 12. (a) Simulated and (b) Experimental RHCP error on the double-difference measure-
ments with PL2 at (2.37, 2.31, 2.29) and PL4 at (-3.13, —2.19, 2.32).
Double Difference measurement Double Difference measurement
error (experilrlent) error (RHCP-Compensated)
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Figure 13. RHCP-compensated errors on the double-difference measurements with PL2 at
(2.37,2.31, 2.29) and PL4 at (—3.13, —2.19, 2.32).

5. CONCLUSIONS. LOS vectors from GPS satellites to a reference station
and users are almost the same in outdoor GPS. That is why RHCP effects have
been ignored, even in precise positioning. On the other hand, the RHCP effect
should be considered in a pseudolite-based navigation system, because the LOS
vectors from pseudolites to a user change as the user moves while the LOS vectors
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Table 3. Measurements and Position Accuracy Improvement after RHCP Compensation.

DDl DD2 DD3 DD4 DD5 position
Before (cm) 1-24 1-05 1-06 0-94 0-99 43
After (cm) 1-20 091 1-04 0-82 091 38
Improvement 32% 13-3% 1:9% 12:8% 81% 11-6%
DD measurement Errors before and RMS Position Error before and
after RHCP-compensation after RHCP-Compensation
1.4 5
1.2 4
1
~ 3
0.8 g
0.6 2,
0.4
0.2 1
0 0

1 2 3 4 5 [§

whole area position

|EI non-compensated @ RHCP-compensated

|EI non-compensated @ RHCP-compensated

(a) measurement improvements

(b) position improvement

Figure 14. Measurements and Position Accuracy Improvement after RHCP Compensation.
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Figure 15. DD measurement improvement after RHCP-compensation as a user moves away
from a reference.

to a reference are fixed. Figure 14 shows the experimental results measured by
the SNUGL asynchronous pseudolite-based indoor navigation system. The RHCP
effect is not very large but should not be ignored, because the noise level of
the pseudolite-based navigation system is also very small. The RHCP effect is as
big as the system noise level, and moreover, it is a bias error. We can obtain more
accurate precise positioning by compensating the RHCP effect. After compen-
sation, the RMS error of the double-difference measurements was reduced by 7-:3%
on average, and reduced by 15% when the user is far from the reference. This
improvement affects the position accuracy, and the position accuracy is improved
by 11:6% on average. Users should therefore compensate for the RHCP effects for
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a more accurate pseudolite-based navigation system. This high accuracy pseudolite-
based navigation system could be used for factory automation or an indoor attitude
determination system, and should be more accurate than non-compensated systems.
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