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ABSTRACT

GPS carrier phase measurements are affected
multipath signals that can significantly affect the qua
of data used for static and kinematic positioni
applications.  It is generally difficult to characterize th
multipath using field data whereby the exact sources
the errors cannot be easily isolated.  In this paper, ca
phase multipath parameters are identified and th
influences on measurements are investigated throug
theoretical analysis. Multipath effects are analyzed from
geometrical perspective whereby GPS signals 
assumed to propagate through the advancement of a 
wavefront on which the phase of the GPS signals is
same. The differential path delay of the reflected sig
with respect to the direct signal is then calculated.
multipath simulation model is developed and describ
wherein the multipath parameters can be varied and 
influences observed.  These parameters include i) 
reflection coefficient, ii) the antenna to reflector distan
iii) the azimuth and elevation of the reflected signal 
the existence of multiple reflectors, and v) satell
dynamics. Mulipath characteristics such as frequen
error envelope, spatial correlation, and signal to no
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ratio are studied by varying these parameters. Only t
specular component is addressed in this paper as 
diffused component is random in nature and difficult t
model in a deterministic form.

INTRODUCTION

GPS carrier phase multipath errors have assum
importance due to the high accuracy demands in a num
of applications. The differential carrier phas
measurement is invariably used in high precisio
applications like static and kinematic surveying an
attitude determination (e.g. Axalrad et al., 1994). Most 
the errors in the carrier phase measurements, such
atmospheric delays, orbital and clock errors are spatia
correlated and generally cancel through the differenci
process for short baselines. However, carrier pha
multipath is a highly localized error which does no
cancel through differencing and therefore has be
identified as the major source of error in many hig
precision applications (Braasch, 1996).

Several techniques have been developed to counter ca
phase multipath either using improved receiver hardwa
(Townsend et al., 1995; Garin and Rousseau, 1997)
data processing techniques (Axelrad et al., 1994; Moelk
1997; Ray et al., 1998). Townsend et al. (1995) used 
MEDLL technique whereas Garin and Rousseau (199
used the Advanced Strobe Correlator to reduce the eff
of carrier phase multipath. Axalrad et al. (1994) an
Sleewaegen (1997) have exploited the signal-to-no
(SNR) information from the receiver in post mission
along with the antenna gain patterns, to estima
multipath. Moelker (1997) used a direction finding
algorithm (e.g. MUSIC) with a MEDLL receiver to
counter multipath. Ray et al. (1998) used the spat
correlation of the multipath error between multipl
closely-spaced antennas that can be used in real time 
reference station.

For successful isolation and mitigation of this error, it is
important to understand the cause of the multipath and
3
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characteristics. Efforts were made by several research
to characterize code multipath effects (Hagerman, 197
van Nee, 1995; Braasch, 1996). Analysis of carrier loc
loop behavior in the presence of multipath is given i
Braasch (1996) and van Nee (1995). Georgiadou a
Kleusberg (1988) have presented some of the gene
characteristics of carrier phase multipath and i
dependencies on GPS L1 and L2 frequencies. However
comprehensive analysis on the overall behavior of carr
phase multipath under different circumstances has n
been done. This paper identifies parameters of concern 
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carrier phase multipath and analyzes their impact from
geometrical perspective through simulation models.

MULTPATH FROM A GEOMETRICAL
PERSPECTIVE

In Figure 1, a typical multipath scenario is shown
whereby A1 to A5 are several antennas placed close-by
a multi-antenna system and the reflection from tw
sources to A1 is shown. The other four antennas will al
be affected by the reflected signals in a similar way.
Figure 1: Direct and reflected signals to an antenna in a multi-antenna system
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In the diagram, θ and ϕ are the elevation and azimuth o
the direct signal to the antenna while θk and ϕk are the
elevation and azimuth of the kth reflected signal to the
antenna. The distance between the antenna and 
reflector in the horizontal plane is denoted by dk.

Two distinct scenarios are shown in the figure. In the fi
case (Reflector 1), the antenna (A1) is closer to 
satellite compared to the reflector whereas in the sec
case (Reflector 2), the reflector is closer to the satel
compare to the antenna (A1). These two cases 
generalized situations and representative of all 
possible scenarios of the antenna-reflector geometry.

Since the satellite is 20,000 km above the earth, the G
signal can be assumed to travel as parallel rays on
earth’s surface. A plane wavefront perpendicular to the l
of sight can be assumed to have the same carrier ph
 .

When this plane intersects the phase center of Antenna 1,
has the same carrier phase at all points on it, including
point P1 (which is the intersection of the plane and the line
of sight from Reflector 1 to the satellite). Therefore, the
differential path delay of this reflected signal with respect
to the direct signal is P1R1 + R1O. The corresponding
differential phase delay is computed by dividing the
differential path delay by the signal wavelength.

Similarly, for case 2, a plane perpendicular to the line of
sight from Reflector 2 to the satellite intersects the line of
sight from the antenna under consideration at point P2. In
this case, the differential path delay is given by R2O – P2O.

Therefore, if the direct signal phase at the antenna i
available, the reflected signal phase can be computed b
adding the differential phase delay due to the differentia
path delay, to the direct signal phase.
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In order to compute the effect of multipath on the direc
signal, the above mentioned differential path delays nee
to be determined mathematically. By using solid
geometry it can be shown that the differential path dela
in either situations is given by,
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θ
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In general, for several satellites in a multi-antenna system
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where,

i is the satellite index
j is the antenna index
k is the reflected signal index; k = 0 indicates the

direct signal
a is the differential path delay of the reflected

signal (m)
d is the horizontal distance between the antenn

and the reflector (m)
θ is the elevation of the direct satellite signal or the

reflected signals (rad), and
ϕ is the azimuth  of the direct satellite signal or the

reflected signals (rad).

The differential path delay expression is a function of the
satellite elevation and azimuth, the reflected signa
elevation and azimuth and the antenna-reflector distanc
in the local level horizontal plane. This expression is
further exploited to analyze the behavior of the carrier
phase multipath error.

At the antenna phase center, the GPS signal consists of t
direct as well as the reflected signals such that a receiv
can not distinguish between them. In the receiver, multipat
is characterized by four parameters, all of which are rela
tive to the direct signal. These parameters are amplitud
path delay, phase and phase rate (Braasch, 1996).

The reflected signal amplitude depends upon severa
parameters, namely the reflection coefficient of the
reflector material, the incident angle as well as the size o
the reflector with respect to the first Fresnel zone
(Beckmann and Spizzichino, 1963; Braasch, 1998).

The differential path delay of the reflected signal depend
upon several parameters including the antenna reflect
distance and geometry as shown in equation (2). The oth
two multipath parameters essentially depend upon th
differential path delay and can be easily computed from it
345
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The relative phase is obtained directly by dividing the
differential path delay by the signal wavelength and the
phase rate is obtained by differentiating the phase
Therefore, equation (2) forms an important relationship tha
can be used to characterize the carrier phase multipath.

The composite signal at the antenna phase center, whic
consists of the direct and reflected signals is then given
by,

∑
= 
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cosS)t(C)t(D)t(s      (3)

where,

s is the composite signal to the antenna
D is the satellite data bit
C is the Pseudo Random Noise (PRN) code, i.e

either C/A or P code
S is the direct signal amplitude (v)
τ is the differential time delay of the reflected

signal (s)
α is the reflection coefficient, defined by the ratio

of direct signal amplitude to the reflected signal
amplitude

ω is the nominal carrier frequency (Hz)
t is the time (s)
φ is the initial carrier phase (rad), and
λL is the carrier wavelength (m).

For simplicity, only one of the PRN code sequences and 
noise-less situation is assumed in equation (3). Each o
the direct and reflected signals consists of a carrie
modulated by the code as well as a navigation data bi
The data bit is extracted in the receiver at a later stage an
is of no concern as long as the correlation integration time
in the receiver tracking loops is from data bit boundary to
boundary. The PRN code is despreaded in the receiver b
beating the incoming signal with a local replica of the
PRN code in a Delay Lock Loop. The carrier is tracked in
a Phase Lock Loop, generally a Costas loop  (Ward
1996), where the incoming signal is mixed with the
inphase and quadrature phase components of a loc
carrier generated from a Numerically Controlled
Oscillator (NCO). The carrier lock loop phase
discriminator expression is given by,
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where,

A is the correlation function. For a PRN code
without band limitation it is defined as,

T,0

T,
T

1)(A

>τ=

≤τ
τ

−=τ
                                   (5)

where,

T is the PRN code bit period
Ψ is the measured phase difference between t

composite signal carrier and the locally
generated carrier (rad)

ψ is the true phase difference between the dire
signal carrier and the locally generated carrie
(rad), and

γ is the differential phase delay due to the
differential path delay of the reflected signal an

equal to 
L

a2

λ
π

 (rad).

In a receiver, the phase measurement is generated 
accumulating the phase of the NCO output. In a beni
environment where there are no reflected signals, t
incoming signal carrier is the same as the direct sign
carrier. The NCO-generated local carrier locks onto th
direct carrier very accurately, and as a result, the true ph
difference between the incoming signal carrier and th
locally generated carrier is nearly zero (actually zero mea
and the resulting phase measurement is very accurate. In
presence of multipath, the composite signal phase shifts fr
the direct signal phase and the NCO-generated local car
locks onto the composite carrier phase resulting in an error
the phase measurement. This error is equal to the differe
between the composite signal carrier phase and the dir
signal carrier phase.

It can be easily seen from the equation that whe
multipath is absent,

i
jkα  = 0, for k = 1, 2….; then,

i
0j

i
j ψ=Ψ .

Under these circumstances, the measured phase is 
correct phase when assuming no phase noise.

The error in the measured carrier phase is then calcula
by,

i
j

i
j

i
j ψ−Ψ=ψ∆ .
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Using equation (4) it can be easily shown that,
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If there is only one dominant reflector, the above equation
reduces to,
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From equation (7), it can be observed that the multipath
error amplitude (in radians) is a function of the PRN code
correlation function and the reflection coefficient, and
independent of the carrier wavelength. This means tha
the L1 and L2 carriers will have the same amplitude of
multipath error (in radians). The amplitude is also a
function of the antenna-reflector distance through the
correlation function. If the reflector is far away from the
antenna (i.e. τ is large), the correlation value decreases
and so does the multipath error amplitude. As the distanc
approaches the PRN code chip, the correlation value a
well as the multipath error diminish.

The multipath error phase is directly related to the relative
phase of the reflected signal. Multipath error phase
variation is due to the variation of the reflected signal
relative phase or differential path delay. For the same
differential path delay, GPS L1 and L2 signals will have
different relative phase delays and correspondingly
different phases of the multipath error. The rate of change
of the phase or frequency of the multipath error may also
be determined from this equation. This is also obtained by
taking the time derivative of the differential path delay
expression. Expressing the derivative in terms of phase
rate rather than distant rate from equation (2), we get,

{ } 
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j
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j

i
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i
j

i
j

L

i
1j

i
1j .              (8)

The above expression is obtained under the assumptio
that the antenna-reflector geometry does not chang
significantly over the period under consideration. This
assumption does not generally hold for kinematic
receivers, where the antenna-reflector geometry may
change rapidly. In stationary situations, if the geometry
changes significantly, the partial derivatives with respect
to the reflected signal elevation and azimuth are to be
added in the above equation.
6
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It is evident from equation (8) that the multipath err
frequency is,

- directly proportional to the distance between th
antenna and the reflector

- inversely proportional to the wavelength of th
carrier signal

- directly proportional to the rate of change o
elevation of the satellite

- directly proportional to the rate of change o
azimuth of the satellite, and

- dependent upon the antenna-reflector and 
line-of-sight vectors.

The above statements allow an analysis of the car
phase multipath characteristics as follows,

- reflectors which are far away from an antenn
cause high frequency or fast-changing multipa
and close-by reflectors cause low frequency 
slowly changing multipath

- GPS L1 and L2 carriers will have the sam
multipath amplitude but different instantaneou
phases. The L1 carrier has higher frequen
multipath compared to the L2 carrier

- reflectors which are far away from an antenn
cause a weak multipath error compared to th
close-by counterparts, and

- a low elevation satellite is more likely to caus
carrier phase multipath (due to more potenti
reflectors) but requires a larger surface (due 
the large Fresnel zone) for strong multipath. O
the other hand, a high elevation satellite is le
likely to cause carrier phase multipath bu
requires a smaller surface for strong multipa
(Braasch, 1998).

MULTIPATH AND SNR

GPS signal power or SNR is related to the carrier ph
multipath parameters.  It is to be emphasized that the c
and data bit in the GPS signal do not contribute to the sig
power as they merely change the phase of the car
depending upon the modulation technique employed. T
carrier or signal power with or without the data and code b
remains the same. Therefore, the receiver determines
power of the carrier, not code and data, and gener
expresses it as the ratio of average signal power to n
power spectral density or C/N0 (Spilker Jr, 1996).
347
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GPS signal power can therefore be determined from the
composite signal in equation (3) by ignoring the code and
data bit as follows,

( )∑
=

γ+φ+ωα=
n

0k

i
jk

i
j

ii
jk

ii
j tcosSs  .                            (9)

For a single dominant reflector, the equation simplifies to,

)tcos(S)tcos(Ss 1
1j

i
j

ii
1j

ii
j

ii
j γ+φ+ωα+φ+ω= . (10)

Assuming a uniform antenna gain pattern, the average
received signal power can be easily calculated from the
above expression and is given by (Close, 1966),

( ))cos(2)(1PP i
1j

i
1j

2i
1j

i
0j

i
j γα+α+=                      (11)

where,
i
0jP is the average power of the direct carrier signal

and is equal to 
2

)S( 2i
.

From equation (11), the total signal power in the receiver
is a function of the reflection coefficient and relative
phase of the reflected signal.

The maximum and minimum signal power may be
obtained from equation (11) as,

( )2i
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0jmax

i
j 1PP α+= ,    and                                (12)
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.           (14)

Therefore,

1R

1Ri
1j +

−=α .                                                       (15)

Equation (15) relates the reflection coefficient to the
SNR, which means that the reflection coefficient may be
estimated from the maximum and minimum SNR of the
GPS signal in the receiver. These relationships may be
used to estimate the reflection parameters from the SNR.
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SIMULATION DESCRIPTION

A carrier phase Multipath Simulation and Mitigation
software (MultiSiM) for GPS system was developed on
PC platform. The major inputs to the simulator are,

- reflector parameters, and
- antenna parameters

while the major outputs from the simulator are,

- true carrier phase
- measured carrier phase contaminated with multipa

and phase noise, and
- estimated carrier phase.

The software consists of two main modules name
Simulation and Mitigation. The first module allows the
user to define the multipath environment and the anten
setup through the input parameters. The user can input
number of reflectors per satellite and their locations wi
respect to the reference antenna position in order 
simulate a controlled multipath environment. The user c
also configure the antenna setup, i.e. the number 
antennas and their placement.

The carrier phase of the direct and reflected signals
each antenna may be determined by computing t
distance traveled by the signal up to the antenna. For 
direct signal, it is the distance between the satellite a
the antenna; while for the reflected signals it is the tot
distance from the satellite to the reflector plus th
reflector to the antenna. The satellite position 
determined from stored ephemeris data.

The measured carrier phase without noise contains t
parts – the integer and fractional cycle componen
Assuming that the direct signal is stronger than th
indirect signal, the integer cycles in the measured carr
phase is same as the direct signal’s integer cycles. T
phase of the fractional cycle of the reflected signal is wh
actually corrupts the phase of the fractional cycle of th
direct signal, depending upon its relative strength a
phase. A single observation from the direct and all th
reflected signals are generated per satellite-anten
combination. Gaussian noise with selected characteris
is added to the measurement.

SIMULATION RESULTS

Figures 2(a) to 2(e) show the effect of a reflected sign
on a direct signal for three different situations. In Figu
2(a), the direct signal modulated by the code and data
shown. There are many L1 carrier cycles within a co

bit, and only a small fraction of it is illustrated to
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demonstrate the behavior. Figure 2(b) is the reflected
signal delayed by two integer cycles. It is also 90 degree
out of phase with respect to the direct signal and one ha
its amplitude. Figures 2(c), 2(d) and 2(e) show the
composite signals consisting of a direct and reflected
signal for a relative reflected signal phase of 90, 0 and
180 degrees, respectively. It is observed that in the firs
case, the composite signal has a phase error, but n
change in amplitude. In contrast, in the second and third
cases, the composite signals do not exhibit phase erro
but the signal amplitude is increased and decrease
respectively. This will affect the SNR or the more widely
used C/N0 of the carrier. For a large out of phase reflected
signal, the receiver may lose lock of the incoming signal.

Figure 2(a-e): Waveforms of the direct, reflected and
composite signals for 90, 0 and 180 degrees relative phas
of the reflected signal from a reflector with a reflection
coefficient of 0.5.

Figure 3(a) plots the multipath error against the
differential path delay for a reflector with a reflection
coefficient 0.9. It can be seen from equation (6) that the
multipath error is a function of the correlation function.
As the differential path delay increases, the correlation
value of the reflected signal code with the locally
generated replica decreases, thereby reducing multipat
error. For a reflected signal delayed by more than one
PRN code chip, the correlation value is zero (ignoring the
correlation sidelobes) and so is the multipath error.
Therefore for C/A and P code receivers, a differential path
delay of more than 293.26 m and 29.33 m respectively d
not contribute to multipath errors in the carrier phase
measurements. Also, it can be noted that carrier phas
multipath has a zero mean.

Figure 3(b) plots the multipath error envelope against the
differential path delay for various reflection coefficients of
the reflector. Multipath error is plotted in units of cycle
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length and distance in units of code chips. Therefore, 
figure is representative for multipath on an L1 as well as
carrier in a C/A or P code receiver. As expected, the m
path error envelope reduces for weaker reflected signals.

Figure 3(a-b): Multipath error vs. reflected signal path 
lay for a reflection coefficient of 0.9 and multipath error e
velopes for reflection coefficients 0.1, 0.3, 0.5, 0.7 and 0

Figures 4(a) to 4(c) demonstrate the variation of 
multipath error as a function of satellite elevation a
azimuth for satellite 4. Figure 4(c) is plotted using equat
(7) for a reflector with reflection coefficient of 0.5 at 
distance of 20 m from the antenna. A nominal phase n
of 3 mm (1σ) is added. Though in practice, it is unlikely 
have reflection from the same point for a long period,
this case it serves the purpose of understanding the ge
behavior of multipath error over time. In the figure, t
multipath phase rate changes substantially depending 
the change in satellite azimuth and elevation.

Figure 4(a-c): Multipath error variation as a function 
elevation and azimuth for satellite 4 due to a reflec
with reflection coefficient of 0.5 at a distance of 20 
from the antenna.
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Figures 5(a) to 5(d) are generated under simila
circumstances as in Figure 4(c) except that the reflector
now placed 5 m away from the antenna. In figures 5(b) a
5(c), the reflection coefficient is changed to 0.95 and 0.
respectively. In figure 5(d), the reflector is placed in 
different location but at the same distance with respect 
the antenna. These figures show several importa
characteristics of multipath. It is clear from the figures tha
in a weak multipath situation, the error tends to b
sinusoidal whereby the maxima and the minima ar
uniformly spaced at 90 and 270 degrees relative phase
the reflected signal. In a strong multipath situatio
however, the error tends to be an inverted sawtooth w
sharp transitions in the vicinity of 180 degrees relativ
phase of the reflected signal. Also, the multipath phase a
frequency is highly dependent on the location of th
reflector. In fact, a small change in location, in the order 
several cm, may change the differential path delay there
causing a change in the reflected signal relative phase a
multipath error. This makes the day to day prediction o
carrier phase multipath highly vulnerable unless th
environment is exactly the same. Furthermore, cod
multipath phase depends upon reflected signal relati
phase and that makes code multipath error day to d
prediction vulnerable as well.

Figure 5(a-d): Multipath error for satellite 4 due to a
single reflector with reflection coefficients of 0.5, 0.95
0.3 and 0.5 respectively at a distance of 5 m from th
antenna. For 5(d), the reflector is at different location.

Figures 6(a) to 6(d) display multipath errors from a larg
reflector at various closely-spaced antennas. It is cle
from the figure that the multipath error is highly
correlated between antennas. They have different pha
due to different differential path delays of the reflecte
signal. Their correlation can be exploited to estimate th
multipath error at individual antennas from single
difference carrier phase measurements between anten
as demonstrated by Ray et al. (1998).
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Figure 6(a-d): Multipath error at multiple antenna
separated by 5 to 10 cm.

Figure 7(a) displays the multipath error due to a
additional reflector compared to the set up used 
generate data for Figures 5(a) and 6(a) to 6(d). 
demonstrates the error behavior for both L1 and L
carriers for satellite 4. Figure 7(b) shows the erro
behavior for satellite 16 due to the same reflectors. 
these figures, the darker shaded error corresponds to 
L1 carrier. Several important observations can be ma
from them: i) the multipath error may change
substantially due to the addition or subtraction of anoth
reflector, ii) the same set of reflectors have a differe
effect for various satellites depending upon the line-o
sight vector, antenna-reflector vector, elevation an
azimuth of the satellite, iii) the multipath error has th
same amplitude (in radians) for the L1 and L2 carrier, i
the multipath error has a different phase for the L1 and L
carrier. At a particular instant the multipath error for th
L1 and L2 carriers look arbitrary, but over time the erro
signals have the same shape. The multipath er
dependency on frequency is exploited by Georgiadou a
Kleusberg (1988).

Figures 8(a) and 8(c) show the multipath error for satelli
4 and 16, respectively while Figures 8(b) and 8(d) a
their estimated periods. Periods are estimated not from 
error themselves, but from the antenna-reflector geome
using equation (8). Comparing the errors with the
estimated periods, it is seen that the estimation 
approximately correct for the entire duration. In th
figures, estimation is based on the known position of th
reflector, which is not available in practical applications
However, this relationship may be used to estimate t
multipath error from the available measurements. F
example, one can assume the reflector position a
reflection coefficient to be the unknown state variable
and then estimate them using measurements from 
closely-spaced antennas.
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Figure 7(a-b): L1 and L2 multipath errors due to two
reflectors for satellites 4 and 16, respectively.

Figure 8(a-d): Multipath errors and their estimated
periods for satellites 4 and 16.

Figure 9(a) shows the multipath error for the same setu
used to generate the data for Fugure 8(a) except that th
reflection coefficient is changed to 0.3. Figure 9(b) is the
ratio of the average composite signal power to the nois
spectral density generated using equation (11). Similarl
Figures 9(c) and 9(d) are the multiapth error and the SNR
due to a reflector with reflection coefficient 0.9. The
nominal value of C/N0 due to the direct signal alone is 45
dB-Hz. It is clear from the plots that multipath error and
SNR have distinct relationships. This is because the
composite signal power and multipath error depend upo
the relative phase of the reflected signal. For a sma
reflection coefficient, the multipath error is at an absolute
maximum at 90 and 270 degrees and is zero at 0 and 18
degrees of the reflected signal relative phase (Figur
9(a)). However, for a high reflection coefficient,
multipath error is at absolute maximum value at the
vicinity of 180 degrees of the reflected signal relative
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phase (Figure 9(c)). In contrast, the carrier power 
maximum and minimum at 0 and 180 degree
respectively of the reflected signal relative phase for a
reflection coefficients. Also from figure 9(b), the
maximum and minimum power is approximately 49.5 an
39 dB-Hz. Using equations (14) and (15) the estimate
reflection coefficient is approximately 0.3, which is
correct. The relationship between the SNR and multipa
error is exploited by researchers to estimate carrier pha
multipath (Axelrad et al., 1994; Sleewaegen, 1997).

Figure 9(a-d): Multipath error and SNR for satellite 4 du
to a reflector with reflection coefficient of 0.3 and 0.9 at 
distance of 5 m from the antenna.

CONCLUSIONS

Carrier phase multipath is a major source of error for hig
accuracy differential carrier phase positioning. Effectiv
multipath mitigation techniques or multipath avoidanc
requires a sound understanding of its characteristics. 
this paper, various parameters of the carrier pha
multipath are analyzed from theoretical and simulatio
models. The problem is approached from a geometric
perspective and exploits the antenna-reflector geometry
characterize multipath.

Major findings of this work are the computation of the
various relationships between such parameters as 
multipath amplitude, phase and frequency with th
satellite dynamics, antenna-reflector distance, antenn
reflector geometry, signal frequency, and SNR. Th
analysis is also extended for multiple reflectors an
multiple closely-spaced antennas.

This analysis may be further extended using image theo
of electromagnetic signals. The extent of the change 
signal polarization due to reflection, and its effect o
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various antennas, requires further research. A
comprehensive comparison of code multipath and carrier
phase multipath is yet to be compiled. Furthermore,
simulations need to be substantiated through real data
analysis to confirm the findings.
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