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Abstract—The transmitted Global Positioning System (GPS)
signal has Right Hand Circular Polarization (RHCP) and it
changes to Left Hand Circular Polarization (LHCP) after being
reflected. The proportions of RHCP and LHCP power levels
depend on characteristics of reflecting surface and satellite
elevation angle. The change of polarization can be evaluated by
comparing the measured RHCP and LHCP levels. This paper
reports the results of Signal-to-Noise Ratio (SNR) data for direct
and reflected GPS signal components measured over sea and
land surfaces. First, field measurements with two dual polarized
antennas having both RHCP and LHCP are performed in both
environments. Then, SNR-based analysis is done to compare
reflection levels between two reflecting surfaces. The results show
that the SNR of reflected signal from seawater is on average 2
dB or more higher than that of signal reflected from asphalt or
ground.

Index Terms— GPS, propagation, measurement, direct signal,
reflected signal, circular polarization.

I. INTRODUCTION

The reflected signal of Global Positioning System (GPS)
contains information about the physical characteristic of re-
flecting surface. Since the original suggestion by Maritn-
Neira [1], GPS Reflectometry (GPS-R) technique has been
widely used for remote sensing purposes [2]-[5]. Though, the
reflected GPS signal may be useful for remote sensing, it also
contributes to decreased position accuracy [6]. Furthermore,
GPS multipath interference is often associated with areas
such as urban canyon and city landscape; however, it is also
present in open areas and sea where ground and water serve
as reflecting surfaces for GPS signal.

GPS signal has Right Hand Circular Polarization (RHCP)
and the incident RHCP signal for the angles less than the
Brewster angle produces mainly a Right Hand Circular or
Elliptical Polarized (RHCP or RHEP) reflected signal (see
Fig. 1). However, at Brewster angle, the resultant reflection
is linearly polarized [7]. Generally, incident RHCP signal
changes to Left Hand Circular or Elliptical Polarization (LHCP
or LHEP) in the reflection for the angles greater than Brewster
angle [8]-[9] (see Fig. 1). It should be noted that the reflected
signal is always combination of both RHCP and LHCP signals,
where one polarized signal is always dominant than other
depending on the angle of incidence and Brewster angle.
Therefore, the polarization of GPS signal must be taken
into account when direct and reflected signal components are
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Fig. 1: Typical GPS multipath scenario, where g and Op are satellite
elevation and Brewster angles, respectively.

recorded simultaneously. The traditional method of recording
both direct and reflected GPS signal components consists of
two antennas as illustrated in Fig. 1. Direct GPS signals
are received by zenith pointing antenna, and is thus RHCP,
whereas the nadir pointing antenna is sensitive to LHCP
to receive reflected signals, which become LHCP after re-
flection. The grazing angle of reflected signal corresponds
to the incident angle (i.e. satellite elevation angle) of the
direct signal. Earlier, we have presented some theoretical
calculations to investigate polarization properties of reflected
signals in [6], and the fundamental issues of environmental
factors, reflection, diffraction and rough surface effects on the
GPS signals have been examined in detail by Hannah [7].

The goal of present contribution is to provide an under-
standing of how the power levels of reflected GPS signal
components change from one medium to another; note that
the proportions of RHCP and LHCP power levels depend
on the conductivity and the dielectric constant of reflecting
surface, and the elevation angle of satellite. Final target of the
polarization-based investigation is a 3D GPS channel model
development for GPS device performance testing in laboratory
conditions.

In this paper, Section II briefly discusses properties of reflec-
tion coefficients for the circularly polarized wave. In Section
III, test setup along with test environments are described.
Then, experimental results are presented in Section IV. These
results include both the direct and the reflected signal compo-



nents combined with the instantaneous satellite constellation
and the Signal-to-Noise Ratio (SNR) for individual satellites.
Finally, Section V concludes the paper.

II. THEORETICAL CALCULATIONS

For understanding the polarization properties of reflected
signals, theoretical calculations for few cases are presented.
When a plane wave propagates from air (relative permittivity
very close to one) to surface (permittivity, €,-) in the incident
angle 0, then the the reflection coefficients can be calculated
separately for horizontal and vertical polarization [7]:
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where o is the conductivity of reflecting surface, § = 0g

is satellite elevation angle, and A is the wavelength of L1
band GPS signal. Then, the resultant reflection can be con-
sidered as the sum of two circularly polarized (CP) signal
components; the co—polarization (original component) and a
cross—polarization (opposite component) [10]. Then, the co-
polar (I',) and the cross—polar (') reflection coefficients are
represented as:

FO:M 4)
2
I'y-T
sz% 5)

Now, the calculation of each circular reflection coefficient is
straightforward for any man-made and natural materials. The
conductivity and relative permittivity values for materials at
GPS L1 frequency, 1.575 GHz are given in Table I [11]-[12].
The electrical properties for seawater are calculated at water
temperature of 10°C and salinity of 3.5 g/kg [12]. Although,
in oceans the salinity is 10 times higher, but the measurements
were taken in Bay of Bothnia [13], where the salinity level and
water temperature is lower than normal oceans. Similarly, for
ground (soil) the values were extracted from regression models
presented in [11], based on temperature, soil composition and
volumetric water content.

The ratio of reflected RHCP signal to transmitted RHCP
signal are presented in Fig. 2. The ratio of 0.5 (-3 dB) means
linear polarization (fg is Brewster angle) and looking at Fig. 2
it can be seen that Brewster angle varies based on electrical
properties of the materials. Furthermore, the magnitude of
the cross—polar component increases rapidly beyond Brewster
angle and this increase should be directly visible in the SNR
of the reflected signal, when compared with the SNR of the
direct signal, which is discussed later in Section IV.

TABLE I: ELECTRICAL PROPERTIES OF MATERIALS [11]-[12]

Material Conductivity (S/m) Relative Permittivity
Concrete 2x 1075 4
Dry Ground 1x107° 5
Medium Dry Ground 4x 1072 8
Seawater 4x10°1 81
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Fig. 2: The ratio of reflected RHCP signal to transmitted RHCP signal at the
GPS L1 frequency region. Generally, for the angles less than the Brewster
angles the reflected signal has dominant RHEP or more commonly RHCP.
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Fig. 3: Photograph of the equipments installed to a sailboat for offshore field
tests. Two dual polarized (i.e. RHCP and LHCP) GPS antennas pointing
towards zenith and nadir were used to receive direct and reflected signals
simultaneously.

III. FIELD MEASUREMENTS

A. Data Collection Setup

Equipment used during experiments consists of two dual
polarized GPS antennas for simultaneous LHCP and RHCP
reception [14], radio—frequency (RF) absorber, four identical
GPS receivers [15], and a laptop for data storing (see Fig. 3).
During the tests, receivers collected GPS satellite data at a rate
of 1 sample/sec. The GPS antenna has an axial ratio < 2.6
dB for both polarizations over the 24 MHz bandwidth at the
frequency of 1.575 GHz. Details about the GPS antenna used
during experiments are described in [14].



B. Environments

Fields test were done to collect dynamic GPS data in two
different environments for the analysis. The first field test was
carried out in the countryside area with an open swath of
land, and 10 minutes worth of data was recorded. The second
experiment was done in open sea and yielded 13 minutes worth
data.

IV. RESULTS

For an interference free environment the SNR should be
over 40 dB for Line-of-Sight (LOS) conditions [16]-[19].
However, the SNR of reflected signal is significantly weaker
and varies as a function of satellite elevation angle and antenna
height above reflecting surface [20].

The distributions of SNR for all tracked satellites are
presented in Fig. 4. The difference between the zenith and
nadir pointing antennas is evident in countryside test; zenith
pointing antenna has slightly skewed SNR distribution for
both RHCP and LHCP data as opposed to nadir pointing
antenna whose distributions are quite symmetric (see Fig. 4a).
Similarly, the histograms of SNR for offshore test show similar
trend for zenith pointing antenna with slightly skewed SNR
distributions for both RHCP and LHCP data. Even though,
RH-SNR data from nadir pointing antenna is quite symmetric,
the LH-SNR data is significantly skewed with longer tail (see
Fig. 4b) opposed to countryside test; which represents the
difference between two reflecting surfaces (e.g. seawater and
asphalt/soil). RH-SNR of zenith pointing antenna has similar
mean and variance in both environments due to continuous
LOS conditions and similar behavior is seen for LH-SNR (see
Table II). RH-SNR data collected with nadir pointing antenna
has similar variance but mean is approximately 10 dB lower
than that of zenith pointing antenna for countryside test and 7
dB lower mean for offshore test (see Table II). Similarly, LH-
SNR of nadir pointing has lower mean and higher variance
for both environments compared to zenith pointing antenna
and the mean SNR drop is about 2 dB between two reflecting
surfaces (see Table II).

For deeper investigation, the measured cumulative distri-
bution functions (CDFs) of SNR for two satellites from
countryside and offshore tests are presented in Fig. 5. Note that
the azimuth angle is not considered due to clear sky conditions
in both environments. Satellites PRN26 and PRN32 shown in
Fig. 5a are located at very low elevation angle of 03° in sky.
Overall results of zenith pointing antenna for countryside test
are approximately 3 to 5 dB lower than that of offshore test
and this might be due to satellite being shadowed by distant
trees and terrain located in countryside area.

In nadir pointing antenna case, the median value of LH—
SNR (see Fig. 5a) from offshore test is 2 dB higher than
that of countryside test which correlates with results presented
in Table II and similar type of behavior for the LH-SNR
(see Table V) of nadir pointing antenna is found between
two measured environments. Additionally, when the elevation
angle is less than Brewster angle (see Fig. 2) the original
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Fig. 4: Normalized histograms of SNR measurements. For countryside test
(top figure), the reflecting surfaces were consist of asphalt and swath of lands.
For offshore test (bottom figure), the reflecting surfaces were consist of mostly
seawater and to some extent metal (sailboat).

TABLE II: MEAN AND STANDARD DEVIATION OF SNR

Antenna Port Countryside Test (dB) Offshore Test (dB)

HSNR OSNR HSNR OSNR
Zenith-RH 45.81 5.15 44.83 5.46
Zenith-LH 36.39 4.72 36.22 5.07
Nadir-RH 35.78 5.05 37.77 4.85
Nadir-LH 38.78 6.11 40.11 6.09

RHCP polarization (co—polarized) of the signal is dominant
after reflection, and for angles greater than Brewster angle
the predominant signal component is the cross—polarized (i.e.
LHCP) [21]. This can be visualized in Fig. 5a for nadir
pointing antenna, where the RH-SNR is higher than LH-SNR.
Similar behavior can be observed from Table V for lower
elevation angles and as the elevation angle increases the LH-
SNR starts to dominate.
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Fig. 5: Measured CDFs of SNR. The elevation angle of both satellites PRN26
(countryside test) and PRN32 (offshore test) is 03° (top figure), and the
elevation angles of PRNI8 (countryside test) and PRN10 (offshore test)
satellites are 58° and 59°, respectively (bottom figure).

Fig. 5b, contains the CDF results of SNR for much higher
elevated satellite (> 55°). The difference between country-
side and offshore is small for zenith pointing antenna. For
nadir pointing antenna RH-SNR results are almost identical,
whereas, LH-SNR results from offshore test are higher than
countryside test, indicating higher reflection coefficient.

For illustration purpose theoretical and measured values for
four satellites are compared in Table III. Measured values
represent the average difference between the RH-SNR of
zenith and nadir pointing antennas, and theoretical values show
expected drop of SNR after reflection (see Fig. 2). The values
correlate more for offshore test due to precise theoretical cal-
culations. However, for countryside test the difference is due
to lack of knowledge about the exact soil composition, which
lead to less accurate theoretical results plus other practical
impairments. Additionally, the Cross Polarization Discrimina-
tion (XPD) level of the receiving antenna has an effect on
the measured SNR distributions [14]. For RHCP antenna, the

TABLE III: RH-SNR RATIO BETWEEN ZENITH AND NADIR ANTENNAS

Countryside Test (dB) Offshore Test (dB)

To Measured Theoretical Measured Theoretical
29 08 04 17 04 06
41 12 06 27 07 08
58 12 10 50 15 13
67 21 11 59 14 15

measured mean XPD value, which is now the LHCP, varies
in the range of 11-25 dB for elevation angles above 0°. For
elevation angle < 25°, the XPD for certain azimuth angles
drops below 6 dB. Thus, the difference between measured
and theoretical SNR behavior for lower elevation angles is a
result of the decreased XPD performance of the antenna, and
the simplified theoretical model of the nearby measurement
environment. Also, the theoretical model does not include
the terrain profile for countryside measurements, where the
reflections are combination of asphalt and soil, which also lead
to mismatch between theory and measurements. Similarly, the
resultant reflections during offshore test may not be entirely
from seawater due to some contributions from sailboat acting
as reflecting surface. Furthermore, detailed SNR statistics (i.e.
cumulative percentages of CDF) of each tracked satellite for
both zenith and nadir pointing antennas are presented in
Tables IV, and V, respectively.

V. CONCLUSIONS

Two dual polarized (i.e. RHCP and LHCP) GPS antennas
pointing towards zenith and nadir were used to record direct
and reflected signals simultaneously. The SNR analysis of the
dynamic GPS data collected at two different environments has
demonstrated that energy levels of reflected GPS signal depend
on the satellite elevation angle, and on the characteristics of
reflecting surface. Results have demonstrated that the SNR
of reflected (LHCP) signal from seawater is on average at
least 2 dB or more higher than that of signal reflected from
asphalt and ground. However, more deeper investigation of
data is required to interpret more precisely the variables that
can influence multipath reflections and SNR outputs.
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