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Abstract Based on the polarization difference between the
multipath and the line-of-sight (LOS) signal, a method for
multipath detection using a single antenna is proposed. The
antenna has two channels to receive two orthogonal linear
polarized components of the multipath and LOS signal,
respectively. A hypothetical model of the antenna is employed
such that the antenna patterns of the channels are assumed
identical regarding amplitude and phase and are independent
of azimuth. The antenna gain in the direction below the local
horizon is assumed to be larger than in the direction toward
LOS signals. Parallel cross-cancellation is used to remove the
LOS signal from the received signals based on the magnitude
and phase difference between the two orthogonal components.
Then the residual signals are processed by a conventional
digital processor of global navigation satellite system. The
multipath can be detected by parallel cross-cancellation in the
receiver in real time. The proposed method makes use of the
polarization and spatial information of the multipath and LOS
signal, and can detect short-delay multipath.

Keywords Multipath detection - Dual-polarized antenna -
Parallel cross-cancellation - GNSS

Introduction

The estimated position using GNSS is affected by several

sources of errors including atmospheric, orbital, and
receiver clock errors, and jamming. Although differential
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processing techniques eliminate many errors, the multipath
still compromises the performance of GNSS. Multipath
propagation is caused by reflections and diffractions of the
GNSS signals from objects such as ground, wall, and tree.
The spread spectrum signal of GNSS is resistant to the
multipath phenomenon. Signal processing techniques such
as narrow correlation (Dierendonck et al. 1992) and dou-
ble-delta multiple correlators (McGraw and Braash 2009)
can also be used to mitigate multipath. However, these
techniques have inherent drawbacks and are not effective
for short-delay multipath.

A single antenna with choke ring or large ground plane
can improve the down-to-up ratio and weaken the received
multipath. However, the choke ring antenna performs
badly when the multipath arrives from low elevation near
the horizon. Helix antennas with cutoff patterns (Tatarni-
kov et al. 2016) could provide 20-dB suppression of the
multipath, starting from low elevations. Determinate
beamforming has been proposed to design the multipath
limiting antenna for Local Area Augmentation System
(LAAS) (Sharawi and Aloi 2006). These kinds of antennas
are too large and heavy to be considered for a compact
receiver.

In multiple-antenna receivers, spatial diversity has been
shown to be an effective tool to mitigate multipath. There
are adaptive multipath mitigation algorithms based on
unusual arrays, such as a moving array (Daneshmand and
Broumandan 2013), switch array (LaMance and Small
2011), and L-shape array (Sun et al. 2015). These algo-
rithms can effectively mitigate the effect of multipath but
require either previous knowledge of the LOS signal or
high signal-to-noise ratio (SNR). Moreover, a maximum
likelihood (ML) algorithm is also proposed to mitigate
multipath (Rougerie et al. 2011; Rougerie and Carrie 2012;
Seco-Granados et al. 2005). These algorithms perform well
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and achieve coherent multipath mitigation when multipath
is present, at the cost of an increased computational burden
when compared to the regular delay lock loop (DLL).

Multipath detection is considered an effective tool to
mitigate the influence of multipath for local survey GNSS
receivers. The detected characteristics of multipath can be
used to assist the DLL to mitigate the influence of multi-
path. Otherwise, in GNSS monitoring stations, multipath
detection can help the system to determine the quality of
observations.

Existing multipath detectors with single antenna usually
operate at the observable level, e.g., day-to-day correlation
can be used to identify and remove multipath errors. These
strategies are typically based on the pseudorange, the SNR
(Comp and Axelrad 1998), and the instantaneous differ-
ence between the pseudorange and the carrier phase
(Braasch 1994). However, these techniques are still unable
to cope with short-delay multipath.

The multiple-antenna receiver can distinguish different
sources. For instance, the relation between the arithmetic
and the geometric means of the eigenvalues of the
covariance matrix has been used to detect multipath
(Closas and Fernandez-Prades 2011). Nevertheless, the
method needs a prior knowledge of the number of multi-
paths present. With a multiple-antenna receiver in tracking
mode, the statistical values of the correlates of multiple
channels can be exploited to define a multipath detector
using an analysis of variance algorithm (Brenneman et al.
2010). However, the method cannot be applied directly to
the input signal because the GNSS signal is a weak spread
spectrum signal that is not statistically detectable. Beam-
forming can be applied to remove the LOS signal from the
received signals, then the normal DLL can detect the
multipath from residual signals (Li et al. 2015), but the
direction of arrival (DOA) of the LOS signal must be
known prior, and the multipath may also be removed by
beamforming.

Polarization estimation is an effective tool to detect
multipath. Orthogonal multi-polarized antenna known as
vector sensor has been proposed by Nehorai and Paldi
(1994). The DOA and the polarization can be estimated
using three orthogonal electric fields and three orthogonal
magnetic fields measured by the three dipoles and three
loops (Wong et al. 2004). Further, physical airborne vector
sensors are tested by Mir and Sahr (2007), and distributed
vector sensor with the same performance has been pro-
posed by Monte et al. (2007). However, the vector sensor is
difficult to be miniaturized, and the requirements on the
production process are very high. Multipath detection can
also be achieved based on polarized diversity (Manandhar
and Shibasaki 2004; Brenneman et al. 2007; Jiang and
Groves 2014). Right-hand circular polarized (RHCP)/left-
hand circular polarized (LHCP) signals are received by
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dual-polarized antennas individually. The difference in the
SNR of the RHCP and LHCP signal is observed to detect
the presence of multipath. However, the method can only
be applied on software-defined receiver.

We propose a multipath detector based on a single dual-
polarized antenna, without any previous knowledge of their
characteristics and an increased computational burden. The
antenna is assumed to have two pure LP channels on the
direction of x-axis and y-axis individually. The patterns of
the two channels are assumed to be the same both in gain
and in phase and to be azimuth-independent. The polarized
diversity between the horizontal polarized and the vertical
polarized component of RHCP is used to remove the LOS
signal by parallel cross-cancellation when the DOA of the
LOS signal is known prior. Then the multipath can be
detected by parallel cross-cancellation in the receiver in
real time.

Ground reflection characteristics

The specular reflections model is widely used for esti-
mating the characteristics of reflection. The basic geometry
for ground reflection is shown in Fig. 1. The polarization of
the ground reflected signal experiences a transformation
upon reflection.

Any polarized incoming wave can be resolved in two
orthogonal components, such as the vertical polarized and
horizontal polarized component. As shown in Fig. 1, the
propagating direction of the incoming wave is orthogonal
to the instantaneous electric field. The two orthogonal
components of incoming wave E; and reflected wave E,
can be expressed as

. invel
Eip :Ei[sm,}e 1 ()
cos Yy

E =
Eip

Ground

Fig. 1 Basic geometry of incoming wave and reflected wave
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where Ej, Ei, E,, and E,; denote the horizontal
polarized and vertical polarized component of the
incoming and reflected wave, respectively. Addition-
ally, y denotes the angle between the electric field E;
and the horizontal polarized component E;, while #
denotes the advance phase of Ej versus E;y. The y and
n represent the polarization of the incoming wave, with
y = 45° and n = —90° for RHCP signal. In (2), the
symbol At denotes the extra delay of multipath com-
pared to the LOS signal. The extra transmission loss is
ignored, and f represents the frequency of the incoming
wave.

The reflection factor for vertical polarization I'yp and
horizontal polarization I'yp is given by Sharawi and Aloi

(2006),
(Sr —jz%)) cos 0 + \/(&, —jf;:()) —sin” 6
| ; . 5 (3)
Iyp(0) = st \/(8" _JEO) —sin* 0

cos 0 + \/(sr —j/%) —sin%0

where ¢y denotes free space dielectric constant, ¢, is rela-
tive dielectric constant, ¢ is conductivity, and 0 represents
the incoming zenith angle.

The spherical coordinates are then transformed into
rectangular coordinates as

Eix| [cosOcos¢p —sing||[E;

E; N [cos@sinqﬁ cos ¢ ][E,ﬂ (4)
E.|  [cos(—0)cos(¢p) —sin(¢) ][ Er
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where E;;, Ejy, E,, and E,, denote the LP component on the
x-axis and y-axis of incoming and reflected wave, respec-
tively. The angle ¢ represents the incoming azimuth as
shown in Fig. 1.

The details of specular reflections of circular polarized
wave are widely known and have been fully introduced in
Leick et al. (2015). As shown therein, the magnitude of the
reflection factor for an incident circularly polarized signal
is large when the signal is from large zenith angle closer to
the horizon, and the variation is dependent of the type of
ground. The reflection phase for the vertically polarized
component changes 180° across the Brewster angle. For
dry ground, the Brewster angle is about 64° while for wet
ground it is 76°.

Assume that the LOS signal is RHCP and the axial ratio
is zero. The axial ratio of the multipath, taking as the ratio
of vertical polarized and horizontal polarized component,
is shown in Fig. 2. The magnitude of the vertical polarized
and horizontal polarized component for the LOS signal is
nearly equal. However, the balance is broken when the
ground reflects the signal. Around the Brewster angle, the
axial ratio gets worse significantly. For the same reason,
the magnitude ratio of the two orthogonal LP components
on the x-axis and y-axis of the multipath is also very dif-
ferent from that of the LOS signal.

For small zenith angle near the vertical, the axial ratio
changes slowly while the reflected magnitude of multipath
is small. For large zenith angle near the horizon, the
reflected magnitude of multipath is nearly equivalent to
that of the LOS signal, but the axial ratio changes acutely.
Since the target to detect is the strong multipath at around
the Brewster angle, the worsening axial ratio can be used to
distinguish the multipath from the LOS signal when the
two orthogonal LP components on the x-axis and y-axis can
be received individually.

Multipath detection based on single antenna

In this section, the parallel cross-cancellation receiver is
proposed. The receiver has a single orthogonal dual-po-
larized antenna to receive the two orthogonal LP compo-
nents of the LOS signal and the multipath on the x-axis and
y-axis individually. Then the LOS signal is removed from
the received signal by cross-cancellation. First, the signal
model based on parallel cross-cancellation receiver is
introduced. Then the process of cross-cancellation is
analyzed.

The following assumptions are made to simplify the
analysis, and all the following is based on the special case
meeting these assumptions:
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Fig. 2 Axial ratio of ground multipath versus zenith angle
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e The receiver has prior knowledge about the DOA of the
LOS signal. Initial weights can be set to make sure that
the receiver could achieve positioning. It is reasonable
to assume that the DOA is measured when the receiver
platform attitude is known with the help of other
sensors, such as inertial navigation unit.

e The antenna has a pure LP channel on the direction of
x-axis and y-axis, respectively. The patterns of the two
channels are the same both in gain and in phase, and are
azimuth-independent.

e The down-to-up gain ratio (D/U) of the antenna is
larger than 2 dB for any azimuth when the incoming
zenith angle is smaller than 80°, which means that the
gain of antenna in down direction is 2 dB greater versus
that in up direction.

Signal model of orthogonal dual-polarized antenna

The parallel cross-cancellation receiver and its receiving
channels are shown in Fig. 3. The antenna has two chan-
nels to individually receive the LP signal on the x-axis (XP)
and the LP signal on y-axis (YP). In the parallel cross-
cancellation receiver, each port is followed by an inde-
pendent RF front-end. Each LP component received by the
antenna is then down-converted to baseband by low noise
amplifier, filters, and mixers in the RF front-end. The base

Orthogonal dual-
polarized antenna

I
v v

YP XP
RF front-end RF front-end

+e
Correlators

v

Tracking channel

v

Multipath detection

Fig. 3 Parallel cross-cancellation receiver with orthogonal dual-
polarized antenna
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band signal is converted by the analog-to-digital converter
(ADC) to a digital signal. Cross-cancellation can be
achieved by the two parallel receiving channels. The
residual signals are then transmitted to the tracking
channel.

The LOS signal x;(¢) and multipath x,(¢) arriving at the
orthogonal dual-polarized antenna can be expressed as

xi(t) = xi (1) + xiy(1)

[ (cos 0 cos ¢ sin ye/! — sin ¢ cos y)+ (6)
= s(1).

(cos O'sin ¢ sin ye/” + cos ¢ cos y)
% (1) = 2 (2) + 20 (1)

(1)1 {(cos 0 cos ¢pIyp sin ye! — sin pI'yp cos y)+
= s(t)e :

(cos Osin ¢pI'yp sin ye/” + cos ¢pIyp cos )
(7)

Assume that s(r) represents the LOS signal of the GNSS
satellite arriving at the receiver, and we have

s(t) = Ap(t — o) cos(2aft + 9y) (8)

where A denotes the magnitude, p(z) denotes the pseudo-
random code, 7y denotes the propagation delay of the LOS
signal, and ¢, denotes the carrier phase of the LOS signal.
The signal received by vertical polarized port Xxp and
horizontal polarized port Xyp can be expressed as

Xxp = G(O)Xix + G(TC - O)xrx +m (9)
Xyp = G(0)xiy + G(n — O)xy + 1 (10)

where G(0) and G(n — 0) denote the pattern of antenna at
incoming zenith angle 0 and 7 — 0, while n; and n, denote
the white Gaussian noise with zero mean. Then the signal
after cross-cancellation is

6([) = XXP — WXYP

= G(0)s(t)eg + G(m — 0)s(1) - e >, + nj (1

On the right of (11), the first term is the residual LOS
signal, while the second term is the residual multipath. The
ideal RHCP signal can be expressed with 7y = 45°,
n = —90°. However, the actual GNSS signal is not an ideal
RHCP signal, so the polarization has some bias. The
complex residual factor is defined as

eq = cos 0sin(r/4 + Ay)e 7™ (cos p — wsin )

— cos(m/4 4+ Ay)(wcos ¢ + sin ¢) (12)
em = cos Ol yp sin(m/4 + Ay)e ™2 (cos g — wsin )
— I'ypcos(n/4 + Ay)(wcos ¢ + sin ¢) (13)

where (Ay,An) denotes the polarization bias of actual
signal. So (Ay, An) represents the non-ideal characteristic
of actual GNSS signal.
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Multipath detection

Multipath detection must remove the LOS signal from the
received signal. The proposed method is to adjust the
weight to make the residual factor of the LOS signal to be
too small to influent the detection of multipath. Two cases
are analyzed regarding prior knowledge about polarization
of the LOS signal.

Case 1: Polarization of the LOS signal is precisely known

In this case, the quantity (Ay, An) is precisely known, and
the weight is adjusted as

cos 0 cos ¢ sin ye! — sin ¢ cos y
w= - —

cos 0 sin ¢ sin e/ + cos ¢ cos y

(14)

then the LOS signal is removed. As shown in Fig. 3,
because the axial ratio of the multipath is large, the
cross-cancellation cannot remove the multipath com-
pletely. The residual multipath is still strong enough to
be detected.

The correlation can be expressed as

IR, (&) = G(n — 0)AT.R.s(e — Atg)e, cos(@, + Ag;)
(15)
Rele) = [ oo = oy (16)

T.

where T, represents the coherent integration time, ¢, denotes
the residual carrier phase, and A@, denotes the extra phase as
a result of multipath. Since the correlation of the LOS signal
is removed in the right of (15), the multipath can be detected
easily by detection of the correlation peak in the DLL.

Case 2: Polarization of the LOS signal is unknown

When the polarization of the LOS signal is unknown, the
weight is adjusted as
_ cos 0 cos pe ™% — sin ¢
~ cos 0sin pe/2 + cos ¢

(17)

Since the GNSS signal is RHCP, the quantity (Ay, An) is
very small. The correlation is expressed as

IR, () = G(0)AT.Rs(g)eqa cos ¢, + G(1 — 0)AT.R,,
X (¢ — Atg)en cos(@, + Ap,) (18)

On the right of (18), the first term is the correlation of
residual LOS signal while the second term is the correla-
tion of residual multipath. Since the first term is much
smaller than the second term, the multipath can be detected
by detection of correlation peak in the DLL. Otherwise, the
down-to-up gain ratio can be used to strengthen the mul-
tipath further as

D/U(dB) = G(n — 0)/G(0)(dB) > 2 dB. (19)

Simulation and results

A simulation was carried out based on GPS L1 signals to
verify the effectiveness of the proposed method. According
to the interface control document of GPS (IS-GPS-200H
2013), the axial ratio of GPS L1 signals shall be no worse
than 1.2 dB for Block ITA and shall be no worse than
1.8 dB for Block IIR/IIR-M/IIF/GPS III satellites. So the
ranges of Ay and Ay were set to |Ay| <6 and |Ay| < 10"
First, the numerical analysis of residual signal was carried
out. Then the correlation curve and phase discrimination
curve based on regular DLL were simulated at different
incoming zenith angle.

Numerical analysis of residual signal

Multipath detection is mainly based on the fact that the
magnitude of residual multipath is much larger than that of
residual LOS signal after cross-cancellation. This is the key
point of the proposed method.

The magnitude of residual LOS signal and residual
multipath was sufficiently analyzed. Based on the analysis,
the cutoff angle of the incoming zenith angle was 78° to
make sure that the residual multipath was stronger than the
residual LOS signal. The magnitudes of residual LOS
signals are shown in Fig. 4 when signals come from first
quadrant in the rectangular coordinate system.

In Fig. 4, the magnitude of residual LOS signal is
smaller than 0.19, and it is influenced seriously by Ay. We
have found that the magnitude of residual LOS signals is
small when the axial ratio of LOS signals is small. More-
over, the residual LOS signal is influenced by the DOA.
The residual LOS signal is stronger when the LOS signal
comes from a larger azimuth and a smaller zenith angle.
However, when the azimuth increases, the impact of zenith
angle reduces.

Because of the reflected factor, the residual multipath is
stronger than the LOS signal and also varied while the
DOA and the bias of polarization changed. As shown in
Fig. 4, the LOS signal is already weakened significantly by
cross-cancellation. Further, the ratio of the residual multi-
path to the residual LOS signal (RMLR) is calculated, and
the RMLR on dry ground is shown in Fig. 5.

The figure shows that the RMLR is larger than 4.5 dB
when the incoming zenith angle is smaller than 78°. The
incoming azimuth does not influence the RMLR. The
RMLR is large when the bias of polarization of LOS signal
is small. For a large zenith angle, for example 78°,
although the residual multipath is stronger than the residual
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Fig. 4 Magnitude of residual LOS using zenith cutoff angle of 78°
(top) and 70° (bottom)

LOS signal, it is not enough to ignore the influence of LOS
signal while detecting multipath. In such a situation, the
designed D/U can strengthen the multipath while weaken
the LOS signal. When the zenith angle is smaller than the
Brewster angle, the residual multipath is almost two times
larger than the residual LOS signal.

When the reflector is on wet ground, the RMLR is
greater than 9 dB when the incoming zenith angle is
smaller than 78°. For the same incoming zenith angle, the
RMLR on wet ground is larger than that on dry ground. So
the performance of multipath detection is only analyzed in
the condition of dry ground in the following section.

Performance for multipath detection

The code tracking loop in the GNSS receiver is a DLL
called an early-late tracking loop (Elliott and Christopher
2006). The performance for multipath detection is shown
by the correlation curve and phase discrimination curve in
the DLL.

In the simulation, the incoming zenith angle of the LOS
signal is the Brewster angle and the extra delay of the
multipath is set to 0.4 T.. The RF front-end is treated to be
ideal and the error of carrier tracking loop is ignored; the

@ Springer

—8— An=-10°,0=45° ||

Multipath to LOS signal ratio[dB]

4 - - An=-5°, d=45°
2 —— An=-10°,0=90° |
== An=-5°,$=90°
0
-6 -4 -2 0 2 4 6
Ay [Degree]
o
16 __a m,

> o

Multipath to LOS signal ratio[dB]

6 -4 -2 0 2 4 6
Ay [Degree]

Fig. 5 Residual multipath-to-residual LOS signal ratio on dry ground
with zenith cutoff angle of 78° (top) and Brewster angle (bottom)

correlation curve and phase discrimination curve are shown
in Fig. 6.

For conventional GNSS receiver, the received signal
is a combination of the multipath and the LOS signal.
The correlation curve and phase discrimination curve of
the mixed signal are shown by a solid line with square
marks in Fig. 6. In the figure, the conventional receiver
without cross-cancellation is locked on the mixed signal
without cancellation. Since the coordinate on the x-axes,
where the phase discrimination curve crosses the zero
point of the y-axes, represents the error of measured
pseudorange, the error caused by multipath is about 0.1
T..

For parallel cross-cancellation receiver, the LOS signals
can be removed completely when the polarization of the
LOS signal is precisely known. In such a case, the received
signal can be simplified to be represented by multipath after
cancellation as shown in Fig. 6. When the polarization of the
LOS signal is unknown, the bias of polarization of LOS
signal was set to |Ay| < — 6 and Ay = —10". Because the
RMLR is not influenced by the azimuth of the incoming
signal, the correlation curve and phase discrimination curve
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Fig. 6 Correlation results at Brewster angle showing correlation
curve (fop) and phase discrimination curve (bottom)

are shown in the figure as mixed signal after cancellation
when incoming azimuth is 45°.

The residual LOS signal after parallel cross-cancellation
is weakened heavily, and the curve of mixed signal mainly
depends on the characteristic of multipath in Fig. 6. So the
receiver is locked onto the multipath. Once the threshold of
code acquisition is set to be larger than the residual LOS
signal but smaller than residual multipath, the parallel
cross-cancellation receiver can acquire the multipath
easily. Moreover, the parallel cross-cancellation receiver
could not acquire any signals when the multipath is absent.

Then, the incoming zenith angle of the LOS signal is set
to be the cutoff angle. The correlation curve and phase
discrimination curve are shown in Fig. 7. Though the
residual LOS signal and multipath are weakened further
after cancellation, the residual multipath is much stronger
than the residual LOS signal. In this situation, the multipath
can be detected by using weak signal acquisition
technology.

A reasonable threshold of code acquisition is required to
make sure that the parallel cross-cancellation receiver
could not acquire any signals when the multipath is absent.
As a general case, the threshold is set to be larger than the

0.25
—+—LOS signal after cancellation
0.2 ==+= Multipath after cancellation
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S 015
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g 0 ." \.\\.
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S \'(’k. /3
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- -0.1 \ y
o
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-0.2
-2 -1 0 1 2

Offset of the Early-Late codes [Tc]

Fig. 7 Correlation results at cutoff zenith angle showing correlation
curve (top) and phase discrimination curve (bottom)

correlation peak of the residual LOS signal but smaller than
the correlation peak of the residual multipath during one
code chip period. Based on the analysis above, the
threshold is a function of the DOA. In this research, the
threshold is the mean of the minimum peak of multipath
and the maximal peak of the LOS signal during one code
chip period in any incoming angles. The numerical results
are shown in Fig. 8. Though the bias of polarization
influences the correlation peak, the peak of the LOS signal
is smaller than the multipath in any incoming angles
whatever the bias of polarization is.

In Fig. 8, the acquisition threshold varies with DOA.
Because the residual multipath is much weak for small azi-
muth and large zenith angle, the threshold must be a small
value. The biggest threshold occurs when the LOS signal
comes from the YOZ plane (Fig. 1) and near zenith angle.

The simulation results and the analysis can be summa-
rized as follows:

e When the incoming zenith angle is smaller than 78°, the
residual multipath is stronger than the residual LOS
signal. The RMLR is always larger than 4.5 dB for dry
ground and larger than 9 dB for wet ground.
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Fig. 8 Threshold of code acquisition during one code chip period

e With parallel cross-cancellation, the received signal
mainly depends on the characteristic of the multipath.
The receiver is locked on multipath when it is present.
So the correlation results and DLL discriminator output
of multipath are detected.

e  When the threshold of code acquisition is set to be the
mean of the minimum peak of multipath and the
maximal peak of the LOS signal in any incoming
angles, the receiver with parallel cross-cancellation
cannot acquire any signals when the multipath is
absent.

e Once the correlation results of multipath are detected, it
can be used to assist the conventional GNSS receiver to
mitigate the multipath.

Conclusions and future work

By taking advantage of the polarized diversity between the
horizontal polarized and vertical polarized component of a
RHCP signal, the LOS signal is removed by parallel cross-
cancellation with prior knowledge of DOA. The residual
multipath is strong enough to be detected by the conven-
tional GNSS tracking channel in real time. The parallel
cross-cancellation receiver cannot acquire any signals
when the multipath is absent. The proposed method is
based on a theoretical model of orthogonal dual LP antenna
and does not cause an increased computational burden
when having no previous knowledge of multipath charac-
teristics. The parallel cross-cancellation receiver can be
used as a high precision terminal to decrease the influence
of multipath since the correlation results of multipath are
detected. For future work, the orthogonal dual-polarized
antenna, as well as the impact of actual antenna charac-
teristics for practical implementation, requires further
analysis.

@ Springer

Acknowledgements The authors would like to thank anonymous
reviewers for providing valuable comments which helped improving
the paper.

Funding was provided by National Natural Science Foundation of
China (Grant No. 61403413).

References

Braasch MS (1994) Isolation of GPS multipath and receiver tracking
errors. Navigation 41(4):415-434

Brenneman M, Morton J, Yang C, Graas FV (2007) Mitigation of
GPS multipath using polarization and spatial diversities. In:
Proceedings of ION GNSS 2007, Institute of Navigation, Fort
Worth, TE, 25-28 Sept, pp 1221-1229

Brenneman MT, Morton YT, Zhou Q (2010) GPS multipath detection
with ANOVA for adaptive arrays. IEEE Trans Aerosp Electron
Syst 46(3):1171-1184

Closas P, Fernandez-Prades C (2011) A statistical multipath detector
for antenna array based GNSS receivers. IEEE Trans Wirel
Commun 10(3):916-929

Comp CJ, Axelrad P (1998) Adaptive SNR-based carrier phase
multipath mitigation technique. IEEE Trans Aerosp Electron
Syst 34(1):264-276

Daneshmand S, Broumandan A (2013) GNSS multipath mitigation
with a moving antenna array. IEEE Trans Aerosp Electron Syst
49(1):693-698

Dierendonck AJV, Fenton P, Ford T (1992) Theory and performance
of narrow correlator spacing in a GPS receiver. Navigation
39(3):265-283

Elliott DK, Christopher JH (2006) Understanding GPS: principles and
application, 2nd edn. Artech House Inc., Boston

IS-GPS-200H (2013) Global positioning system wing (GPSW)
systems engineering and integrations. http://www.gps.gov/tech
nical/icwg/

Jiang ZY, Groves PD (2014) NLOS GPS signal detection using a
dual-polarisation antenna. GPS Solut 18(1):15-26

LaMance J, Small D (2011) Locata correlator-based beam forming
antenna technology for precise indoor positioning and attitude.
In: Proceedings of ION GNSS 2011, Institute of Navigation,
Portland, OR, 19-23 Sept, pp 3436-2445

Leick A, Rapoport L, Tatarnikov D (2015) GPS satellite surveying,
4th edn. Wiley, Hoboken

Li M, Zhao W, Yuan L, Liu QL (2015) A GNSS multipath detecting
method based on antenna arrays. In: Proceedings of the 6th China
satellite navigation conference, Xi An, 21-23 May, pp 319-330

Manandhar D, Shibasaki R (2004) GPS signal analysis using LHCP/
RHCP antenna and software GPS receiver. In: Proceedings of
ION GNSS 2004, Institute of Navigation, Long Beach, CA,
21-24 Sept, pp 24892498

McGraw G, Braash M (2009) GNSS multipath mitigation using gated
and high resolution correlator concepts. In: Proceedings of ION
NTM 1999, Institute of Navigation, San Diego, CA, 25-27 Jan,
pp 333-342

Mir HS, Sahr JD (2007) Passive direction finding using airborne
vector sensors in the presence of manifold perturbations. IEEE
Trans Signal Process 55(1):156-164

Monte LL, Elnour B, Erricolo D (2007) Design and realization of a
distributed vector sensor for polarization diversity applications.
In: Proceeding of 2007 waveform diversity & design, Pisa, Italy,
pp 358-361

Nehorai A, Paldi E (1994) Vector-sensor array processing for
electromagnetic source localization. IEEE Trans Signal Process
42(2):376-398


http://www.gps.gov/technical/icwg/
http://www.gps.gov/technical/icwg/

GPS Solut (2017) 21:1203-1211

1211

Rougerie S, Carrie G (2012) A new multipath mitigation method for
GNSS receivers based on an antenna array. Int J Navig Observ
2012, Article ID 804732

Rougerie S, Carrie G, Ries L, Vincent F, Monnerat M (2011)
Multipath mitigation methods based on antenna array. In:
Proceedings of ION NTM 2011, Institute of Navigation, San
Diego, CA, 24-26 Jan, pp 596-605

Seco-Granados G, Fernandez-Rubio JA, Fernandez-Prades C (2005)
ML estimator and hybrid beamformer for multipath and
interference mitigation in GNSS receivers. IEEE Trans Signal
Process 53(3):1194-1208

Sharawi MS, Aloi DN (2006) Comparative analysis via simulation of
two null-steering approaches for the multipath limiting antenna
for LAAS. In: Proceedings of ION NTM 2006, Institute of
Navigation, Monterey, CA, 18-20 Jan, pp 935-948

Sun L, Chen JP, Tan SS, Chai Z (2015) Research on multipath
limiting antenna array with fixed phase center. GPS Solut
19(4):505-510

Tatarnikov DV, Stepanenko AP, Astakhov AV (2016) Moderately
compact helix antennas with cutoff patterns for millimeter RTK
positioning. GPS Solut 20:587-594

Wong KT, Lillshan L, Zoltowsli MD (2004) Root-MUSIC-based
direction-finding and polarization estimation using diversely
polarized possibly collocated antennas. IEEE Antennas Wirel
Propag Lett 3(1):129-132

Ke Zhang received the BS
degree in Electronics and
Information Engineering from
Huazhong University of Science
and Technology in 2010 and the
MS degree in Information and
Communication  Engineering
from the National University of
Defense Technology (NUDT) in
2013 where he is currently pur-
suing the PhD degree in China.
His current research interests
include patch antenna, adaptive
beamforming array of GNSS.

Baiyu Li received the PhD
degree in Information and
Communication  Engineering
from the National University of
Defense Technology in 2011.
He is currently an Associate
Researcher in Satellite Naviga-
tion R&D Center at NUDT. His
current ~ research  interests
include RF front-end, ground
and spaceborne receiver of
GNSS.

Xiangwei Zhu received the
PhD degree in Information and
Communication  Engineering
from the National University of
Defense Technology in 2007.
He is currently an Associate
Professor in Satellite Navigation
R&D Center at NUDT. His
current  research  interests
include signal processing, time
synchronization, and ground
control system of GNSS.

Huaming Chen is currently a
Senior Engineer in Satellite
Navigation R&D Center at
NUDT. He has been working on
the satellite communication and
navigation since the early
2000s. He is interested in all
aspects of GNSS.

Guangfu Sun is currently a
Professor in NUDT. He is the
Vice Director at Satellite Navi-
gation R&D Center. He has
been working on the satellite
communication and navigation
since the early 2000s. He is
interested in all aspects of
GNSS.

@ Springer



	Multipath detection based on single orthogonal dual linear polarized GNSS antenna
	Abstract
	Introduction
	Ground reflection characteristics
	Multipath detection based on single antenna
	Signal model of orthogonal dual-polarized antenna
	Multipath detection
	Case 1: Polarization of the LOS signal is precisely known
	Case 2: Polarization of the LOS signal is unknown


	Simulation and results
	Numerical analysis of residual signal
	Performance for multipath detection

	Conclusions and future work
	Acknowledgements
	References




