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Nowadays users have a high demand for the accuracy of position and velocity, but errors caused by non-line-of-sight (NLOS) signals
cannot be removed effectively. Since the GNSS signal is right-hand circular polarized (RHCP), the axial ratio of the strong NLOS
signal is larger than that of the Line-of-Sight (LOS) signal. Based on the difference of the axial ratio, a method for NLOS signal
detection using single orthogonal dual-polarized antenna is proposed. The antenna has two channels to receive two orthogonal
linear polarized components of the incoming signals. Parallel cross-cancellation is used to remove the LOS signal whilemaintaining
most of the NLOS signals from the receiving signals. The residual NLOS signals are then detected by conventional GNSS digital
processor in real time without any prior knowledge of their characteristics. The proposed method makes use of the polarization
and spatial information and can detect long delay NLOS signal by miniature and inexpensive receiver GNSS. The effectiveness of
the proposed method is confirmed by simulation data.

1. Introduction

In the urban canyon and valley, buildings and other obstacles
may block the LOS signal of many satellites. NLOS signals
represent the signals where the direct signals are blocked
and signals are received only via reflections. Reception of
these reflected signals results in significant positioning errors.
NLOS signal reception results in a pseudorangemeasurement
error equal to the additional path delay taken by the reflected
signal versus the direct path between satellite and receiver. So
NLOS signal detection and mitigation are urgently needed in
these receivers when they are used in the urban canyon and
valley.

NLOS signal and multipath interference have some
reflected characteristics in common when reflected by build-
ings or other obstacles. Signal processing techniques such
as narrow correlation and double-delta multiple correlators
[1] can be used to mitigate multipath. In multiple-antenna
receivers, adaptive beamforming can be applied to remove the
LOS signal from the receiving signals [2].Then the multipath
can be detected from residual signal by the regular delay
lock loop (DLL). Furthermore adaptive multipath mitigation
algorithms have been proposed to null the multipath using

nonuniform antenna array, such as moving array [3], switch
array [4], and vector array [5].Though these algorithms could
effectively mitigate the effect of multipath with the previous
knowledge of LOS signal, they are of little use for mitigating
NLOS signal since LOS signal is blocked. NLOS signal detec-
tion using a standard receiver requires signals from different
satellites. Consistency-checking techniques [6] can identify
and eliminate NLOS signals when most of the other received
signals are LOS signal with minimal multipath interference.
The marginalized likelihood ratio test (MLRT) is used to
detect, identify, and estimate the corresponding NLOS sig-
nal [7]. The NLOS signal can be detected and mitigated
by judging measurement of more satellites using Receiver
Autonomous Integrity Monitoring (RAIM) [8]. These tech-
niques are less reliable and useless when the number of satel-
lites in view is limited. Polarized diversitymakes themultiple-
polarized antenna receiver able to distinguish different sour-
ces [9]. RHCP and left-hand circular polarized (LHCP) sig-
nals are received by dual-polarized antennas individually [10].
The difference of SNR is observed to detect the presence of
NLOS signal. However, LOS signals may also be attenuated
by trees and body masking in certain directions. And the
method cannot operate in real time. Furthermore digital 3D
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Figure 1: The basic geometry of LOS signal and NLOS signal: single reflection (a) and double reflection (b).

urbanmodels are used to detect andmitigateNLOS signal [11,
12]. These algorithms brought in an increased computational
burden. And the urban models for cities are a big task and
may be unavailable for common users.

In this paper, the NLOS signal detector based on single
orthogonal dual-polarized antenna is proposed without any
previous knowledge of its characteristics and an increased
computational burden. The antenna is assumed to have two
pure linear polarized channels. The patterns of the two chan-
nels 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 vertical polarized component of
RHCP signal is used to remove the LOS signal by parallel
cross-cancellation. The NLOS signal can be detected on
conventional high-sensitivity receiver in real time.

2. Refection Characteristics of NLOS Signal

In the urban canyon and valley, the LOS signal of some
satellites is blocked by buildings and other obstacles. Signals
from these satellites can only be received via reflections as
shown in Figure 1. To estimate the characteristics of reflection,
the specular reflection model is widely used. The reflected
signal is attenuated after reflection, and the more times the
reflections, the weaker the reflected signal. Therefore single
reflected signal and double reflected signal are discussed only
in this paper.

For any polarized wave, it can be resolved into two
orthogonal components, the vertical polarized andhorizontal
polarized component. The two orthogonal components of
incoming wave 𝐸𝑖 can be expressed as

𝐸𝑖 = [𝐸𝑖HP𝐸𝑖VP] = 𝐸𝑖 [ cos 𝛾
sin 𝛾𝑒𝑗𝜂] , (1)

where 𝐸𝑖HP, 𝐸𝑖VP denote the horizontal polarized and vertical
polarized component of incoming wave, respectively. Addi-
tionally, 𝛾 denotes the angle between the electric field 𝐸𝑖 and
horizontal polarized component 𝐸𝑖HP, while 𝜂 denotes the
advance phase of 𝐸𝑖VP versus 𝐸𝑖HP. Then (𝛾, 𝜂) represents the
polarization of incoming wave, 𝛾 = 45∘, and 𝜂 = −90∘ for
RHCP signal.

The single reflected wave 𝐸𝑠 and double reflected wave 𝐸𝑑
can be expressed as

𝐸𝑠 = [𝐸𝑠HP

𝐸𝑠VP] = 𝐸𝑖 𝑒𝑗2𝜋𝑓Δ𝜏𝑠 [[
ΓHP1 (𝜃1) cos 𝛾

ΓVP1 (𝜃1) sin 𝛾𝑒𝑗𝜂]]
𝐸𝑑 = [𝐸𝑑HP

𝐸𝑑VP]

= 𝐸𝑖 𝑒𝑗2𝜋𝑓Δ𝜏𝑑 [[[
[

ΓHP1 (𝜃1) ΓHP2 (𝜋2 − 𝜃2) cos 𝛾
ΓVP1 (𝜃1) ΓVP2 (𝜋2 − 𝜃2) sin 𝛾𝑒𝑗𝜂

]]]
]

.

(2)

In (2), 𝐸𝑠HP, 𝐸𝑠VP, 𝐸𝑑HP, and 𝐸𝑑VP denote the horizon-
tal polarized and vertical polarized component of single
reflected wave and double reflected wave, respectively, whereΔ𝜏𝑠 and Δ𝜏𝑑 denote the extra delay of reflection compared
with LOS signal. We have to note that the extra transmission
LOS signals is ignored since the additional path is much
smaller compared with the distance between satellite and the
receiver. For the sake of simplicity, we assume that 𝜃1 = 𝜃2.

The polarization of reflection changes along with the
incoming elevation angle, especially at around the Brewster
angle. Fresnel formulas can quantify this transformation [13].
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Figure 2: The reflection factor of NLOS signal when the LOS signal is RHCP.

Each reflection factor for vertical polarization ΓVP𝑖, as well as
horizontal polarization ΓHP𝑖, is given by

ΓVP𝑖 (𝜃)
= (𝜀𝑟𝑖 − 𝑗𝜎𝑖/𝑓𝜀0) sin 𝜃 − √(𝜀𝑟𝑖 − 𝑗𝜎𝑖/𝑓𝜀0) − cos2𝜃

(𝜀𝑟 − 𝑗𝜎𝑖/𝑓𝜀0) sin 𝜃 + √(𝜀𝑟𝑖 − 𝑗𝜎𝑖/𝑓𝜀0) − cos2𝜃

ΓHP𝑖 (𝜃) = sin 𝜃 − √(𝜀𝑟𝑖 − 𝑗𝜎𝑖/𝑓𝜀0) − cos2𝜃
sin 𝜃 + √(𝜀𝑟𝑖 − 𝑗𝜎𝑖/𝑓𝜀0) − cos2𝜃 ,

(3)

where 𝜀0 denotes free space dielectric constant, 𝜀𝑟𝑖 denotes
relative dielectric constant, 𝜎𝑖 is conductivity of reflector, 𝑓
is radian frequency, and 𝜃 represents the incoming elevation
angle.

In the urban canyon, granite and glass are common reflec-
tor, so the granite and glass are used to calculate the reflection
factor. Assume that LOS signal is ideal RHCP. The RHCP
reflection factors are shown in Figure 2.

In Figure 2, the magnitude of reflection factor for RHCP
signal reduces when the incoming elevation angle increases
in the case of single reflection. The reflection phase for
the vertically polarized component varies 180∘ across the
Brewster angle. For dry granite, the Brewster angle is about
24∘ while it is 21∘ and 25∘ for wet granite and glass. At angles
near the horizon RHCP is reflected as RHCP. At the Brewster
angle the reflected signal is essentially horizontally polarized.
At angles near zenith, RHCP is reflected as LHCP. In the
situation of double reflection, it is complex since there are
two reflectors. The polarization of incoming wave changes
frequently. But we have to note that the reflection factor is
under −12 dB when the incoming elevation angle is between
20∘ and 70∘.

Take the ratio of vertical polarized and horizontal polar-
ized component to denote the axial ratio of the reflection; the
results are shown in Figure 3. The magnitude of the vertical
polarized and horizontal polarized component for LOS signal
is nearly equal. But the balance is broken when signal is
reflected. Around the Brewster angle the axial ratio is worse
seriously.

In the case of single reflection, the axial ratio changes
slowly while the reflection factor is much smaller at high
elevation angle. At low elevation angle, the reflection factor of
the NLOS signal is nearly equivalent to that of the LOS signal,
but the axial ratio changes acutely. In the case of double reflec-
tion, the axial ratio and reflection factor are symmetrical.
And the reflection factor at the elevation angle [20∘, 70∘] is
much small. Take both Figures 2 and 3 into consideration; the
analysis can be summarized as follows:

(i) As it known, at elevation angle lower than 10∘ the
NLOS signal can hardly appear and signal coming
from the elevation angle higher than 80∘may be aban-
doned because of poor quality. So single reflection
from [10∘, 80∘] and double reflection from [10∘, 20∘]
and [70∘, 80∘] are analyzed.

(ii) Since the strong NLOS signal at around the Brewster
angle is our target to detect, the worsened axial ratio
can be used to distinguish the NLOS signal from
LOS signal when the vertical polarized and horizontal
polarized component can be received individually.

3. NLOS Signal Detection Based on
Orthogonal Dual-Polarized Antenna

NLOS signal detection can be achieved when the vertical
polarized and horizontal polarized components of RHCP are
received individually. Parallel cross-cancellation receiver as
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Figure 3: The axial ratio of NLOS signal when the LOS signal is RHCP.
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Figure 4: Parallel cross-cancellation receiver with orthogonal dual-polarized antenna.

well as its signal model is introduced in this section. Parallel
cross-cancellation is used to weaken LOS signal in one
channel so that only NLOS signal remains. Results of the two
parallel channels would determine the presence of NLOS
signal.

The following assumptions are made to simplify our
analysis, and all the following analysis is based on the special
case meeting the assumptions.

(i) The additional delay brought in by NLOS signal is
long delay and is larger than one code chip period.
It is reasonable that the long delay can significantly
degrade the positioning accuracy.

(ii) If the NLOS signal is composed of both single reflec-
tion and double reflection, the path delay between the
two signals should be less than one code chip period.
It is a fair assumption that one of the two reflections
may bemitigated bymultipathmitigation technique if
the path delay is too long, such as narrow correlation.

(iii) The antenna has two pure linear polarized channels
to receive the vertical polarized and horizontal polar-
ized component of incoming signal, respectively. The

patterns of the two channels are the same as both in
gain and in phase and are azimuth-independent.

3.1. SignalModel. Theorthogonal dual-polarized antenna has
twoports to receive the vertical polarized (VP) andhorizontal
polarized (HP) signal individually. In the parallel cross-can-
cellation receiver as shown in Figure 4, each port is followed
by an independent RF front end. Parallel cross-cancellation
can be achieved by the two parallel receiving channels. The
residual signals are then transmitted to correlators and track-
ing channel. NLOS signal detection and mitigation before
positioning algorithm are based on the results of the two
parallel channels.

The LOS signal 𝑥𝑖(𝑡) and NLOS signal 𝑥𝑚(𝑡) can be
expressed as

𝑥𝑖 (𝑡) = 𝑠 (𝑡) ⋅ (cos 𝛾 + sin 𝛾𝑒𝑗𝜂) = 𝑥𝑖HP (𝑡) + 𝑥𝑖VP (𝑡)
𝑥𝑚 (𝑡) = 𝑥𝑠 (𝑡) + 𝑥𝑑 (𝑡) = 𝑠 (𝑡) [𝑒−𝑗2𝜋𝑓Δ𝜏1

⋅ (cos 𝛾 ⋅ Γ1HP + sin 𝛾𝑒𝑗𝜂 ⋅ Γ1VP) + 𝑒−𝑗2𝜋𝑓Δ𝜏2
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⋅ (cos 𝛾 ⋅ Γ1HP ⋅ Γ2HP + sin 𝛾𝑒𝑗𝜂 ⋅ Γ1VP ⋅ Γ2VP)]
= 𝑥𝑠HP (𝑡) + 𝑥𝑠VP (𝑡) + 𝑥𝑑HP (𝑡) + 𝑥𝑑VP (𝑡) ,

(4)

where 𝑥𝑖HP(𝑡), 𝑥𝑠VP(𝑡), 𝑥𝑚HP(𝑡), and 𝑥𝑚VP(𝑡) denote the ver-
tical polarized and horizontal polarized component of LOS
signal and NLOS signal, respectively. And 𝑥𝑠(𝑡), 𝑥𝑑(𝑡) denote
the single reflection and double reflection. 𝑠(𝑡) represents the
LOS signal arriving at the receiver and we have

𝑠 (𝑡) = 𝐴𝑝 (𝑡 − 𝜏0) cos (2𝜋𝑓𝑡 + 𝜙0) , (5)

where𝐴 denotes the magnitude, 𝑝(𝑡) denotes the pseudoran-
dom code, 𝜏0 denotes the propagation delay of LOS signal,
and 𝜙0 denotes the carrier phase of LOS signal.

For the sake of simplicity, only one satellite signal is
considered. Then the signal received by vertical polarized
port𝑋VP and horizontal polarized port𝑋HP can be expressed
as

𝑋HP = 𝑘𝐺 (𝜃1) 𝑥𝑖HP + 𝐺 (𝜃1) 𝑥𝑠HP + 𝐺 (𝜋 − 𝜃1) 𝑥𝑑HP

+ 𝑛1 = 𝑠 (𝑡) cos 𝛾 [𝑘𝐺 (𝜃1) + 𝐺 (𝜃1) Γ1HP𝑒−𝑗2𝜋𝑓Δ𝜏1
+ 𝐺 (𝜋 − 𝜃1) Γ1HPΓ2HP𝑒−𝑗2𝜋𝑓Δ𝜏2] + 𝑛1

𝑋VP = 𝑘𝐺 (𝜃1) 𝑥𝑖VP + 𝐺 (𝜃1) 𝑥𝑠VP + 𝐺 (𝜋 − 𝜃1) 𝑥𝑑VP
+ 𝑛2 = 𝑠 (𝑡) sin 𝛾𝑒𝑗𝜂 [𝑘𝐺 (𝜃1) + 𝐺 (𝜃1) Γ1HP𝑒−𝑗2𝜋𝑓Δ𝜏1
+ 𝐺 (𝜋 − 𝜃1) Γ1HPΓ2HP𝑒−𝑗2𝜋𝑓Δ𝜏2] + 𝑛2,

(6)

when 𝑘 = 0, the reflection acts as NLOS signal, else it acts as
multipath. 𝐺(𝜃1) and 𝐺(𝜋 − 𝜃1) denote the gain of antenna at
the incoming elevation angle 𝜃1 and 𝜋 − 𝜃1. 𝑛1 and 𝑛2 denote
the white Gaussian noise with zero mean.

As shown in Figure 4, the signal after parallel cross-
cancellation is

𝑋𝑐 (𝑡) = 𝑤1𝑋HP + 𝑋VP

= 𝑘𝐺 (𝜃1) 𝑠 (𝑡) 𝑒𝑐𝑖 + 𝐺 (𝜃1) 𝑠 (𝑡) ⋅ 𝑒−𝑗2𝜋𝑓Δ𝜏1𝑒𝑐𝑠
+ 𝐺 (𝜋 − 𝜃1) 𝑠 (𝑡) ⋅ 𝑒−𝑗2𝜋𝑓Δ𝜏2𝑒𝑐𝑑 + 𝑛3

(7)

𝑋𝑎 (𝑡) = 𝑋HP + 𝑤2𝑋VP

= 𝑘𝐺 (𝜃1) 𝑠 (𝑡) 𝑒𝑎𝑖 + 𝐺 (𝜃1) 𝑠 (𝑡) ⋅ 𝑒−𝑗2𝜋𝑓Δ𝜏1𝑒𝑎𝑠
+ 𝐺 (𝜋 − 𝜃1) 𝑠 (𝑡) ⋅ 𝑒−𝑗2𝜋𝑓Δ𝜏2𝑒𝑎𝑑 + 𝑛4.

(8)

In the right of (7) and (8), the first term is the residual signal
of LOS signal, while the second and the third terms are the
residual signal of NLOS signal. And 𝑒𝑐𝑖, 𝑒𝑐𝑠, 𝑒𝑐𝑑, 𝑒𝑎𝑖, 𝑒𝑎𝑠, and𝑒𝑎𝑑 represent the complex residual factor of LOS signal, single
reflected signal, and double reflected signal, respectively.

The ideal RHCP signal can be expressed with 𝛾 = 45∘,𝜂 = −90∘. However, the actual GNSS signal is not an ideal
RHCP signal, so the polarization has some bias. The bias of
polarization is defined as

𝛾 = 𝜋4 + Δ𝛾
𝜂 = 𝜋2 + Δ𝜂, (9)

where (Δ𝛾, Δ𝜂) represents the nonideal characteristic of
actual GNSS signal.

3.2. NLOS Signal Detection. NLOS signal detection firstly has
to remove the LOS signal from the received signal. The pro-
posed method is to adjust the weight to make sure the power
of residual LOS signal is small enough into the 2nd corre-
lator, while the power of residual signal into the 1st correlator
must be equal to conventional GNSS receiver. It is accom-
plished by

min
𝑤1

{𝑒𝑐𝑖}
𝑒𝑎𝑖 (𝑤2) ∝ √2. (10)

Usually there is no prior knowledge about the polariza-
tion of the LOS signal, so the weights are simply adjusted as

𝑤1 = 𝑤2 = 𝑒−𝑗𝜋/2. (11)

Then

𝑒𝑐𝑖 = √1 − cos (2Δ𝛾) cosΔ𝜂
𝑒𝑎𝑖 = cos 𝛾 + sin 𝛾𝑒𝑗Δ𝜂. (12)

Since the transmitted GNSS signal is RHCP, (Δ𝛾, Δ𝜂) is
much small. According to the residual factor in (12), the
LOS signal is weakened in the 2nd correlator while it is pre-
served in the 1st correlator. So the orthogonal dual-polarized
antenna acts as a conventional RHCP antenna in the 1st corre-
lator. The correlation in the 1st and 2nd correlator can be
expressed as

𝐼𝑅𝑐𝑝 (𝜀)
= 𝑘𝐺 (𝜃1) 𝐴𝑇𝑐𝑅𝑒𝑠 (𝜀 − Δ𝜏) 𝑒𝑐𝑖 cos (𝜙𝑒)

+ 𝐺 (𝜃1) 𝐴𝑇𝑐𝑅𝑒𝑠 (𝜀 − Δ𝜏1) 𝑒𝑐𝑠 cos (𝜙𝑒 + Δ𝜙1)
+ 𝐺 (𝜋 − 𝜃1) 𝐴𝑇𝑐𝑅𝑒𝑠 (𝜀 − Δ𝜏2) 𝑒𝑐𝑑 cos (𝜙𝑒 + Δ𝜙2)

(13)

𝐼𝑅𝑎𝑝 (𝜀)
= 𝑘𝐺 (𝜃1) 𝐴𝑇𝑐𝑅𝑒𝑠 (𝜀 − Δ𝜏) 𝑒𝑎𝑖 cos (𝜙𝑒)

+ 𝐺 (𝜃1) 𝐴𝑇𝑐𝑅𝑒𝑠 (𝜀 − Δ𝜏1) 𝑒𝑎𝑠 cos (𝜙𝑒 + Δ𝜙1)
+ 𝐺 (𝜋 − 𝜃1) 𝐴𝑇𝑐𝑅𝑒𝑠 (𝜀 − Δ𝜏2) 𝑒𝑎𝑑 cos (𝜙𝑒 + Δ𝜙2) ,

(14)

where 𝑇𝑐 represents chip period, 𝜙𝑒 denotes the residual car-
rier phase, andΔ𝜙1 Δ𝜙2 denotes the extra phase by reflection.
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Figure 5: The magnitude of residual LOS signal.

𝑅𝑒𝑠(𝜀) denotes the correlation of the pseudorandom code. In
the right of (13) and (14), the first term is the correlation
of LOS signal, while the second and the third terms are
correlation ofNLOS signal. Because of cross-cancellation, the
first term in the right of (13) tends to be much small. When
the threshold of code acquisition is set to be reasonable, LOS
signal cannot be acquired in the 2nd correlator even if it is
present.

Above all, once the LOS signal is present, the 1st channel
is locked on LOS signal, but the 2nd channel can only lock on
NLOS signal or multipath. So there are three kinds of signal
that can be detected:

(i) LOS signal only: satellite signal can only be acquired
in the 1st correlator.

(ii) LOS signal and multipath with long delay: satellite
signal can be acquired in both of correlators, but the
difference of pseudoranges between the two channel
is large.

(iii) NLOS signal: satellite signal can be acquired in both of
correlators, but the pseudoranges of the two channels
are nearly equal.

4. Simulation and Results

To verify the effectiveness of the proposed method, simu-
lation is carried out based on GPS signals. According to
interface control document of GPS (IS-GPS-200H 2013), for
the angular range of ±13.8 degrees from nadir, the axial ratio
of L1 shall be no worse than 1.2 dB for Block IIA and shall be
no worse than 1.8 dB for Block IIR/IIR-M/IIF/GPS III SVs.
So the range of Δ𝛾 is set to be |Δ𝛾| ≤ 6∘ and |Δ𝜂| ≤ 5∘.
Firstly, the magnitude of residual signal is calculated. Then
the correlation curve and phase-discrimination curve using
the regularDLL are simulated at different incoming elevation.

4.1. The Numerical Analysis of Residual Signal. NLOS signal
detection is mainly based on that the magnitude of residual
NLOS signal is much larger than that of residual LOS signal
after parallel cross-cancellation in 2nd correlator. This is the
key point of the proposed method. So the magnitude of
residual signal is simulated to verify the effectiveness of the
proposed method.

The numerical analysis was carried out adequately and all
results are normalized.Themagnitude of residual LOS signal
is shown in Figure 5.

In Figure 5, the magnitude of residual LOS signal is only
the function of polarization of signal.Themagnitude of resid-
ual LOS signal is always smaller than 0.16. It is influenced by
the bias of 𝛾 seriously but without the influence of incoming
elevation angle. The magnitude of residual LOS signals is
small when the axial ratio of LOS signals is small. However
the residual NLOS signal is also affected by the incoming ele-
vation angle. The worst results when Δ𝛾 = −6∘ are shown in
Figure 6.

In Figure 6, because of single reflection, the magnitude
of residual NLOS signal varies while the elevation angle is
changing. The magnitude is larger when in a higher eleva-
tion angle. The reflection phase for the vertically polarized
component varies 180∘ across the Brewster angle. So the two
orthogonal polarized components tend to be out of phase
after weighting. The processing of cancellation results in the
strengthening of residual NLOS signal in fact. But the strong
residual NLOS signal only appears at the elevation angle [10∘,
20∘] and [70∘, 80∘] after double reflection.

Obviously the magnitude of residual NLOS signal is
larger than 0.2 while the residual LOS signal is smaller than
0.16. Moreover if the axial ratio of satellite signal is smaller
than 1.2 dB, themagnitude difference between residual NLOS
signal and LOS signal is larger.

When the incoming elevation angle is the same, the resi-
dualmultipath is weaker in glass than the other two reflectors.
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Figure 6: The magnitude of residual NLOS signal.

So the performance ofmultipath detection is only analyzed in
the condition of glass in the following section.

4.2. The Performance for NLOS Signal Detection. The code
tracking loop in the GPS receiver is a delay lock loop (DLL)
called an early-late tracking loop [14]. The performance for
NLOS signal detection is shown by the correlation results in
DLL.

In the first scenario, the incoming elevation angle of LOS
signal is 10∘ and the extra delay of single reflection is set to
be 1.2𝑇𝑐 while the extra delay of double reflection is set to be
1.5𝑇𝑐. The reflected factor is calculated when Δ𝛾 = −6∘, Δ𝜂 =−5∘. If the LOS signal is present, the single and double reflec-
tions acted asmultipath, or else they are NLOS signal.The RF
front end is treated to be ideal and the error of carrier track-
ing loop is ignored; the correlation curve and phase-discrim-
ination curve are shown in Figure 7.

In Figure 7, the correlation curve and phase-discrimi-
nation curve of conventional GNSS receiver are shown in 1st
correlator and 1st DLL, and receiver locked on the LOS signal
with multipath if LOS signal presents, or else it locked on
NLOS signal. 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 shown.

But in 2nd correlator and 2ndDLL the residual LOS signal
after cross-cancellation is weakened heavily. And the curve of
residual signal is mainly dependent on the characteristic of
multipath or NLOS signal. Once the threshold of code acqui-
sition is set to be larger than residual LOS signal but smaller
than single reflected NLOS signal, the 2nd correlator cannot
acquire any LOS signal.

If the receiving signal is composed of NLOS signal only,
the 1st correlator can acquire the satellite signal but the 2nd

correlator cannot. If the receiving signal is composed of
LOS signal with long delay multipath, the two correlators
can acquire the satellite signal but pseudoranges difference
between the two signals is larger than one code chip period. If
the receiving signal is composed of mixed NLOS signal, the
two correlators can acquire the satellite signal but pseudor-
anges difference between the two signals is less than one code
chip period. And if NLOS signal is only one kind of reflection,
the pseudoranges of the two signals are nearly equal. So the
NLOS signal is detected.

Then the incoming elevation angle of LOS signal is set to
be 20∘, the correlation curve and phase-discrimination curve
are shown in Figure 8. Obviously, the difference between Fig-
ures 7 and 8 is the correlation results of single reflected NLOS
signal and double reflected NLOS signal. The 2nd correlator
also cannot acquire any LOS signal. So the NLOS signal is
detected if it is present.

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

(i) When the incoming elevation angle is higher than 10∘,
the residual single reflected NLOS signal is stronger
than the residual LOS signal. And the higher the ele-
vation angle, the stronger the residual single reflected
NLOS signal. The strong residual double reflected
NLOS signal only appears at the elevation angles [10∘,
20∘] and [70∘, 80∘].

(ii) With parallel cross-cancellation, LOS signal in the
2nd correlator is too weakened to be acquired while
it plays an important part in the 1st correlator once it
is present.

(iii) When only the 1st correlator can acquire satellite
signal, LOS signal is present. When the two correla-
tors can acquire the satellite signal but pseudoranges
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Figure 7: Correlation results for parallel cross-cancellation receiver at elevation 10∘.

difference between the two signals is larger than one
code chip period, LOS signal as well as long delay
multipath is present. When the two correlators can
acquire the satellite signal but pseudoranges differ-
ence between the two signals is less than one code chip
period, NLOS signal is present.

5. Conclusions

Based on the diversity of the axial ratio between the LOS and
NLOS component of RHCP signal, the LOS signal is removed

by parallel cross-cancellation.The LOS signal with long delay
multipath and NLOS signal can be detected by parallel cross-
cancellation receiver in real time. The proposed method is
based on a theoretical model of orthogonal dual-polarized
antenna and without any previous knowledge of incoming
signal. The parallel cross-cancellation receiver can be used in
urban canyon and valley to decrease the influence of NLOS
signal. For future work the actual orthogonal dual-polarized
antenna for practical implementation requires further analy-
sis.
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Figure 8: Correlation results for parallel cross-cancellation receiver at elevation 20∘.
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