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ABSTRACT Global navigation satellite system (GNSS) monitoring stations established in canyon
environments inevitably face challenges such as multipath effects, diffracted signals, and non-line-of-sight
(NLOS) reception due to obstructions. To address this problem, existing methods employ a stochastic
model based on GNSS receiver signal-to-noise ratio (SNR) to detect NLOS reception. However, the method
only accounts for NLOS reception concerning elevation angles of satellites, neglecting NLOS reception
from obstructions at side edges. To overcome this limitation, this paper proposes a threshold of azimuth
angle. When the threshold is considered, it does not only improve NLOS detection, but also increases the
position dilution of precision (PDOP) value, potentially affecting positioning precision. Thus, we introduced
a PDOP stochastic model and proposed a method that integrates both the azimuth angle threshold and PDOP
considerations. Experimental results show that the precision of the stochastic model based on equivalent
elevation angles improves by approximately 24.25% after considering the threshold of azimuth angle.
Furthermore, the precision increases by an additional 8.69% when the PDOP stochastic model is also taken
into account.

INDEX TERMS Canyon environment, equivalent elevation, non-line-of-sight (NLOS) reception, position
dilution of precision (PDOP) stochastic model.

I. INTRODUCTION
The Global Navigation Satellite System (GNSS) has been
widely utilized in high-precision ground deformation detec-
tion, subsidence monitoring, geoscientific research, and
structural health monitoring such as landslides, dams,
or bridges [1], [2], [3]. The continuously operating reference
station (CORS) plays a crucial role in the application
of GNSS [4]. One of the key functions of CORS is
to provide real-time, continuous GNSS observation data
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for relative positioning [4], [5]. With the introduction
of the concept of CORS, many cities have established
their own CORS systems, even located CORS stations in
urban environments [6], [7]. However, the use of GNSS
receivers in urban environments faces significant challenges.
The primary issues stem from non-line-of-sight (NLOS)
reception caused by urban structures in canyon environ-
ments, which induce multipath effects, signal blockage, and
diffraction of navigation satellite signals [8], [9], [10]. These
factors substantially deteriorate the service performance
of urban CORS stations, thereby reducing positioning
precision.
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Accurate NLOS detection and subsequent processing are
essential to signal quality control [11], [12]. SNR is a
main indicator that reflects the signal quality due to the
relationship between SNR and signal quality [13], [14].
The exponential function of SNR with base 10 is a famous
and popular stochastic model served as a weighting scheme
of GNSS observations, especially in a low signal quality
scenario [15], [16], [17]. However, traditional stochastic
models such as the exponential function of SNR with base
10 cannot reasonably estimate the accuracy of different types
of satellite measurements at a specific site [18]. To address
the challenges caused by NLOS in canyon environments,
Strode and Groves in 2015 proposed a method for detecting
multipath effects using the tri-frequency SNR observations
[19]. The method involves first establishing an SNR-based
multipath detector between the SNR observations at different
frequencies and satellite elevation angles under low NLOS
conditions [19]. The observed SNR is then compared
against the detector to detect the multipath even diffraction
[19]. Based on Strode and Groves’ method, Zhang et al.
developed a technique for detecting multipath effects using
dual-frequency SNR [20]. However, Špánik et al. pointed
out several issues in 2018 [21]. First, whether the cubic
polynomial used by Špánik et al. to establish the reference
function can be applied to a broader range of scenarios
requires further investigation [21]. Second, the validity of
using a cubic polynomial to fit the relationship between
SNR observations and elevation angles for establishing the
reference function is questionable [21]. Third, while the
reference function can accurately detect multipath effects in
tri-frequency receivers, it may lead to erroneous detection in
dual-frequency receivers [21].

To address these issues, Špánik et al. proposed the optimal
combination estimator, which detects multipath effects by
constructing a linear combination of SNR observations
at multiple frequencies with the cosine of the elevation
angle [21]. However, this method is only applicable to
dual- or tri-frequency receivers. Although low-cost single-
frequency receivers are more sensitive to NLOS reception,
they have becomemore popular in themarket because of their
cheapness and portability [22], [43]. In 2021, Zhang et al.
introduced a composite stochastic model designed for canyon
environments. It proposed the concept of equivalent elevation
angle and extended its applicability to single-frequency
receivers [14]. While it is effective in detecting signal
diffraction and multipath effects, this method only constrains
the elevation angle using the azimuth angle of buildings.
As a result, the azimuth angle does not directly limit satellite
signals, thereby not fully utilizing its potential. In reality,
NLOS effects of satellite signals can occur not only in
the elevation direction of obstructions but also along the
side edges of obstructions, particularly in the case of signal
diffraction effects [24].
Another challenge in canyon environments is the reduction

in the number of satellites and the increase in position dilution

of precision (PDOP) due to obstruction by terrain features
[25]. The number of satellites determines the amount of avail-
able observations, while PDOP reflects the strength of the
geometric configuration between satellites [23]. An increase
in PDOP leads to a decrease in positioning precision under the
condition of having the same number of satellites, particularly
when an angle threshold is used to exclude satellites in order
to mitigate NLOS reception [26]. To minimize the impact
of poor PDOP conditions in such challenging environments,
Li et al. proposed a PDOP considering stochastic model
in 2022, achieving approximately a 10% improvement in
precision for single point positioning (SPP) [25]. However,
research on PDOP considering stochastic models remains
limited and is primarily applied to SPP [25], [27].We propose
employing a PDOP stochastic model to compensate for
the drawbacks associated with increased PDOP due to the
exclusion of satellites.

Canyon environments present complex influencing factors.
Previous research has mostly used azimuth angles as
constraints on elevation angles, indirectly affecting satellite
selection. Therefore, this study considers the potential
for satellite signal NLOS reception at the side edges of
obstructions and proposes using satellite azimuth angles
as direct constraints to control satellite selection. Its main
contributions are as follows: First, we introduce an azimuth
threshold method, considering the NLOS reception of
satellite signals at the side edges of obstructions. Second, due
to the exclusion of some satellites using the elevation and
azimuth angle filtering mechanism, leading to an increase in
PDOP, we incorporate a PDOP stochastic model to mitigate
its impact on positioning precision. Third, we reevaluate the
classification strategy of the template function, establishing
different template functions for different types of satellites
within the same receiver. Section II provides a detailed
introduction to this method and strategy. Subsequently,
Section III verifies the proposed method using a geodetic
receiver. The conclusions are presented in Section IV.

II. METHOD
In this section, we first introduce the weighted method for
equivalent elevation angles and the PDOP stochastic model.
Then, we present the concept of azimuth angle threshold,
followed by a new template function classification strategy.

A. EQUIVALENT ELEVATION STOCHASTIC MODEL
The elevation-dependent stochastic model is a commonly
used method for assigning weights to navigation satellite
observations. It involves assigning different weights to each
observation based on the elevation angle of the satellite to the
receiver at the current epoch. The stochasticmodel expression
is given as follows [29], [30]:

σ =
a

sin2 (θ)
(1)
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where σ represents the precision of undifferenced and
uncombined GNSS observations, a is a constant coefficient,
and θ denotes the elevation angle of the observed satellite.
In general, to minimize the impact of multipath effects

from low-elevation satellites and diffracted signals from
satellites below the horizon, GNSS data processing typically
involves applying a constant natural cut-off elevation angle
[14]. However, in canyon environments, especially in urban
canyons, obstructions can also obscure GNSS signals,
cause multipath effects and diffraction, and then affect the
GNSS receiver [14], [21]. Therefore, obstructions could be
treated as part of the horizon in such scenarios. From the
receiver’s perspective, the elevation angle of the obstruction
is correlated with its azimuth angle. Consequently, it is
necessary to establish the relationship between the elevation
and azimuth angles of the obstructions, where the elevation
angle is referred to as the geographic elevation angle, and
the natural cut-off elevation angle is subsequently added [14],
[41]. The expression is as follows [14]:

τ ′
= τ + θgeo

(
ωs
r
)
, ωs

r ∈ [0, 2π ] (2)

where ωs
r represents the azimuth angle of the satellite s in the

local coordinate system of the receiver r , θgeo
(
ωs
r
)
denotes

the geographic cut-off elevation angle, which is a function of
the satellite’s azimuth angle ωs

r for a certain site, and τ ′ refers
to the cut-off elevation angle of the satellite, considering
the impact of obstructions. In addition, the expression of
θgeo

(
ωs
r
)
implicates the boundary of the obstructions around

the receiver. Therefore, the expression of θgeo
(
ωs
r
)
should

be formulated based on the environment surrounding the
receiver.

The elevation angle of a satellite to an obstruction is
referred to as the constrained elevation angle, and its
expression is as follows [14]:

θ̄ sr,i = θ sr,i − θgeo
(
ωs
r
)

(3)

where θ̄ sr,i represents the constrained elevation angle of
satellite s to receiver r at signal frequency i, and θ sr,i is the
elevation angle of satellite s to receiver r at signal frequency
i. Similar to the requirement that the satellite’s elevation
angle must exceed the natural cut-off elevation angle, the
constrained elevation angle must also be greater than the
cut-off elevation angle τ .
After obtaining the constrained elevation angle, it is

necessary to evaluate and adjust it using the SNR to derive
the final equivalent elevation angle [14]. The basis for this
evaluation is the template function. A template function is an
SNR-elevation angle relationship established for a specific
receiver in a low NLOS environment [14], [20]. It also
involves calculating the standard deviation (STD) of the
SNR observations relative to this function, where the STD
is also a function of the elevation angle. The SNR-elevation
angle function and the STD-elevation angle function together
form the template function [14]. Zhang et al. used cubic
polynomials to fit the SNR observations and STD to obtain

the following template function [14], [20]:

SNR∗
(
θ sr,i

)
= α1 + α2 × θ sr,i + α3 ×

(
θ sr,i

)2
+ α4 ×

(
θ sr,i

)3
(4)

STD∗
(
θ sr,i

)
= β1 + β2 × θ sr,i + β3 ×

(
θ sr,i

)2
+ β4 ×

(
θ sr,i

)3
(5)

where SNR∗(θ sr,i) and STD
∗(θ sr,i) are the template SNR and

its corresponding STD for the elevation angle θ sr,i and αi (i =
1, 2, 3, 4) and βi (i = 1, 2, 3, 4) are the fitting coefficients
of the cubic polynomials for the template SNR and its STD,
respectively [14].
After obtaining the template function, it can be used as

prior information to detect NLOS reception in satellite signals
received by GNSS receivers in canyon environments and
to determine the corresponding equivalent elevation angles.
If the observed SNR in the canyon environment satisfies the
following condition [14]:∣∣SNR (

θ̄ sr,i
)
− SNR∗

(
θ̄ sr,i

)∣∣ ≤ k · STD∗
(
θ̄ sr,i

)
(6)

where k represents the multiple of the standard deviation,
taking values of 1, 2, or 3, then the equivalent elevation angle
can be taken as the constrained elevation angle. Otherwise,
the constrained elevation angle must be adjusted as follows
[14]: {

θ̄ sr,i = θ̄ sr,i − δ, SNR
(
θ̄ sr,i

)
≤ SNR∗

(
θ̄ sr,i

)
θ̄ sr,i = θ̄ sr,i + δ, SNR

(
θ̄ sr,i

)
> SNR∗

(
θ̄ sr,i

) (7)

where δ is the adjustment constant determined by the
resolution of the template function. This adjustment process
is repeated until the condition in (6) is satisfied, yielding the
final equivalent elevation angle. If the adjustment reaches the
minimum elevation angle τ or the maximum angle of 90◦

without satisfying the condition in (7), then the equivalent
elevation angle is set to either this minimum or maximum
value. The final equivalent elevation angle is then used as the
input variable for the elevation angle stochastic model, and
the weight for each satellite’s signal at different frequencies
is determined by (1) [14].

B. STOCHASTIC MODELING CONSIDERING THE PDOP
A key method of the PDOP stochastic model is to increase
the weight of critical satellites, which are defined as those
that significantly contribute to the PDOP value. First, the base
function of PDOP must be calculated [25]:

f (PDOP) =


1

kβ
i

, kβ
i ≤ γ

1
γ

, kβ
i > γ

(8)

where β is an adjustment parameter that can be set between
1 and 3 based on specific conditions, and γ is a threshold
set to prevent excessive amplification, ki represents the
contribution of satellite i to PDOP, it can be calculated as
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follows [25]:

ki =
PDOPi
PDOPall

(9)

where PDOPi represents the PDOP value after excluding
satellite i, and PDOPall is the PDOP value determined by all
available satellites.

The calculation of PDOP requires the covariance matrix of
the parameters to be estimated, and is given by the following
formula [31], [39]:

PDOP =
√
QXX + QYY + QZZ (10)

where the different subscripts of Q represent the variances of
the three coordinate parameters.

The stochastic model that accounts for PDOP is then
expressed as [25]:

σ 2
PDOP = f (PDOP) × σ 2 (11)

where σ 2
PDOP represents the observation precision consider-

ing PDOP, and σ 2 is the observation precision without PDOP
consideration. The value of σ 2 can be obtained using the
elevation weighting method through (1) after calculating the
equivalent elevation angle.

C. AZIMUTH THRESHOLD
In GNSS positioning, it is necessary to establish a natural
cut-off elevation angle as the minimum elevation angle for
all navigation satellites [14]. Satellites with elevation angles
below this threshold should be excluded [41]. Due to signal
diffraction and atmospheric refraction, some navigation
satellite signals below the horizon may still be received by
GNSS receivers, leading to observations with significant
errors and then reducing positioning precision. In canyon
environments, the upper edges of obstructions within the
canyon effectively become the new horizon, making the cut-
off elevation angle equal to τ ′ as defined in (2).

However, the scenario of obstructions in canyon envi-
ronments is more complex. Fig. 1. illustrates the faulty
observations caused by diffraction signals from the upper and
side edges of obstructions. Particularly in cases where there is
a significant height difference among multiple obstructions,
the diffraction signals from the side edges of the obstructions
need to be handled appropriately. Therefore, we consider the
method of setting an azimuth angle threshold for navigation
satellite signals in canyon environments. It is important to
note that, unlike the cut-off elevation angle, an obstruction
has two sides rather than just one. Thus, the threshold needs
to account for both the left and right directions:{

αleft = ω−

obstruction − m
αright = ω+

obstruction + m
(12)

where αleft and αright represent the left and right azimuth
angle limits relative to the obstruction as seen by the receiver,
ω−

obstruction and ω+

obstruction are the azimuth angles of the left

FIGURE 1. Diffraction signals can cause faulty observations of satellites
by GNSS receivers. The diagram illustrates the impact of diffraction
signals from the upper and side edges of the obstruction on observation.

and right edges of the obstruction, respectively, andm denotes
the threshold. If a satellite’s azimuth angle ω satisfies:

αleft < ω < αright (13)

then the satellite should be excluded.
However, setting an azimuth angle threshold may lead

to an increase in PDOP, thereby deteriorating positioning
precision due to the exclusion of satellites. Conversely, if the
azimuth angle threshold is not applied, the PDOP stochastic
model might increase the weight of satellites affected
by diffraction signals, which can also negatively impact
positioning precision. Therefore, the use of an azimuth angle
threshold and a PDOP stochastic model may complement
each other, and it is advisable to employ both methods
simultaneously.

D. THE CLASSIFICATION OF TEMPLATE FUNCTION
In template function determination, it should be considered
by different navigation constellations separately. Even within
the same navigation constellation, variations in antenna
types of satellites necessitate distinct template functions
for different satellites [14]. For example, in the study by
Zhang et al., it was noted that within the GPS constellation,
the SNR on the L2 frequency differs between Block IIR
and other satellite types, leading to a distinction in template
functions based on whether a satellite is a Block IIR type or
not.

We have adopted and further developed this strategy.
For the GPS constellation, it was observed that the L2
signal cannot be simply differentiated based on whether
the satellite is a Block IIR type, as the SNR-elevation
angle distribution exhibited multiple distinct trends. This
implies that template functions should be established for
various types of GPS satellites, likely due to advancements in
satellite technology. We classified the GPS satellites into four
categories: Block IIR, Block IIR-M, Block IIF, and Block III
[32]. For the Galileo constellation, satellites are categorized
into two types: In-Orbit Validation (IOV) satellites and Full
Operational Capability (FOC) satellites [33], [34]. Currently,
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FIGURE 2. The size of the obstruction (left panel) and the relationship of
the obstruction (right panel) [36]. In the left panel, the yellow point
notifies the receiver. And the azimuth of the center of the obstruction is
330◦. We assume the obstruction is a sphere. According to the
measurement tools, the diameter of the sphere is about 14 m, and the
horizontal distance from the center of the sphere to the receiver is about
10 m, the height difference between the top of the sphere and the
receiver is about 11 m.

there are three IOV satellites in orbit with pseudo random
noise(PRN) codes E11, E12, and E19, while the rest are FOC
satellites. We observed that template functions for IOV and
FOC satellites differ for both the E1 and E5b frequencies.
Therefore, it is necessary to establish separate template
functions for IOV and FOC satellites for the E1 and E5b
frequencies in the Galileo system.

III. EXPERIMENT
This experiment requires conducting measurements in an
environment with signal obstructions. We selected the Tate’s
Cairn station (TCHK) of the Hong Kong Satellite Positioning
Reference Station Network (SatRef) for the experiment.
This station is part of the Hong Kong CORS network and
utilizes a Trimble Alloy receiver with a Leica AR25.R4
antenna. It is located adjacent to the Tate’s Cairn Mete-
orological Station Hong Kong Observatory, as illustrated
in Fig. 2.

Firstly, we need to establish a function expression for
the geographic elevation angle based on the buildings
near the TCHK station. Information about the obstruc-
tions around the TCHK station can be obtained from
the three-dimensional digital map publicly released by the
Hong Kong Lands Department. The three-dimensional map
indicates that the only obstruction near the TCHK station
is a spherical building, while other directions offer an open
view. Details of the spherical building are shown in Fig. 2.
We assume this spherical building is the sole obstruction
and is a regular sphere. When the line of sight from the
receiver to the satellite is tangent to the sphere, it is considered
the boundary of the obstructed region. Based on geometric
relationships, the distance r from the receiver to the points
on the boundary of the obstructed region can be determined
as:

r =

√
H2 + D2 − R2 (14)

whereH is the height difference between the spherical center
and the receiver, D is the horizontal distance between the
spherical center and the receiver, R is the radius of the sphere.
Based on the information in Fig.2., the spherical coordinate

FIGURE 3. The relationship between SNR observations collected in a
low-NLOS environment and elevation angle. The black curve represents
the cubic polynomial fitting function.

expression of the sphere can be obtained in a coordinate
system centered at the receiver. Incorporate (14) into the
spherical coordinate expression of the sphere, the equation
of the obstructed region boundary f (θ, ω) can be expressed
as follows:

f (θ, ω) =
H2

+ D2
− R2

(D · cos θ · cos(ω − ω0) + H · sin θ)2
− 1 (15)

where θ is the elevation angle of the building,ω is the azimuth
angle of the building, and ω0 is the azimuth angle of the
building’s center. The equation f (θ, ω) = 0 represents the
boundary of the building from the receiver’s perspective. If
f (θ, ω) < 0, it indicates that the satellite located at (θ, ω) is
within the obstructed region.

A. DETERMINATION OF TEMPLATE FUNCTIONS
After confirming the type of receiver and antenna, it is
essential to establish the template function for the specific
receiver and antenna configuration. The determination of the
template function requires the collection of SNR observa-
tional data in a low-NLOS environment. For this purpose,
we used the IGS station CEDU00AUS located in Ceduna,
Australia, which is equipped with the same Trimble Alloy
receiver and Leica AR25.R4 antenna. SNR observations
were collected over a 24-hour period on the day of year
183 in 2024, with a sampling interval of 1 second. The data
includes observations for the GPS L1 (1572.42 MHz) and
L2 (1227.60 MHz) frequencies, as well as the Galileo E1

16356 VOLUME 13, 2025



Q. Wu et al.: Mitigation of Diffraction Effect in GNSS Positioning

TABLE 1. The coefficients of SNR and STD template functions.

FIGURE 4. The CORS stations of SatRef [37].

(1572.42 MHz) and E5b (1207.14 MHz) frequencies. Based
on the classification principles for template functions, we also
apply the least squares method to fit the data in the low-NLOS
environment using cubic polynomials, thereby obtaining the
fitting coefficients [14]. The coefficients of (4) and (5) are
outlined in Table 1.
The reason for not determining template functions for

the IOV satellites in the Galileo constellation is that there
are only three IOV satellites, and their template functions
are not consistent. The impact of excluding IOV satellites
on positioning results is minimal, therefore, this study does
not consider them. Fig. 3. presents the SNR observations
in a low-NLOS environment and the template functions
for various types of satellites within the GPS and Galileo
constellations. It can be observed that, for the GPS L1 signal,
all satellites exhibit the same trend in the SNR-elevation
relationship. However, for the L2 signal, the trend varies
according to satellite type. Specifically, the satellites catego-
rized as Block IIR, Block IIR-M, Block IIF, and Block III
each demonstrate different trends, indicating the need for
distinct template functions. Similarly, Galileo’s FOC satel-
lites require separate template functions for the E1 and E5b
signals.

B. ANALYSIS OF POSITIONING PERFORMANCE
We analyzed 20 hours of data collected from the TCHK
station on the day of year 183 in 2024, spanning from

TABLE 2. Processing strategy.

FIGURE 5. Sky plot of the TCHK station. The red shaded area indicates the
range of the building, while the blue dashed line represents the boundary
considering both the cut-off elevation angle and azimuth angle threshold.

02:00:00 to 22:00:00, with a sampling interval of 30 seconds.
Fig. 6. is the map of SatRef. The processing strategy for
the experiment is outlined in Table 2. Real-time kinematic
(RTK) mode is used to validate the methods, as TCHK is set
to the static rover and HKST is set to the base station. The
reference coordinates of the two stations are determined by
precise point positioning (PPP) in the earth-centered, earth-
fixed (ECEF) coordinate system. The least squares ambiguity
decorrelation adjustment (LAMBDA) method is used to fix
the integer ambiguity [40]. For partial ambiguity resolution,
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FIGURE 6. Distribution of SNR with elevation angle in the presence of
building obstructions. The legend is the same as in Fig. 3.

TABLE 3. Accuracy statistics with methods ELEM, COPM, COAM and
CAPM.

a straightforward elevation angle selection criterion was
employed, fixing the integer ambiguity only when the
satellite’s elevation angle exceeded 35◦. The elevation angle
resolution for the STD calculation was set to 0.01◦. In the
elevation-dependent stochastic model, the parameter a was
set to 0.005 as it yielded the best performance in a series
of experiments by using the elevation-dependent stochastic
model alone. In (6), the value of k was set to 3, in (7), δ was
set to 1, and in (8), β was set to 2, γ set to 10 [14], [25].
The relationship between the satellite sky plot and the

building is illustrated in Fig. 5. It is evident that the SNR
of satellite signals within the shaded area is significantly
weaker and less stable compared to other regions at the same
elevation angle. Additionally, SNR instability is observed
even outside the shaded area but within the blue dashed lines.
It indicates the presence of NLOS reception near the building
and its boundaries.

The observed SNR-elevation angle distribution at the
TCHK station is depicted in Fig. 6. Due to the presence of
NLOS reception caused by building obstructions, significant
fluctuations in SNR are evident, markedly different from the
SNR-elevation angle distribution under low-NLOS condi-
tions. This irregularity is particularly pronounced at elevation
angles below 60◦. Moreover, in the Galileo system, even
at higher elevation angles, the SNR distribution of E1 and
E5b signals, which are expected to exhibit distinct trends,
unexpectedly converge. Therefore, the determination of

template functions based on SNR observations in low-NLOS
environments is of great significance for correcting NLOS
reception in obstructed situations.

To evaluate the effectiveness of the proposed method,
we conducted a comparative analysis of several estab-
lished methods: the traditional elevation-dependent stochas-
tic model (ELEM), which weights satellites by elevation
angles based on (1) alone; Zhang et al.’s equivalent elevation
angle stochastic model (COPM), described in Section II-A
as an extension of ELEM, which aims to improve satellite
selection and weighting by using an equivalent elevation
angle approach; the COPM incorporating the PDOP statistic
model(DOPM); the COPM incorporating the proposed
azimuth angle threshold method (COAM), which introduces
an azimuth angle constraint to enhance model robustness
in challenging environments; and the method combining
the azimuth angle threshold with a PDOP stochastic model
(CAPM), which further improves positioning accuracy by
considering the impact of PDOP. These five methods were
evaluated to assess the effectiveness of the proposed method,
focusing on the impact of the azimuth angle threshold
and the precision improvements with the PDOP stochastic
model. Fig. 7. and Table 3 shows the comparison of
positioning accuracy obtained by the proposed and previous
methods.

The root mean square errors (RMSE) in the three-
dimensional directions for the CAPM, COAM, DOPM,
COPM, and ELEM methods are 9.445 mm, 10.345 mm,
16.682 mm, 13.657 mm, and 22.518 mm, respectively.
The ambiguity fixing rates of COPM, DOPM, COAM, and
CAPM are significantly higher than the traditional method
ELEM. These indicate that the combined consideration
of azimuth, elevation angle, SNR, and PDOP provides a
significant improvement over the traditional method that
only considers elevation angle. Specifically, COPM improves
three-dimensional precision by approximately 39.35% com-
pared to ELEM, which is consistent with the results of
Zhang et al. [14], highlighting the effectiveness of the COPM
method.

Following the implementation of the azimuth angle thresh-
old, it is evident that COAM improves positioning precision
compared to COPM, suggesting that setting an azimuth
angle threshold can reduce the impact of NLOS reception
from nearby obstructions, thereby enhancing precision by
about 24.25%. A comparison between CAPM and COAM
shows that, after minimizing NLOS reception, the PDOP
stochastic model can adjust the weights of existing satellites
to mitigate the higher PDOP values caused by satel-
lite exclusion, thereby improving positioning precision by
approximately 8.69%.

The DOPM method, as a COPM method incorporating
the PDOP stochastic model, exhibits worse positioning
accuracy compared to COPM. However, after incorporating
the azimuth angle threshold, positioning accuracy improved,
it demonstrates the importance of using the azimuth angle
threshold to exclude faulty observations. In others words,
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FIGURE 7. The distribution of positioning errors in the local coordinate
system for CAPM, COAM, DOPM, COPM, and ELEM methods. Thex-axis
represents the epoch ordinal number. Red points denote positioning
errors for CAPM, blue points indicate errors for COAM, magenta points
represent errors for DOPM, green points represent errors for COPM, and
cyan points show errors for ELEM.

FIGURE 8. The distribution of satellite count (NSAT) and PDOP values. The
panels are arranged from top to bottom corresponding to the
CAPM/COAM, DOPM/COPM, and ELEM methods. Purple represents NSAT,
and magenta represents PDOP values. CAPM and COAM share the same
NSAT and PDOP values, hence they are displayed in the same panel.

a statistic model should be applied after faulty observations
have been effectively eliminated.

Using the GPS G11 satellite as an example, Fig 9.
illustrates the distribution of carrier-phase double-difference
(DD) residuals for this satellite. A DD residual of zero
indicates that the satellite is serving as the reference satellite
for the current epoch. The RMSE of DD residuals for the
CAPM, COAM, DOPM, COPM, and ELEM methods are
1.893 cm, 1.929 cm, 2.541 cm, 2.597 cm, and 4.420 cm,
respectively. The ELEM method shows larger DD residuals,
particularly in regions with obstructing structures, where
DD residuals exceed 25 cm. This is due to the receiver
primarily capturing diffracted signals from the satellite,
leading to significant observation errors. Due to the PDOP
statistic model, the DOPM shows smaller DD residuals
compared with the COPM. This demonstrates the role of
the stochastic model in improving internal consistency. Both
COAM and CAPM methods address NLOS reception from
satellites adjacent to obstructions by excluding those with

FIGURE 9. The distribution of carrier-phase DD residuals for the G11
satellite. The residuals are presented from top to bottom for the CAPM,
COAM, DOPM, COPM, and ELEM methods. The red dashed lines on the
left indicate the moments when the satellite crosses the boundary of the
obstruction and its cut-off elevation angle, while those on the right mark
the moments when the satellite exits these boundaries. The blue dashed
lines on the left denote the times when the satellite enters the boundaries
of the cut-off elevation and azimuth angles of the obstruction, with the
lines on the right indicating when the satellite exits these boundaries.

large residuals in the azimuth angle threshold phase, resulting
in lower DD residuals compared to the COPM method. The
DD residuals for CAPM are lower than those for COAM,
though the difference is not substantial.

IV. CONCLUSION
We have explored methods to mitigate the effects of NLOS
reception by GNSS receivers in canyon environments. First,
an equivalent elevation stochastic model based on template
function which was appropriately classified by considering
satellite types in different constellations was utilized. Then,
a threshold of azimuth angle was used to exclude satellites
around edges of obstructions where NLOS reception such as
reflection and diffraction could occur. Finally, a stochastic
model considering PDOP was used to mitigate the PDOP
effect after excluding satellites.

Short baseline RTK experiments demonstrate that the
use of the equivalent elevation angle stochastic model is
effective in environments with NLOS reception, compared
to the elevation-dependent stochastic model. The RMSE
of positioning was 13.657 mm, representing a precision
improvement of approximately 8.861 mm. When an azimuth
angle threshold was applied to the equivalent elevation angle
stochastic model, the RMSE of positioning decreased to
10.345 mm, resulting in a precision improvement of about
3.312 mm compared to when no azimuth angle threshold
was used. Further, incorporating a PDOP stochastic model
to mitigate the effects of PDOP on positioning precision, the
RMSE of positioning reduced to 9.445 mm, which improved
the positioning precision by approximately 0.9 mm. This
represents the first application of the PDOP stochastic model
in RTK positioning scenarios. The controlled experiments
demonstrate that before applying the PDOP stochastic model,
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faulty observations should be effectively eliminated, for
instance, by employing the azimuth angle threshold method
proposed in this study.
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