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Abstract: Blocking interference poses significant challenges to the accuracy and
reliability of navigation systems by obstructing the communication path. Single-
frequency receivers are generally more susceptible to blocking interference due to their
limited ability to compensate for obstructed signals or access alternative signal sources.
The integration of Global Navigation Satellite Systems (GNSS) is among the most
effective strategies for mitigating blocking interference. By combining signals from
multiple sources, the likelihood of accessing stable and reliable signals significantly
improves. The four Global GNSS include Global Positioning System (GPS), Global
Navigation Satellite System (GLONASS), BeiDou, and Galileo. This paper examines
the challenges of system integration in addressing navigation equations and proposes
suitable solutions. Two datasets were collected under conditions of blocking
disturbances, and receiver performance was simulated across 14 different modes using a
software platform. The results were analyzed considering factors such as the number of
satellites in view, satellite positions, extracted positions, as well as Root Mean Square
(RMS), Geometric Dilution of Precision (GDOP), and Position Dilution of Precision
(PDOP) parameters. In these scenarios, the GPS system in single-frequency mode, the
combination of GPS and GLONASS in dual mode, and the combination of GPS,
GLONASS, and Galileo in triple mode demonstrated the best performance. However,
the best performance, irrespective of computational load and hardware complexity, was
achieved in the quadruple integration mode.
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1 Introduction

HE Global Navigation Satellite System (GNSS) is a

sophisticated technology designed to determine
Position, Velocity, and Time (PVT) with a high degree
of accuracy [1]. GNSS relies on multiple satellite
constellations to provide navigation services, including
the Global Positioning System (GPS) managed by the
United States; the Global Navigation Satellite System
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(GLONASS) operated by Russia; the BeiDou
Navigation Satellite System operated by China; and the
Galileo system overseen by Europe [2]. Satellites in each
constellation operate in various orbital configurations,
such as Geostationary Orbit (GEO), medium Earth Orbit
(MEO), and Inclined Geosynchronous Orbit (IGSO),
sending signals to receivers on the ground to support
navigation and positioning services [3,4].

As these signals travel through the Earth's atmosphere
to the receivers, they can experience various changes
and distortions caused by atmospheric conditions [5].
GNSS receivers are specifically designed to process this
data by accurately receiving satellite signals [6]. Several
key factors can influence signal quality, including the
Doppler effect resulting from relative motion between
the satellite and receiver, time discrepancies between
satellite and receiver clocks, atmospheric delays (notably
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in the troposphere and ionosphere), orbital instabilities,
and signal reflections, commonly referred to as
multipath interference [7,8]. Each of these factors must
be carefully addressed to ensure the accuracy and
reliability of GNSS systems.

Upon receiving satellite signals at the GNSS antenna,
the signal processing chain is divided into four primary
stages: front-end, acquisition, tracking, and navigation,
as illustrated in Fig. 1 [9]. Each stage processes the
signal in real time, transforming raw satellite data into
valuable PVT information [10].

During the front-end stage, the signal is filtered to
eliminate noise and interference, amplified to strengthen
weak signals, and downconverted to an Intermediate
Frequency (IF) to enable efficient processing in the
subsequent stages [11]. Fig. 2 provides a detailed
representation of each step in the front-end stage.
Mathematically, the continuous form of the received
signal from a satellite can be expressed as follows:

r(t) =[A.D(t—1).C(t —1).exp2r(f. + f)t +

P +n®) (1)
where r represents the received signal, A is the signal
power, D denotes the navigation data, and C is the
transmitted code received by the receiver at time t. fy
represents the Doppler frequency, while 7 and ¢
correspond to the time delays applied to the code and
carrier, respectively [12]. Additionally, n represents
white Gaussian noise. After sampling, the discrete form
of the signal is expressed as:

r(mT;) = [A.D(mT; — 7). C(mTs — 7). exp(2u(f, +
famTs + )] + n(mTy) 2
where T is the sampling interval, and m is the number
of samples per unit time. This conversion enables the
signal to be processed in the digital domain [13].
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the code phase domain [14]. To enhance efficiency and
accuracy during the acquisition stage, novel techniques
are employed. These include Double Block Zero
Padding (DBZP), which minimizes edge effects in signal
processing [15], and Wavelet Transform (WT), which is
highly effective for noise reduction and feature
extraction [16]. Fast Fourier Transform (FFT) and its
advanced variant, fractional FFT, significantly accelerate
the search for Doppler shift and code phase alignment
[17,18]. Post-correlation methods, including coherent
integration, non-coherent integration, and differential
integration, enhance the Signal-to-Noise Ratio (SNR) by
combining multiple signal samples, aiding in precise
parameter  identification and  estimation [19].
Additionally, fine acquisition methods are employed to
achieve more accurate estimations, particularly in
scenarios involving weak or closely spaced signals [20].
At the end of the acquisition stage, the receiver provides
estimates of the Doppler frequency, code phase shift,
and satellite number. These estimates are subsequently
transmitted to the tracking stage for further processing
[21].
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Fig 1. Block structure of GNSS receivers.

In the acquisition stage of GNSS receivers, after
sampling the signals, the primary objective is to identify
satellite signals and make initial estimates of essential
parameters. This stage typically uses three widely
applied processing methods: serial search, parallel
search in the frequency domain, and parallel search in

v
Digital Signal r(mT;)

Fig 2. Block structure of the front-end stage of GNSS
receivers.

In the tracking stage of GNSS receivers, the primary
objective is to continuously monitor and adjust the
frequency, phase, and code of each satellite signal to
ensure accurate signal tracking [22]. This stage follows
the acquisition stage and comprises multiple
components, each responsible for specific tasks. The
Phase-Locked Loop (PLL) tracker is responsible for
maintaining synchronization with the phase of the
received signal. By adjusting the phase of the local
signal, it prevents the satellite signal from drifting. This
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method is particularly effective for signals with a high
Carrier-to-Noise Ratio (CNR) [23]. The Delay-Locked
Loop (DLL) tracker monitors changes in the signal code
over time and adjusts the timing to align the local signal
with the received one. This process ensures precise
tracking of the code location and maintains signal
synchronization [24]. The Frequency-Locked Loop
(FLL) detector aligns the frequency of the received
signal with the local frequency. It is particularly
effective for signals with higher relative motion, where
frequency variations are more pronounced [25]. In
addition to these standard tracking loops, modern
approaches such as neural network-based techniques and
machine learning are employed to enhance tracking
accuracy, especially in noisy or weak signal
environments [26]. Moreover, the integration of PLL
and FLL techniques is employed to enhance both
accuracy and stability, particularly in challenging and
operating environments [27]. Upon completing the
tracking stage at each time interval, the output provides
accurate information on the frequency, phase, and code
errors of each signal. These errors are used in the next
phase of tracking to maintain signal alignment and
validate navigation data for accurate position
determination [28].

In the navigation stage, the GNSS receiver extracts
navigation bits that contain essential information for
determining position [29]. As shown in Fig. 3, the first
step in processing these bits is bit edge detection [30].
This step is crucial as it allows the receiver to identify
the boundaries of each bit accurately, preventing
temporal interference and minimizing errors in data
interpretation [31]. After that, the receiver looks for
preamble bits. These preamble bits mark the start of a
new data frame and help the receiver correctly recognize
the structure and sequence of the received frames [32].
Then, the receiver enters the frame and subframe
recognition phase. These frames have distinct structures
for each constellation [33]. For example, in GPS, each
frame is divided into five subframes that contain critical
information, such as the time of transmission used to
calculate time delay and satellite distance, precise orbital
parameters referred to as Ephemeris that provide short-
term orbital details of each satellite, and general
constellation data referred to as almanac that offers long-
term approximate orbital information for all satellites in
the constellation [34]. It also includes time and
atmospheric error correction information that enables the
receiver to compensate for atmospheric effects during its
calculations. The frame structure in GLONASS,
BeiDou, and Galileo differs as well and is specifically
designed to meet the unique requirements of each system
and the type of data they provide [35]. Using this data,
the receiver can determine the position of each satellite

in the sky at a specific time [36]. There are several
methods for determining a satellite's position, including
constant geocentric coordinates, known as Earth-
Centered Earth-Fixed (ECEF) coordinates, which
provide the three-dimensional position of the satellite
relative to the Earth's center. Using these coordinates
along with precise time data, the receiver can calculate
the distance to each satellite and, ultimately, its own
position [37].
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Fig 3. Navigation information processing steps for determining
receiver PVT.

As shown in Fig. 4, blocking in GNSS signals refers to
the disruption or attenuation of satellite signals, which
can significantly affect the performance of GNSS
receivers. This phenomenon is caused by various factors,
including physical obstacles such as tall buildings or
hills that block the Line of Sight (LOS) between the
satellites and the receiver, Electromagnetic Interference
(EMI) from devices operating on similar frequencies,
and adverse weather conditions, such as heavy rain or
thunderstorms, which can weaken signals as they
propagate through the atmosphere [38]. Consequences of
blocking include loss of lock, where the receiver can no
longer track satellite signals, increased error rates that
result in inaccurate position estimates, and delays in
real-time estimates, which can negatively impact

applications that depend on real-time GNSS data [39].
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Fig 4. Illustration of signal blocking in GNSS systems.
Single-frequency GNSS systems face considerable
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accuracy challenges in environments such as dense
urban areas, forests, or mountainous regions. These
obstructions can cause multipath errors, limit satellite
visibility, and reduce positioning accuracy due to signal
instability in such conditions [40]. To address these
limitations, various methods have been developed to
enhance GNSS accuracy. A common approach involves
combining single-frequency GNSS systems with
additional sensors, such as Inertial Navigation Systems
(INS) or Inertial Measurement Units (IMUs), which help
maintain position estimates even when satellite signals
are weak or unavailable [41]. By integrating GNSS with
these sensors, positioning accuracy is significantly
enhanced, particularly during short periods of GNSS
signal loss. However, this approach requires the receiver
to incorporate additional hardware and equipment
associated with these sensors [42].

Another class of techniques for improving positioning
accuracy is Differential GNSS (DGNSS), where a
network of reference stations transmits corrections to the
GNSS receiver in real time. These corrections help
reduce positioning errors caused by atmospheric delays
and satellite-related factors. This method significantly
enhances positioning accuracy, particularly at short to
medium ranges, and is widely used in various precision
applications [43,44]. The third class involves the use of
Space-Based Augmentation Systems (SBAS) and
Ground-Based Augmentation Systems (GBAS). SBAS
provides corrections over a wide area by transmitting
correction data from satellites, improving accuracy by
compensating for atmospheric and other errors on a
regional scale [45]. Conversely, GBAS operates over
shorter distances, typically near airports, to deliver
precise corrections that are especially beneficial for
aircraft navigation. However, the second and third
categories are not feasible in all areas and depend on the
presence of reference stations within the LOS of the
receiver [46].

Another class involves combining multiple GNSS
systems, such as GPS with GLONASS or GPS with
BeiDou, to enhance positioning reliability in obstructed
environments by increasing the number of available
satellites [47,48]. This method is particularly beneficial
for applications that demand high accuracy in
challenging conditions, as integrated systems provide
additional satellite options and reduce dependence on
any single GNSS. In recent research, this multi-system
combination has been applied in Precise Point
Positioning (PPP) and Real-Time Kinematics (RTK)
methods [49]. PPP utilizes precise satellite orbit and
clock data to achieve centimeter-level accuracy on a
global scale without requiring a base station, while RTK
offers high accuracy over short distances by employing
carrier phase measurements and corrections from a

nearby base station [50]. In these studies, researchers
frequently use Receiver Independent Exchange Format
(RINEX) files to standardize and process GNSS data for
accuracy assessment.

In our proposed method, we address the challenges of
positioning in environments with severe signal
obstruction by integrating signals from four GNSS
constellations: GPS, GLONASS, BeiDou, and Galileo.
Relying on a single GNSS system in such conditions
often proves insufficient due to limited satellite
visibility. To overcome this, we use real data collected
by a high-bandwidth GNSS front-end receiver capable
of simultaneously capturing signals from all four
systems. The raw signals are digitized, and acquisition is
performed  separately for each  constellation.
Subsequently, tracking is conducted for each satellite in
view. The tracking results are then forwarded to the
navigation solution stage, where multi-constellation
observations are fused to estimate the receiver's position.
This approach enhances positioning accuracy,
particularly in challenging environments.

In the following sections, the proposed method is
described in detail, including the process of integrating
observation vectors from multiple navigation systems to
enhance positioning accuracy. Subsequently, the
procedure for real data collection is outlined, along with
descriptions of the hardware and software used in the
experimental setup. The evaluation criteria, namely
Dilution of Precision (DOP) and Root Mean Square
(RMS), are then introduced, along with the relevant
equations and computational methods used to assess
system performance. Finally, simulation results from
two different scenarios are presented and analyzed to
provide a comprehensive assessment of the performance
of the proposed method under varying conditions. The
paper concludes by summarizing the key findings and
contributions of the research.

2 Proposed Method

Once the satellite position has been determined, the
next step is to calculate the receiver's position. This is
achieved by utilizing the pseudo-range or carrier phase
observation equations [51,52], which provide the
measured distance between the receiver and the satellite.
In the case of pseudo-range, the distance is determined
by measuring the signal's travel time from the satellite to
the receiver and converting it into distance units by
multiplying it by the signal propagation speed (the speed
of light). For the carrier phase, the apparent distance is
derived by counting the number of carrier cycles during
the signal's transmission and multiplying this count by
the signal's wavelength. The equations for both methods
are presented below:

PP=ct;=p; +c(dt,—dt)+ TS+ +¢; 3)
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O =298 = pS+c(dt, —dt) + TS — IS+ AN + e (4)

Here, P and @& denote the apparent distances obtained
from the pseudo-range and carrier phase methods,
respectively. The indices r and s represent the receiver
and the satellite, respectively. ¢ and A refer to the speed
of light in a vacuum (299,792,458 m/s) and the signal
wavelength, respectively. t is the signal arrival time, ¢ is
the number of carrier cycles, p is the geometric distance,
dt is the receiver clock offset (in seconds), T represents
the tropospheric delay, I accounts for the ionospheric
delay, and N is the carrier phase ambiguity integer.
Additionally, e captures other error sources, such as
multipath effects and satellite orbit inaccuracies.

The carrier frequencies of GNSS signals are more than
1,000 times higher than the frequencies of the
measurement codes. This significant difference enables
the carrier phase measurement method to achieve
apparent distance estimations with an accuracy up to
three orders of magnitude higher than that of pseudo-
range measurements. However, due to the uniformity of
the carrier phase, the exact number of cycles cannot be
determined, resulting in an integer ambiguity in the
carrier phase cycles [53]. Consequently, the pseudo-
range equations are utilized for further calculations. The
geometric distance between the satellite and the receiver
is determined using the following relationship:

pE=yJX =X+ Y -V +(Z5-2) ()

Here, (X,Y,Z) represents the geometric coordinates of

the satellite and receiver positions. By substituting Eq.
(5) into Eq. (3), we obtain:

cts= (X5 —X)2+ (Y5 —Y,)2+ (Z5—Z,)% +
c(dt, —dt)+ TP+ +e; (6)
The equation above is nonlinear with respect to the

receiver's position [54]. To linearize it, the receiver's
position is treated as a variable:

[ Y Z,) =

V& =X)2+ (Y = Y,)2 + (Z° — Z,)? (7)
The receiver's position at time t is expressed as:

X () = X, (¢ - 1) + AX, )

V(D) = Y,(¢ — 1) +AY, ©)

Z,(t)=Z.(t—-1)+AZ, (10)

By substituting Eq.s (8) to (10) into Eq. (7) and
applying the Taylor series expansion under the
assumption that higher-order terms are negligible, we
obtain Eq (11). At the initial moment, the value of
f(X,(t —1),Y.(t — 1),Z,(t — 1)) is given by Eq (12).
By substituting Eq. (12) into Eq. (11), we obtain the
expression for the first moment given in Eq. (13). We
insert the solution of Eq. (13) into Eq. (3), yielding Eq
(14). By rearranging the equation to place the known
values on one side and the unknowns on the other, we
obtain Eq(15).

[XS—X,r(t—D]AXp+[YS =Y (t—1)]AY+[Z5-Z(t—1)]AZ,

O, %©,Z,®) = f(X,(t =1, Y, (t = 1), Z,(t = D) - D D2, 6-D) (11)
pi(0) = J(X° = X,(0) + (Y° — Y,.(0))* + (Z° — Z,(0))? (12)
pE(1) = pp(0) - ax, - Oy, EE0 (13)
PS = p3(0) — Xsl;;(‘gg") - Yp‘to g") AY, — Zsp‘;(g g‘” AZ, + c(dt, — dtS) + TS + IS + e (14)
_Xsp_;égim - Y;;ﬁgg") AY, — %AZT +edt, =P —p3(0) +c.dtS —TS —I$ —ef (15)

The above equation contains four unknowns, meaning
at least four equations are required to solve it. When the
number of equations is equal to or greater than the
number of unknowns, the Least Squares (LS) error
method can be applied. To proceed, we first express Eq.
(15) in matrix form:

AX,
XX (0 Y-v(0) Z°-2z(0) AY,. |
[ p3(0) P (0) p5(0) ] AZ, =k (16)
dt,

Here, k is defined as B® — pi(0) + c.dt’ —T7 — IS —
e;. The observation equation for a single GNSS system

is constructed using n visible satellites, where each row
of the design matrix corresponds to the unit LOS vector
from the receiver to a satellite. The associated unknown
vector consists of the receiver’s position corrections
along with a single clock bias term. The linearized
observation equation is expressed as follows:

XS51-X,.(0) Y$1-v,.(0) z51-7,(0)
[_ 0 RO N O) C] AX,
I_X“—Xr(O) _r2v©  _z%2-7(0) C| AY.
(O (0 70 Az |=K (7D
|_X5'”—Xr(0) _ Yty z5"-7.(0) | dt,
py"(0) Py (0) p7"(0)

When multiple GNSS constellations are combined in a
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single navigation solution, the observation model must
be extended to account for constellation-specific clock
biases. Since each GNSS system maintains its own time
reference, a distinct receiver clock offset must be
estimated for each system, in addition to the common
position corrections. As a result, the observation matrix
expands: the number of rows increases with the total
number of visible satellites across all constellations, and
the number of columns grows to include one clock bias

[ Xgps=%r(0)  _ Ygps¥r(0) _ Zgps—2r(0) 0 0 0
Py.Gps(0) Py ps(0) Py Gps(0)

_Xepsxr©)  _YopsmH () ZgpszH @ o 4 g
Pi:éps(o) Pi:éPs(O) Pi:éPs(O)

_REeR© B RO 4 o
Prps(0) PrGps(0) PrGps(0)

_ Xero=Xr(©)  Y5lo=%r(©)  Zgio=Zr(0) 0 c 0 0
Py GL0(0) Py GLo(0) O]

_XGio=Xr@) _ Ygio%(0) _ Zgro=2r(0) 0 c 0 0
PreLo(0) Py G100 Py 610

_ XGro~X%r(0)  Ygio-Yr(0)  Zgip—2zr(0) 0 c 0 0
Py Py eLo(®) Py Lo

_ Xgps—Xr(0) _ Yaps—¥r(®) _ Zgps—zr(0) 00 ¢ 0
Py Bps(©) Prpps(0) Prpps(©)

_ Xgps=%r(0) _ Ygps—¥r(0)  Zpps—7r(0) 00 ¢ 0
Py 5ps(0) Pr5Ds(0) Pr5Ds(0)

_ XpbsXr(0)  Ygho—¥r(0)  Zgpo—Zr(0) 00 ¢ 0
Py 5ps(0) Py ps(0) Py s

_ X% @ You %@ Zga ~2r(0) 0 0 0 c
Py GaL(®) Py GaL©) Py a0

_ Xga~Xr(©)  Yeh % ()  Zga,—Zr(0) 00 c
Py GaL(0) Py GaL(0) Py Gar(0)

_ Xea%r(© vgh v zgd,-zr(0) 00 0 ¢

O] Py GaL(©) Py Gar(0)

In the above equation, GPS, GLO, BDS, and GAL
represent the GPS, GLONASS, BeiDou, and Galileo
systems, respectively. With seven unknowns in this
equation, combining four systems requires at least seven
equations to solve. The dimensions of the observation
matrix are (m +n+p +q) X 7, and the unknowns are
represented by a 7 X 1 vector. If we denote the vector of
observations by H and the best estimate of the
unknowns, which minimizes the LS error, by X, we
have:

HXx=K (19)

Consequently, the unknowns can be determined as
follows:

HTH.2 =H'K - % = (HTH)'HTK (20)

The purpose of GNSS signal integration is to enhance

term per system. This ensures that all pseudorange
measurements are correctly aligned with their respective
system times and enables consistent integration across
GPS, GLONASS, BeiDou, and Galileo. Under these
conditions, the single-system observation equation
presented in Eq. (17) is generalized and rewritten as
shown in Eq. (18), reflecting the combined multi-GNSS
model.

— AXT -
AY,
AZ,

daefPS| = g

dtSto

dtBbs

(18)

[ gaL]

the reliability and accuracy of the navigation receiver,
particularly in the presence of disturbances such as
signal blockage. This integration increases the number of
LOS satellites, ensuring that even if the number of LOS
satellites in a single GNSS system falls below four, the
receiver can still perform accurate positioning. With this
proposed method, in addition to enhancing reliability,
positioning accuracy is also improved, as the combined
data from multiple GNSS systems enables error
compensation and provides more precise position
information.

To clearly illustrate the multi-GNSS integration
process, Fig. 5 presents a step-by-step pseudocode of the
implemented signal processing framework. The
procedure begins with independent signal acquisition for
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each visible constellation using raw IF data. Following
acquisition, each satellite is tracked in real time through
standard code and carrier tracking loops. The integration
stage evaluates all 14 possible combinations of GNSS
constellations. For each configuration, the visible
satellites are selected, and a corresponding observation
matrix is constructed. Finally, the navigation equations
are solved using a LS approach to determine the position
solution.

Input: Raw IF signal (L1C, GL1, B1l, E1C)

for each GNSS constellation do

-» Perform acquisition

—> Estimate code phase, Doppler, carrier phase
end for

for each satellite in view do
—> Track using code & carrier loops
end for

for each integration mode do

- Select visible, tracked satellites

-> Build observation matrix

-> Apply LS to solve navigation equations
end for

Output: Position solutions for all integration modes

Fig 5. Pseudocode of the multi-GNSS signal processing and
integration procedure.

3 Dataset and Experimental Setup

In this study, two datasets were collected under signal-
blocking conditions at Iran University of Science and
Technology (IUST), specifically around the university's
electrical laboratory. The first dataset was recorded near
the entrance door of the laboratory. This area is
obstructed on the southern side by the building, and the
presence of trees in the vicinity further disrupts the
reception of navigation signals. The second dataset was
gathered near a window on the second floor of the
laboratory building. This location is obstructed on the
northern side by the building, allowing signal
transmission only through the window, with limited
satellite visibility for the receiver. These environments
were deliberately chosen to replicate real-world GNSS
signal degradation caused by urban infrastructure and
natural obstructions. In both scenarios, no artificial
satellite blocking was introduced; instead, the receiver
was passively exposed to realistic signal loss conditions.
The datasets provide valuable insight into how multi-
GNSS integration performs when each individual
constellation alone is insufficient for standalone
positioning.

Table 1 presents the positions of the two datasets,

including their longitude, latitude, and altitude, recorded
on a specific date and time. This location data is utilized
to analyze the blocking conditions and their impact on
the quality of signals received from navigation systems.

In this study, raw GNSS signals were collected using a
high-bandwidth  front-end receiver capable of
simultaneously ~ capturing LI1C  (GPS), GLI1
(GLONASS), BI1I (BeiDou), and E1C (Galileo) signals
at a high sampling rate. After digitization, the signals
were processed through independent acquisition
modules for each constellation to estimate code phase
and Doppler frequency. Tracking was then performed
for all visible satellites. This configuration enabled a
unified receiver structure in which tracking results could
be reliably fused in the navigation solution. A system
equipped with an Intel Core 17-6500U processor and 16
GB of RAM was employed for simulations, while
MATLAB 2021b software was used for data analysis
and computations in the navigation stage. The LOS
satellites for the GPS, GLONASS, BeiDou, and Galileo
navigation systems, as derived from the acquisition stage
for the first and second datasets, are illustrated in Figures
6 and 7. As shown, the number of LOS satellites in both
datasets is limited. This limited satellite visibility
directly affects positioning performance: for the first
dataset, single-frequency receivers face significant
challenges, while for the second dataset, positioning is
infeasible due to having fewer than four visible
satellites. Here, the objective is to integrate the visible
satellites across constellations to enable accurate and
reliable positioning.

Table 1. Position parameters, and timestamp for the first and
second datasets.

Dataset Value
Parameter 1 >
Date (ISO 8601) 2024-10-27 2024-10-27
Time (UTC) 7:10:30 8:35:33
Longitude (°E) 51.506282 51.506263
Latitude (°N) 35.743101 35.742812
Altitude (m) 1319.3 1323.1

4 GNSS Benchmarks

In GNSS, positioning accuracy is measured using
criteria known as DOP parameters, or accuracy
reduction factors. Two significant parameters are
Geometric Dilution of Precision (GDOP) and Position
Dilution of Precision (PDOP), both of which affect the
accuracy and calculation errors in position determination
[55]. These parameters are calculated based on the
geometry and the angles between the satellites and the
receiver, representing how the satellites are dispersed in
the sky relative to the receiver. Generally, a lower DOP
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value indicates higher positioning accuracy. It should be
noted that a wider distribution of satellites in the sky
results in a lower DOP value, while a closer positioning
of satellites increases the DOP value. The Q matrix is
defined as the covariance matrix of the observation
matrix, as follows:
Ax2 Qxy Gxz Qxt
Axy 4dy2 qyz Qyt
Axz Gyz 922 Az @D
Axt  Qyt Gzt  q¢2
The value of DOP can be extracted in the following
way:
DOP = \/trace(Q) (22)
The accuracy of the three-dimensional position,
including latitude, longitude, and altitude, is evaluated

Q=(H"H™ =

by the PDOP parameter and is defined as follows:
PDOP = ,/q,2 + qyz + q52 (23)
In GDOP, time changes, along with position changes,
are also involved and are represented as follows:
GDOP = \/qxz +qy2 + q,2 +qp2 24)
Deviation from the RMS criterion is a statistical
measure used to assess the dispersion of data relative to
their average value [56,57]. The smaller RMS value, the
closer the data aligns with the mean value. In this case,
instead of using the average spatial coordinates, we
consider the exact location of the receiver in static mode
and define RMS as follows:

RMS = J§Z§=1 [(Xr,b - Xr,true)z + (Yr,b - Yr,true)z + (Zr,b - Zr,true)z] (25)

Where B is the number of calculation repetitions,
X+ truer Yrtrues Zr true) Tepresents the true position of
the receiver, and (X, , Y, p,Z,p) denotes the estimated
position in iteration b. In this paper, these criteria are
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5 Results

This section provides a detailed analysis of both
standalone and integrated navigation systems from
various perspectives, including satellite positioning,
RMS error, and the GDOP and PDOP criteria. By
examining these factors, the performance and accuracy
of different navigation systems are compared, revealing
how each system performs under specific scenarios.
Based on the results, the most suitable system will be
identified according to the outlined criteria and
recommended as the optimal choice for navigation
applications.

The satellite positions relative to the receiver in two
different datasets have been examined. Fig. 8 shows the
satellite positions for the first dataset, while Fig. 9 shows
the satellite positions for the second dataset. As
illustrated in Fig. 8, the number of satellites in the first
dataset is greater than four for single-frequency
receivers, enabling single-frequency tracking. In
contrast, the number of satellites in the second dataset is
fewer than four, preventing the receiver from performing
single-frequency tracking. The LOS angles of the
satellites in the first dataset are more favorable and
optimized. However, in the second dataset, due to data
collection in an enclosed space, only satellites with
lower horizon angles are visible to the receiver. In this
case, considering the existing conditions, the integration
of systems during the positioning process is essential to
obtain accurate positioning and improve precision.

Using the collected data, the signal acquisition,
tracking, and navigation equation-solving processes
were carried out with high accuracy. The average
geographic coordinates, including longitude, latitude,
and altitude, estimated in both the integrated and
standalone modes, are presented in Table 2. For the first
dataset, the GPS system provided the closest estimate to
the actual position, while the GLONASS system
exhibited the lowest positioning accuracy. In the second
dataset, none of the single-frequency systems were able
to determine the receiver's position. However, the four-
system integrated receiver achieved the highest accuracy
and provided significant results. It is worth noting that
due to the insufficient number of satellites from the
GLONASS and BeiDou systems, positioning in the
integrated mode of these two systems was not possible.

For a more accurate evaluation, RMS values were
calculated using Eq. (25), and the results are shown in
Fig. 10. The RMS value was calculated for the first 65
seconds. Analysis of the results indicates that, in the two
scenarios examined, the single-frequency receivers in
the first dataset performed differently, with the GPS
system providing the best accuracy and the GLONASS
system providing the lowest. However, in the second
dataset, none of the single-frequency receivers were able
to perform independent positioning. In the dual
integration mode, for the first dataset, the best accuracy
was achieved by integrating GPS and Galileo, while for
the second dataset, the combination of GPS and
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GLONASS performed better. On the other hand, the
lowest accuracy in the first dataset was observed with
the integration of BeiDou and Galileo. In the second
dataset, the combination of GLONASS and BeiDou was
unable to perform accurate positioning. In the triple
integration mode, the best accuracy in both datasets was
obtained by combining GPS, GLONASS, and Galileo.
However, the lowest accuracy in the first dataset was
associated with the combination of GLONASS, BeiDou,
and Galileo, and in the second dataset, it was linked to
the combination of GPS, GLONASS, and BeiDou.
These results demonstrate that the choice of an
appropriate system combination has a significant impact
on positioning accuracy and reliability, especially in
conditions where single-frequency systems perform
poorly.
o
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The GDOP and PDOP results in different modes for
the first and second datasets are shown in Fig. 11. The
behavior of GDOP and PDOP in both datasets is nearly
identical. In both scenarios, the four-system integrated
receiver yielded the most accurate results. The analysis
of the results indicates that integration generally
improves the DOP values and enhances positioning
accuracy.

Table 2. Average estimated longitude, latitude, and altitude in different modes for the first and second datasets.

Mode Latitude (°N) Longitude (°E) Altitude (m)
Dataset1 Dataset2 Dataset1 Dataset2 Dataset]  Dataset2
GPS 35°44/35.1606 - 51°30/22.6741 - 1301.2 -
GLO 35°44/28.3650 - 51°30/25.0166 - 1193.1 -
BDS 35°44/29.3292 - 51°30/18.6058 - 1348.3 -
GAL 35°44/34.5681 - 51°30/23.3689 - 12914 -
GPS+GLO 35°44/34.7687 35°44/38.2548 51°30/22.8358 51°30/24.2975 1289.9 1222.5
GPS+BDS 35°44/36.1892 35°44/58.7195 51°30/21.6698 51°30/24.4743 1355.6 1122.0
GPS+GAL 35°44/35.0938 35°44/24.1840 51°30/22.9119 51°30/22.6890 1293.6 1404.3
GLO+BDS 35°44/36.5903 - 51°30/21.2279 - 1348.8 -
GLO+GAL 35°44/32.5374 35°45/8.0460 51°30/23.5973 51°30/20.2652 1252.0 504.3
BDS+GAL 35°44/39.3061 35°44/42.2462 51°30/22.5429 51°30/21.3030 1383.2 1033.5
GPS+GLO+BDS 35°44/36.1513 35°44/51.6646 51°30/21.7522 51°30/23.8962 1341.6 921.1
GPS+GLO+GAL 35°44/34.6674 35°44/44.0096 51°30/22.9833 51°30/22.0080 1285.0 1009.5
GLO+BDS+GAL 35°44/37.8332 35°44/43.1812 51°30/22.0042 51°30/21.3498 1338.5 1051.3
GPS+GLO+BDS+GAL 35°44/36.8399 35°44/44.8769 51°30/22.2048 51°30/22.0489 1329.7 1318.9
To statistically validate the improvements achieved were conducted between the standalone GPS

through multi-GNSS integration, two-sample t-tests

configuration and each integration mode that includes
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GPS, using a dataset collected under signal-blocking
conditions. The dataset comprises 700 samples recorded
every 100 ms over a 70-second period. At each epoch,
the RMS of positioning errors, GDOP, and PDOP were
computed for each configuration. Table 3 reports the
resulting p-values, where values below 0.05 indicate
statistically significant improvements over standalone
GPS. The GPS+GLO+BDS+GAL combination achieved
highly significant results across all metrics, confirming
substantial gains in both positioning accuracy and
satellite geometry. Similarly, GPS+GLO+GAL showed
a strong improvement in RMS, and GPS+GLO+BDS
achieved significant gains across all metrics. These
results highlight the effectiveness of integrating multiple
GNSS constellations, particularly when three or more
are combined.

Table 3. P-values comparing GPS with GPS-based integrations
in Dataset 1 for RMS, GDOP, and PDOP.

p-value
Mode RMS GDOP PDOP
GPS+GLO 21e-132 23e-02  3.9¢-02
GPS+BDS 1.6e-120  19e-01 62601
GPS+GAL 63173 82e-01 __ 2.9e01
GPS+GLO+BDS 28c-134  26e-02 16002
GPS+GLO+GAL 1.7e-158 _ 6.1e02 _ 1.4e-01
GPS+GLO+BDS+GAL 32¢-147  33e-04  2.80:06

In general, Table 4 categorizes the various modes for

the two datasets based on the number of LOS satellites,
DOP wvalues, and RMS, with appropriate rankings
assigned to each. Although none of the single-frequency
modes were able to achieve successful positioning in the
second dataset, the GPS system demonstrated the best
performance in the different scenarios examined. In the
dual integration mode, the combination of GPS and
GLONASS yielded the best results, although the
integration of GPS and Galileo also provided very
similar outcomes. In the triple integration mode, the
combination of GPS, GLONASS, and Galileo exhibited
the best performance in positioning, while the
combination of GPS, GLONASS, and BeiDou
performed better in the first dataset. Finally, the four-
system integration achieved the best performance in
terms of accuracy and reliability among all modes.
However, it is important to consider the associated
limitations, including higher computational load, the
need for more complex and capable hardware, greater
signal bandwidth, and independent acquisition processes
for each GNSS constellation. These factors collectively
impose a trade-off that must be balanced against the
performance gains achieved by multi-constellation
integration. Furthermore, the choice of integrated
systems should also take into account the specific
application requirements.
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Table 4. Ranking of different modes based on the number of LOS satellites, DOP, and RMS.
Rank
Mode Dataset 1 Dataset 2 Total
RMS : DtOP No. Total 1 RMS tD(;P No. Total 2 t
GPS 14 7 5 26 1 1 3 5 31
GLO 1 3 4 3 1 1 2 4 12
BDS 2 2 4 3 1 1 2 4 12
GAL 10 1 4 15 1 1 3 5 20
GPS+GLO 12 9 9 30 12 8 5 25 55
GPS+BDS 3 12 9 29 7 10 5 22 51
GPS+GAL 13 3 9 30 11 7 6 24 54
GLO+BDS 6 6 8 20 1 1 4 6 26
GLO+GAL 4 4 8 16 6 6 5 17 33
BDS+GAL 3 5 8 16 10 12 5 27 43
GPS+GLO+BDS 9 13 13 35 3 11 7 26 61
GPSTGLO+GAL 11 10 13 34 13 9 3 30 64
GLO+BDS+GAL 5 11 12 26 9 13 7 29 55
GPS+GLO+BDS+GAL 7 14 17 38 14 14 10 38 76

6 Conclusion

One effective method for mitigating the effects of
blocking interference in GNSS systems is the integration
of multiple different navigation systems during the
positioning process. This approach reduces the
likelihood of positioning loss due to physical

obstructions by increasing the number of available
satellites, allowing other systems to provide the
necessary data and continue the positioning process. In
this paper, the challenges related to system integration
were examined, and innovative solutions in the
navigation sector were presented. In various scenarios,
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GNSS systems were integrated, and the results were
analyzed from different perspectives. The findings
indicated that system integration significantly enhances
the reliability of the positioning process under blocking
conditions. The choice of the appropriate integration
method depends on various factors, including the
intended application and the available hardware
capabilities.
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