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Abstract: GNSS simulators are essential tools for testing and validating satellite 

navigation system receivers across various civil applications. This study introduces an 

improved GLONASS satellite simulator to optimize navigation precision by enhancing 

the satellite constellation's Dilution of Precision (DOP). The proposed simulator 

operates in two steps. In the first step, the system performs a full-day search to identify 

time intervals with minimal DOP using a local moving-average technique. In the second 

step, the impact of adding one virtual satellite—selected using fuzzy logic and evaluated 

through the Residual Geometric Dilution of Precision (RGDOP) metric—is examined to 

minimize Geometric Dilution of Precision (GDOP). The fuzzy system uses two inputs 

(RGDOP and elevation angle), where RGDOP is modeled with four Gaussian 

membership functions (very small, small, medium, large), and the elevation angle is 

modeled with three triangular membership functions (small, medium, large). These 

scenarios are tested on a Software-Defined Radio (SDR) and then a u-blox M8 receiver 

to evaluate and compare improvements in positioning accuracy across the tuned 

configurations. The results show that both optimization stages lead to significant gains in 

navigation performance. The first scenario leads to a 24.4% improvement in accuracy, 

while the second scenario achieves an even greater enhancement of 54.9%, highlighting 

the effectiveness of these approaches in reducing positioning error. 

Keywords: GLONASS, Signal Modeling, Elevation, GDOP Optimization, Satellite 

Constellation Design, Fuzzy Weighted Logic, GNSS Simulation. 

 

1 Introduction 

lobal Navigation Satellite Systems (GNSS) have 

attracted considerable interest due to the increasing 

reliance on GNSS-based navigation in both civilian and 

military applications [1]. GNSS, such as GLONASS, 

provide critical Positioning, Navigation, and Timing 

(PNT) services that enable accurate geolocation 

information globally . This technology is extensively 
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used in fields such as surveying, mapping, robotics, 

healthcare, autonomous vehicles, marine, and aviation 

industries under diverse conditions where precise 

location and timing are crucial [2]. In mapping and 

surveying, GNSS enables detailed geographic data 

essential for urban planning, land management, and 

environmental monitoring. Autonomous and semi-

autonomous vehicles depend on satellite positioning for 

safe navigation, efficient routing, and real-time decision-

making. In robotics, GNSS is essential for guiding 

machines through hazardous environments where human 

intervention is unsafe, supporting operations in areas like 

mining, and nuclear facilities. Additionally, healthcare 

applications are emerging, with GNSS supporting 

mobile medical devices and telemedicine, where 

accurate location data can improve patient outcomes, 

particularly in remote areas. Moreover, GNSS is 
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necessary for telecommunications and timing systems, 

validating synchronization protocols critical for cellular 

networks, financial transactions, and power grids. As 

demand for precise navigation continues to grow, 

innovations focused on enhancing the accuracy and 

reliability of GNSS, including GLONASS, are becoming 

increasingly vital [3]. GNSS observations suffer from 

several errors, including satellite-related ephemeris 

errors (orbit error, clock error, and signal bias), 

transmission-related atmosphere delay (ionospheric and 

tropospheric), and receiver-related observation error, 

which degrades the positioning accuracy significantly 

[4].  

   A GNSS simulator provides a superior alternative for 

testing compared to using actual GNSS signals in a live 

environment. It offers full control over simulated 

satellite signals and environmental conditions, enabling 

comprehensive, repeatable tests that would be difficult 

or impossible with real-world data. Simulators allow 

testers to precisely generate GNSS signals for any 

location and time, testing scenarios for any place on 

Earth or in space, past, present, or future, all within the 

controlled environment of the laboratory. Additionally, 

simulators can model vehicle motion, whether for 

aircraft, ships, spacecraft, or land vehicles, allowing for 

simulations of various trajectories and vehicle dynamics 

without the need for physical movement. Moreover, 

GNSS simulators can simulate a wide range of 

environmental conditions that impact receiver 

performance, such as atmospheric disturbances, multi-

path reflections, antenna characteristics, and 

interference. For example, the atmosphere can be 

completely disabled, or specific atmospheric errors can 

be applied using known models, allowing testers to 

analyze the impact of such errors on receiver 

performance. Similarly, multi-path effects can be 

completely removed or precisely modeled, enabling 

researchers to study the effects of multi-path on 

receivers and apply design adjustments or mitigation 

techniques [5,6]. This level of control and precision 

enables targeted tests that focus on specific aspects of 

receiver performance while isolating others for more 

detailed analysis. Simulators also allow for precise 

manipulation of satellite signals, making it possible to 

test the performance of receivers under conditions that 

include satellite clock errors, orbital inaccuracies, and 

signal disruptions. In contrast to real GNSS signals, the 

signals generated by a simulator are virtually noiseless, 

offering the best possible signal-to-noise ratio for 

testing. The signals produced are exactly known and 

identical, such that the satellite positions and their 

relative code phases match in the tested scenarios at the 

same location, time, and date. This repeatability is 

crucial for assessing receiver performance, as it ensures 

that the same conditions are applied in every test, 

allowing for accurate performance evaluation and 

receiver sensitivity testing [7]. In addition to offering 

control and repeatability, GNSS simulators provide 

significant time and cost savings. Since the test 

conditions such as signal errors are precisely 

reproducible, measurements can be repeated multiple 

times under the same circumstances, a feat not possible 

with real GNSS signals. This scalability of test 

complexity from basic testing with a single static 

satellite to advanced simulations involving multi-GNSS 

systems, atmospheric effects, and multi-path modeling 

provides a comprehensive environment for testing under 

any condition [8]. The ability to simulate real-world 

conditions in a cost-effective and scalable manner 

highlights the suitability of such a simulator for both 

research and practical implementations, meeting the 

demands of modern navigation and positioning systems.  

   These capabilities support the development of a 

GLONASS simulator for testing and verifying GNSS 

receiver performance in research and development, 

which can be tailored to address similar applications by 

improving positioning accuracy, assessing the impact of 

Dilution of Precision (DOP), and evaluating 

performance under dynamic and high-speed scenarios 

[5]. DOP quantifies how the distribution of satellites 

affects the propagation of errors. It represents the 

geometric arrangement of satellites relative to the GNSS 

receiver, serving as a direct measure of the quality of 

satellite geometry and its effect on positional accuracy. 

A low DOP value signifies an optimal satellite 

distribution across the sky, which ensures that even 

small timing errors in signal propagation have minimal 

impact on the computed position. This condition 

improves accuracy, as the broad spatial distribution 

allows the positions more precise [9,10]. In contrast, a 

high DOP value arises when satellites are closely 

clustered or poorly spread within the receiver's field of 

view, typically along a single line or confined plane. 

Under such unfavorable geometries, any minor 

discrepancies in signal timing or path delays are 

magnified, leading to significant errors in the derived 

position. This amplification occurs because the system 

has fewer geometric baselines to cross-reference, 

compromising the precision of location estimates [11]. 

By focusing on reducing DOP, the GNSS simulator can 

systematically mitigate these geometric vulnerabilities, 

thereby enhancing the robustness and reliability of 

positioning solutions [12]. 

   This research presents a GLONASS simulator that 

takes target receiver motion and time as input, generates 

GNSS satellites’ positions from the ephemeris, and 

simulates the signals based on visible satellites to be 

received by the GNSS receiver. The simulator accounts 

for tropospheric errors in measurements and also can 

incorporate receiver clock bias. Besides, it focuses on 

enhancing navigation precision by minimizing the DOP, 
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a pivotal factor in determining the accuracy of GNSS 

positioning. Through targeted analysis and constellation 

modifications, the simulator seeks to identify optimal 

configurations that can reduce DOP and improve 

positioning reliability. As a further step, after selecting 

the best constellation enhancement, a virtual satellite is 

integrated into the system to reduce the DOP value. The 

added satellite is selected using fuzzy logic in such a 

way that it minimizes the DOP.  

   The article structure is as follows: Section 2 refers to 

proposed modeling the GLONASS satellite signal 

simulator. The impact of geometric arrangement DOP on 

pseudo-range calculations and measurement accuracy is 

examined in Section 3. Section 4 describes the proposed 

method to generate a GLONASS satellite signal and 

enhance the accuracy of the simulator. The results and 

performance evaluation of the proposed method are 

reviewed in Section 5. Finally, Section 6 provides 

conclusions and suggestions for future research. 

2 Proposed GLONASS Satellite Signal Modeling 

The overall structure of the baseband GLONASS 

simulator is shown in Fig. 1. 

 

Fig 1. Proposed GLONASS simulator structure.  

The following provides a concise description of the 

blocks related to signal modeling and generation. 

2.1 Get Visible Sat 

This algorithm provides a critical step in GLONASS 

signal modeling, enabling the identification of visible 

satellites at any moment and determining their geometric 

relationship to the receiver, which is essential for 

accurate positioning and navigation. The GLONASS 

ephemeris is loaded from a broadcast ephemeris 

(BRDC) file obtained from the Crustal Dynamics Data 

Information System Institute (CDDIS) website. For each 

satellite, the algorithm estimates its position at the start 

time by solving Runge–Kutta equations to obtain the 

satellite's coordinates in the Earth-Centered, Earth-Fixed 

(ECEF) frame. The next step involves calculating the 

distance between the receiver and the satellite using the 

Euclidean distance, which yields the pseudo-range that 

we will discuss in Section 2.4. The travel time is 

computed by dividing the pseudo-range by the speed of 

light, providing the signal propagation time. Because the 

signal takes some time to travel from the satellite to the 

receiver antenna, Earth’s rotation must be taken into 

account. The baseband GLONASS simulator uses the 

receiving time as its reference time. This step adjusts the 

satellite’s transmission time coordinates to their 

corresponding reception time coordinates, ensuring that 

the satellite's ECEF position is accurate at the moment 

the signal is received. Once the corrected position is 

obtained, the algorithm calculates the satellite’s 

elevation and azimuth angles relative to the receiver's 

position using topocentric coordinates. This function 

returns the satellite's azimuth and elevation angles based 

on the receiver’s geographic location. By applying an 

elevation mask, satellites with elevation angles below 

the minimum threshold are filtered out. The final list of 

visible satellites consists of those whose elevation 

exceeds the masking angle [13–16]. 

2.2  Generate CA code 

The provided algorithm generates the GLONASS 

Coarse/Acquisition (C/A) code based on the satellite's 

Pseudo-Random Noise (PRN) number, which uniquely 

identifies each satellite in the constellation. The core of 

the algorithm relies on generating the maximum-length 

sequence (M-sequence) using a Linear Feedback Shift 

Register (LFSR) with a degree-9 polynomial. The C/A 

code repeats every 1 millisecond, corresponding to a 

chip rate of 511 kbps. This results in a sequence length 

of 𝑁 = 29 − 1 = 511 bits. The characteristic 

polynomial for the LFSR is 𝑃𝑥 = 𝑥
9 + 𝑥4 + 1. This 

polynomial determines the feedback taps used to 

produce the pseudorandom sequence. The initialization 

vector for the LFSR is ‘111111111’. At each clock, the 

new bit is calculated as the modulo-2 (XOR) sum of the 

feedback taps at stages 9 and 4. The shift register is then 

updated, and the output bit is appended to the code 

sequence. This process ensures that the generated C/A 

code accurately represents the GLONASS signal's 

pseudorandom sequence, which is crucial for signal 

synchronization, timing, and positioning in satellite 

navigation systems [12]. 

2.3 Generate Nav Msg 

The algorithm for generating the GLONASS 

navigation message begins by determining the reference 

time, defined as the nearest 30-second interval to the 

start time. This step ensures that the navigation message 

is synchronized with the GLONASS satellite's time 

frame. A fixed 30-bit preamble is then assigned to the 

beginning of each navigation message to mark the start 

of the frame and facilitate receiver synchronization. The 

navigation frame is initialized with 85 bits; each derived 

from the ephemeris frame data. At this point, a bitstream 

is also initialized to store the complete navigation 

message. The algorithm processes the ephemeris data by 

converting each value into its binary representation. It 
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then computes a checksum (CRC), which is essential for 

error detection and data integrity. The checksum is 

calculated by performing a cyclic redundancy check 

using an XOR operation on the bit-reversed 85-bit 

string. This operation generates an 8-bit checksum that is 

appended to each frame to detect any transmission errors 

that may occur, ensuring the reliability of the navigation 

data. The next step involves constructing the 15 frames 

of 85 bits by combining the ephemeris data with its 

associated 8-bit checksum. Once the 15 frames are 

generated, they are concatenated into a continuous 

bitstream, which will be used in the GLONASS 

transmission process. The bitstream undergoes an 

encoding procedure using a LFSR, a key component in 

the modulation and error-correction process for 

GLONASS signals. The LFSR performs a bitwise XOR 

operation on the concatenated bitstream, producing an 

encoded message that is ready for transmission. The 

final encoded message consists of the original bits of 

ephemeris bits, the checksum, and the 30-bit preamble 

arranged in a sequential bitstream format [6]. 

2.4 Compute Range 

The algorithm for computing the pseudo-range in the 

GLONASS signal model begins by integrating key 

parameters, including receiver and satellite positions, 

clock corrections, and velocity information. The satellite 

signal travels a specific time interval (∆𝑡) to reach the 

receiver [13]. As mentioned in Section 2.1, the receiver's 

reception time serves as the reference for determining 

the corresponding transmission time. During this 

interval, both the Earth and the satellite undergo 

rotational movements. The transmit time is corrected 

using satellite clock error, relativistic effects, and 

tropospheric delays. To ensure precise pseudo-range 

estimation, as outlined in Eq. (1), the relative motion 

between the Earth and the satellite must be considered. 

This correction enables an accurate determination of the 

satellite's position before accounting for Earth's rotation 

[14]. Fig. 2 illustrates this process. 

Psudorange = norm(satPos − RxPos)  (1) 

The satPos vector represents the estimated satellite 

position, while the RxPos vector denotes the receiver 

position, both known at a specific time and location. The 

initial satellite position is extracted from the BRDC file 

[15], and during the simulation, this position is 

continuously updated and refined using the 4th-order 

Runge-Kutta method [16], ensuring robust and accurate 

pseudo-range estimation. Additionally, clock corrections 

and relative velocity estimates are calculated to support 

dynamic modeling. The process of calculating the 

relative velocity can be summarized in steps (1) and (2): 

1. Estimation of the relative vector from the rover 

(recVel) to a satellite velocity (satVel) which is 

calculated using Eq. (2) [17]: 

relaVel = satVel − recVel                                     (2) 

2. Estimation of the line of sight (LOS) velocity 

according to Eq. (3): 

𝑉𝐿𝑂𝑆 = 〈
satPos−RxPos

Psudorange
, relaVel〉                             (3) 

 

Fig 2. Effect of Earth’s rotation. 

2.5 Compute Code Phase 

   The proposed algorithm focuses on accurately 

modeling the code phase, carrier phase, and Doppler 

frequency of GLONASS signals. A general guideline is 

that a rover moving approximately 100 km will cause a 

1º variation in the satellite's elevation. The Doppler 

frequency shift is influenced by the relative velocity 

between the satellite and the receiver. According to the 

model, each GLONASS signal channel has a unique 

carrier frequency that is shifted around the central 

frequency based on the channel number. The wavelength 

of the carrier signal is calculated by dividing the speed 

of light by the carrier frequency, which incorporates the 

channel-specific frequency offset and spacing. Next, the 

Doppler frequency is derived by dividing the relative 

velocity (𝑉𝐿𝑂𝑆), defined in Section 2.4, by the calculated 

wavelength. The carrier frequency is then determined by 

adding the Doppler frequency to the nominal carrier 

frequency corresponding to the GLONASS channel. 

Similarly, the code frequency is adjusted based on 

Doppler variations to maintain synchronization between 

the carrier and code tracking loops. This adjustment uses 

a scaling factor derived from the ratio of the nominal 

code frequency to the nominal carrier frequency. To 

determine the initial code phase, the algorithm calculates 

the elapsed time since the reference epoch in 

milliseconds. The fractional part of this time is used to 

yield the initial code phase, representing the starting 

position within one full spreading-code sequence [14]. 

2.6 Signal Generating 

   The signal-generation model aims to replicate 

realistic GLONASS signal behavior. This model 

incorporates essential factors such as satellite ephemeris 

data, receiver position, Doppler shifts, clock biases, and 

antenna gain patterns. Each of these elements is critical 
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for accurately simulating the signal environment and 

ensuring that the generated signal behaves consistently 

with real GLONASS transmissions. To begin, the model 

computes the position of each GLONASS satellite 

relative to the receiver’s location, using ephemeris data. 

The positions are updated according to time and receiver 

motion. This enables precise pseudo-range calculation, 

as described in Section 2.4. In addition, the model 

accounts for satellite visibility by applying the receiver’s 

elevation mask. As noted in Section 2.1, only those 

satellites above the minimum elevation threshold are 

included. The navigation bits, initialized in Section 2.3, 

are updated every 30 seconds. As declared in Section 

2.5, the Doppler shift is another key component and is 

computed from the relative velocity between the receiver 

and each satellite. As the receiver moves relative to the 

satellite, the frequency of the received signal shifts either 

upward or downward. This Doppler effect must be 

incorporated into the simulation, as it affects the 

perceived frequency of the incoming signal and can 

influence the accuracy of time synchronization and 

positioning. The core of the signal generation involves 

modulating the waveform to emulate the GLONASS 

transmission structure. In this model, Binary Phase Shift 

Keying (BPSK) is used, consistent with standard 

GLONASS modulation. An essential part of the 

simulation involves modeling the receiver’s clock bias. 

Since the receiver clock is not perfectly synchronized 

with GNSS time, an offset is always present and must be 

included in the simulation. This bias is introduced and 

updated throughout the process, reflecting the real-world 

challenges of achieving accurate timing and precise 

position estimation. 

Once the individual satellite signals have been 

modulated, the model combines them into a single 

composite signal. The resulting waveform is a 

superposition of all the visible satellites. Furthermore, 

the model adjusts the signal strength Carrier-to-Noise 

Ratio (C/N0) based on the satellite's elevation, 

atmospheric conditions, and antenna gain pattern. 

Environmental factors such as ionospheric delays, 

multipath, and other noise sources are neglected in this 

study. The final output reflects the complex 

characteristics of real GLONASS signals. It includes 

modulations and encoding time shifts due to pseudo-

ranges, Doppler shifts, clock biases, and signal 

attenuation due to distance and environmental factors. 

The generated signal is produced by integrating the C/A 

code explained in Section 2.2, navigation bits, and 

carrier with a C/N0 value. The simulated signal is 

quantized via an Analog to Digital Converter (ADC) 

block. This detailed model enables GLONASS signal 

simulation under a range of conditions, providing a 

valuable testbed for evaluating receiver algorithms, 

assessing performance, and analyzing how signal quality 

affects positioning accuracy [18-20]. 

3 Satellite Geometry and Dilution of Precision 

Modeling 

The satellites transmit ranging signals and navigation 

data, enabling the user to compute pseudo-ranges and 

estimate positions. The receiver performs several 

functions, including acquisition, code and carrier 

tracking, navigation bit extraction, navigation data 

decoding, pseudo-range estimation, and position 

computations [21]. During the acquisition stage, rough 

estimates of the signal parameters are obtained, which 

are then refined through the tracking loops. Once 

tracking is complete, the navigation data can be 

extracted, and pseudo-ranges can be calculated [22,23]. 

An overview of the GNSS receiver is illustrated in the 

block diagram shown in Fig. 3. 

   Moreover, to determine the user’s three-dimensional 

position (𝑥𝑢, 𝑦
𝑢
, 𝑧𝑢) and the receiver clock bias 𝑡𝑏, 

pseudo-range measurements are obtained from at least 

four satellites using Eq. (4) [24]: 

𝑓(𝑥𝑢,𝑦𝑢,𝑧𝑢 , 𝑡𝑏) = 𝜌𝑗 = ||𝑠𝑗 − 𝑢|| + 𝑐𝑡𝑏 = 

√(𝑥𝑗 − 𝑥𝑢)
2
+ (𝑦𝑗 − 𝑦𝑢)

2
+ (𝑧𝑗 − 𝑧𝑢)

2
 + 𝑐𝑡𝑏         (4) 

   Here, j ranges from 1 to 4 and references the satellite 

number. 𝑥𝑗, 𝑦𝑗, and 𝑧𝑗 represent the three-dimensional 

coordinates of the 𝑗th satellite. By expanding Eq. (4) in a 

Taylor Series around the approximate position (𝑥̂𝑢, 𝑦̂𝑢, 

𝑧̂𝑢), the displacement vector (∆𝑥𝑢, ∆𝑦𝑢, ∆𝑧𝑢) can be 

expressed as linear functions of the known satellite 

coordinates and pseudo-range measurements. Using the 

approximate position (𝑥̂𝑢, 𝑦̂𝑢, 𝑧̂𝑢) and the estimated 

clock bias 𝑡̂𝑏, an approximate pseudo-range can be 

calculated as Eq. (5) [24,25]: 

𝜌̂𝑗  = √(𝑥̂𝑗 − 𝑥𝑢)
2
+ (𝑦̂𝑗 − 𝑦𝑢)

2
+ (𝑧̂𝑗 − 𝑧𝑢)

2
 + c𝑡̂𝑏= 

𝑓(𝑥̂𝑢, 𝑦̂𝑢, 𝑧̂𝑢, 𝑡̂𝑏)                                                            (5) 

   As stated earlier, the unknown user position and 

receiver clock offset are considered to consist of an 

approximate value and a small incremental correction, as 

expressed in Eq. (6) [26]: 

𝑥𝑢 = 𝑥̂𝑢 + ∆𝑥𝑢, 𝑦𝑢 = 𝑦̂𝑢 + ∆𝑦𝑢, 𝑧𝑢 = 𝑧̂𝑢 + ∆𝑧𝑢, 𝑡𝑏 = 𝑡̂𝑏 

+ ∆𝑡𝑏                                                                             (6) 

   Therefore, we can write Eq. (7) [25]: 

𝑓(𝑥𝑢, 𝑦𝑢, 𝑧𝑢, 𝑡𝑏) = 𝑓(𝑥̂𝑢 + ∆𝑥𝑢, 𝑦̂𝑢 + ∆𝑦𝑢, 𝑧̂𝑢 +
 ∆𝑧𝑢 , 𝑡̂𝑏 + ∆𝑡𝑏)                                                             (7) 

   As mentioned, this function can be expanded around 

the approximate point and the corresponding estimated 

receiver clock bias (𝑥̂𝑢, 𝑦̂𝑢, 𝑧̂𝑢, 𝑡̂𝑏) using a Taylor Series 

as shown in Eq. (8) [26]: 

https://components101.com/articles/analog-to-digital-adc-converters
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(𝑥̂𝑢 + ∆𝑥𝑢,𝑦̂𝑢 + ∆𝑦𝑢,𝑧̂𝑢 + ∆𝑧𝑢, 𝑡̂𝑏 + ∆𝑡𝑏) =

𝑓(𝑥̂𝑢,𝑦̂𝑢,𝑧̂𝑢, 𝑡̂𝑏)  +
𝜕𝑓(𝑥𝑢,𝑦̂𝑢,𝑧̂𝑢,𝑡̂𝑏)

𝜕𝑥𝑢
∆𝑥𝑢 +

𝜕𝑓(𝑥𝑢,𝑦̂𝑢,𝑧̂𝑢,𝑡̂𝑏)

𝜕𝑦̂𝑢
∆𝑦𝑢 +

𝜕𝑓(𝑥𝑢,𝑦̂𝑢,𝑧̂𝑢,𝑡̂𝑏)

𝜕𝑧̂𝑢
∆𝑧𝑢 +

𝜕𝑓(𝑥𝑢,𝑦̂𝑢,𝑧̂𝑢,𝑡̂𝑏)

𝜕𝑡̂𝑢
∆𝑡𝑢 +⋯                                                   (8) 

   The expansion is truncated after the first-order partial 

derivatives to eliminate non-linear terms. Therefore, the 

partial derivatives evaluate as shown in Eq. (9) [26]: 

{
 
 
 

 
 
 
𝜕𝑓(𝑥𝑢,𝑦̂𝑢,𝑧̂𝑢,𝑡̂𝑏)

𝜕𝑥𝑢
= −

𝑥𝑗−𝑥𝑢

𝑟̂𝑗
,

𝜕𝑓(𝑥𝑢,𝑦̂𝑢,𝑧̂𝑢,𝑡̂𝑏)

𝜕𝑦̂𝑢
= −

𝑦𝑗−𝑦̂𝑢

𝑟̂𝑗
,

𝜕𝑓(𝑥𝑢 ,𝑦̂𝑢,𝑧̂𝑢,𝑡̂𝑏)

𝜕𝑧̂𝑢
= −

𝑧𝑗−𝑧̂𝑢

𝑟̂𝑗
,

𝜕𝑓(𝑥𝑢,𝑦̂𝑢,𝑧̂𝑢,𝑡̂𝑏)

𝜕𝑡̂𝑢
= 𝑐

                                         (9)                                          

  Where 𝑟̂𝑗 = √(𝑥̂𝑗 − 𝑥𝑢)
2
+ (𝑦̂𝑗 − 𝑦𝑢)

2
+ (𝑧̂𝑗 − 𝑧𝑢)

2
. 

Substituting Eq. (8) and Eq. (9) into Eq. (8) yields Eq. 

(10) [25,27]: 

𝜌𝑗 = 𝜌̂𝑗 −
𝑥𝑗−𝑥𝑢

𝑟̂𝑗
∆𝑥𝑢 −

𝑦𝑗−𝑦̂𝑢

𝑟̂𝑗
∆𝑦𝑢 −

𝑧𝑗−𝑧̂𝑢

𝑟̂𝑗
 ∆𝑧𝑢 + 𝑐𝑡𝑏(10) 

    Eq. (4) has now been linearized with respect to the 

unknowns ∆𝑥𝑢, ∆𝑦𝑢, ∆𝑧𝑢 , and ∆𝑡𝑏 [26]. By rearranging 

the resulting expression to place the known quantities on 

the left-hand side and the unknowns on the right-hand 

side, we obtain Eq. (11) [27]: 

∆𝜌 = 𝜌̂𝑗 − 𝜌𝑗 =
𝑥𝑗−𝑥𝑢

𝑟̂𝑗
 ∆𝑥𝑢 +

𝑦𝑗−𝑦̂𝑢

𝑟̂𝑗
∆𝑦𝑢 +

𝑧𝑗−𝑧̂𝑢

𝑟̂𝑗
 ∆𝑧𝑢 −

𝑐𝑡𝑏                                                                               (11) 

   Where 𝑎𝑥𝑗 =
𝑥𝑗−𝑥𝑢

𝑟̂𝑗
, 𝑎𝑦𝑗 = 

𝑦𝑗−𝑦̂𝑢

𝑟̂𝑗
, and 𝑎𝑧𝑗 =

 
𝑧𝑗−𝑧̂𝑢

𝑟̂𝑗
  denote the direction cosines of the unit vector 

pointing from the approximate user position to the 𝑗th 

satellite. We now have four unknowns: ∆𝑥𝑢, ∆𝑦𝑢, 

∆𝑧𝑢 , and ∆𝑡𝑏, which can be determined using pseudo-

range measurements from four satellites. These 

unknowns are obtained by solving the set of linear 

equations in Eq. (12) [27,28]: 

∆𝜌 = [

∆𝜌1
∆𝜌2
∆𝜌3
∆𝜌4

] , 𝐻 = [

𝑎𝑥1
𝑎𝑥2
𝑎𝑥3
𝑎𝑥4

𝑎𝑦1
𝑎𝑦2
𝑎𝑦3
𝑎𝑦4

𝑎𝑧1
𝑎𝑧2
𝑎𝑧3
𝑎𝑧4

1
1
1
1

 ] , ∆𝑥 =

 [

∆𝑥𝑢
∆𝑦𝑢
∆𝑧𝑢
−𝑐∆𝑡𝑏

]                                                                     (12) 

One obtains, finally, Eq. (13) [27]: 

∆𝜌 = 𝐻∆𝑥                                                                    (13) 

  Which has the solution Eq. (14) [27]: 

∆𝑥 = 𝐻−1∆𝜌                                                                (14) 

Once the unknowns are computed, the user’s 

coordinates 𝑥𝑢, 𝑦𝑢, 𝑧𝑢 and the receiver clock offset 𝑡𝑏 

are calculated using Eq. (6). This linearization approach 

is valid as long as the displacement (∆𝑥𝑢, ∆𝑦𝑢, ∆𝑧𝑢) 

remains close to the linearization point. The acceptable 

displacement depends on the user’s accuracy 

requirements.  If the displacement exceeds this 

threshold, the process is repeated, with 𝜌̂ replaced by a 

new pseudo-range estimate based on the updated 

coordinates 𝑥𝑢, 𝑦𝑢, and 𝑧𝑢 [26,27]. The least square 

solution can be formally obtained by multiplying both 

sides of Eq. (13) on the left by the transpose of the 

matrix H, yielding 𝐻𝑇𝐻∆𝑥 = 𝐻𝑇∆𝜌 . The matrix 

product 𝐻𝑇𝐻 is a 4 × 4 square matrix, and the unknown 

vector Δ𝑥 can be solved by multiplying both sides by the 

inverse, (𝐻𝑇𝐻)−1 as shown in Eq. (15) [26]. 

∆𝑥 =  (𝐻𝑇𝐻)−1𝐻𝑇∆𝜌                                     (15)  

This represents the least-squares formulation for Δ𝑥 as 

a function of ∆𝜌. It can be noted that if n = 4, 

(𝐻𝑇𝐻)−1 = 𝐻−1(𝐻𝑇)−1 and Eq. (15) simplifies to Eq. 

(14). The pseudo-range measurements are not error-free 

and can be expressed as a linear combination of three 

components, as shown in Eq. (16) [27]: 

∆𝜌 =  𝜌𝑇 − 𝜌𝐿 + 𝑑𝜌                      (16) 

   Where, 𝜌𝑇 is the vector of error-free pseudo-range 

values, 𝜌𝐿 is the vector of pseudo-range values computed 

at the linearization point, and 𝑑𝜌 represents the net error 

in the pseudo-range values. Similarly, ∆𝑥 can be 

expressed as Eq. (17): 

∆𝑥 = 𝑥𝑇 − 𝑥𝐿 + 𝑑𝑥                     (17) 

   Where 𝑥𝑇 is the error-free position and time, 𝑥𝐿 is 

the position and time defined as the linearization point, 

and 𝑑𝑥 is the error in the position and time estimate. By 

substituting Eq. (16) and Eq. (17) into Eq. (15) and using 

the relation 𝑥𝑇 − 𝑥𝐿 = (𝐻𝑇𝐻)−1𝐻𝑇(𝜌𝑇 − 𝜌𝐿) which 

follows from 𝐻(𝑥𝑇 − 𝑥𝐿) = (𝜌𝑇 − 𝜌𝐿), a restatement of 

Eq. (13), we obtain Eq. (18) [26]: 

𝑑𝑥 =  [(𝐻𝑇𝐻)−1𝐻𝑇]𝑑𝜌 = 𝐾𝑑𝜌              (18) 

   The matrix 𝐾 is defined by the expression in 

brackets. Eq. (18) describes the functional relationship 

between errors in the pseudo-range measurements and 

the resulting errors in the computed position and receiver 

clock bias. It is valid provided that the linearization point 

is sufficiently close to the user’s location and that the 

pseudo-range errors are small enough so that the error in 

performing the linearization can be ignored. Eq. (18) 

represents the fundamental relationship between pseudo-

range errors and the resulting errors in the estimated 

position and clock bias. The matrix (𝐻𝑇𝐻)−1𝐻𝑇, 
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sometimes called the least-squares solution matrix, is a 4 

× n matrix that depends only on the relative geometry of 

the user and the satellites used in the least-squares 

computation. In many applications, the user/satellite 

geometry can be considered fixed, and Eq. (18) then 

establishes a linear relationship between the pseudo-

range errors and the induced position and time bias 

errors [25]. The pseudo-range errors are treated as 

random variables, and Eq. (18) expresses 𝑑𝑥 as a 

random variable functionally related to 𝑑𝜌. The error 

vector 𝑑𝜌 is usually assumed to have jointly Gaussian, 

zero-mean components. With the geometry considered 

fixed, 𝑑𝑥 is also Gaussian and zero-mean [28]. The 

covariance of 𝑑𝑥 is obtained by forming the product 

𝑑𝑥𝑑𝑥𝑇 and computing an expected value. By definition, 

Eq. (19) expresses this relationship as: 

𝑐𝑜𝑣(𝑑𝑥) = 𝐸[𝑑𝑥𝑑𝑥𝑇]                    (19) 

Where Eq. (19) denotes the covariance of 𝑑𝑥 and 𝐸 

represents the expectation operator. Substituting from 

Eq. (18) and viewing the geometry as fixed, Eq. (20) 

obtains [5,26]: 

𝑐𝑜𝑣(𝑑𝑥) = 𝐸[𝐾𝑑𝜌𝑘𝜌𝑇𝐾𝑇] =
𝐸[(𝐻𝑇𝐻)−1𝐻𝑇𝑑𝜌𝑑𝜌𝑇𝐻(𝐻𝑇𝐻)−1] =
(𝐻𝑇𝐻)−1𝐻𝑇𝑐𝑜𝑣(𝑑𝜌)(𝐻𝑇𝐻)−1                                   (20) 

   Note that in this computation, (𝐻𝑇𝐻)−1 is 

symmetric. This follows from the general matrix 

relations (𝐴𝐵)𝑇= 𝐵𝑇𝐴𝑇 and (𝐴−1)𝑇 = (𝐴𝑇)−1, which 

hold whenever the operations are defined It is commonly 

assumed that the components of 𝑑𝜌 are identically 

distributed and independent, with variance equal to the 

square of the satellite User-Equivalent Range Error 

(UERE). Under these assumptions, the covariance of 𝑑𝜌 

is a scalar multiple of the identity matrix, as shown in 

Eq. (21) [24-28]: 

𝑐𝑜𝑣(𝑑𝜌) =  𝐼𝑛∗𝑛𝛿𝑈𝐸𝑅𝐸
2                (21) 

   The value 𝛿𝑈𝐸𝑅𝐸
2  is the pseudo-range error factor and 

𝐼𝑛∗𝑛 is the n × n identity matrix. Substitution this into 

Eq. (20) yields Eq. (22) [24]: 

𝑐𝑜𝑣(𝑑𝑥) = (𝐻𝑇𝐻)−1𝛿𝑈𝐸𝑅𝐸
2                (22) 

   Under the stated assumptions, the covariance of the 

errors in the computed position and receiver clock bias is 

a scalar multiple of the matrix (𝐻𝑇𝐻)−1. The vector 𝑑𝑥 

has four components, representing the errors in the 

estimated values of 𝑥𝑇 = (𝑥𝑢, 𝑦𝑢, 𝑧𝑢, 𝑐𝑡𝑏). The 

covariance of 𝑑𝑥 is a 4 × 4 matrix and can be expressed 

in the expanded form as shown in Eq. (23) [5,23]: 

𝑐𝑜𝑣(𝑑𝑥) =  

[
 
 
 
 
𝛿𝑥𝑢
2

𝛿𝑥𝑢,𝑦𝑢
2

𝛿𝑥𝑢,𝑧𝑢
2

𝛿𝑥𝑢,𝑐𝑡𝑏
2

𝛿𝑥𝑢,𝑦𝑢
2

𝛿𝑦𝑢
2

𝛿𝑦𝑢,𝑧𝑢
2

𝛿𝑦𝑢,𝑐𝑡𝑏
2

𝛿𝑥𝑢,𝑧𝑢
2

𝛿𝑦𝑢,𝑧𝑢
2

𝛿𝑧𝑢
2

𝛿𝑧𝑢,𝑐𝑡𝑏
2

𝛿𝑥𝑢,𝑐𝑡𝑏
2

𝛿𝑦𝑢,𝑐𝑡𝑏
2

𝛿𝑧𝑢,𝑐𝑡𝑏
2

𝛿𝑐𝑡𝑏
2

 

]
 
 
 
 

       (23) 

   The components of the matrix (𝐻𝑇𝐻)−1 indicate 

how pseudo-range errors propagate into the covariance 

of 𝑑𝑥. Dilution of precision parameters in GLONASS is 

defined as the ratios of specific combinations of the 

components of 𝑐𝑜𝑣(𝑑𝑥) and 𝛿𝑈𝐸𝑅𝐸
2 . The DOP 

definitions implicitly assume that the user/satellite 

geometry is considered fixed [29]. Additionally, it is 

assumed that local user coordinates are used to specify 

𝑐𝑜𝑣(𝑑𝑥) and 𝑑𝑥. The positive x-axis points east, the y-

axis points north, and the z-axis points up. The most 

general parameter, termed the Geometric Dilution of 

Precision (GDOP), is defined by Eq. (24) [28]: 

𝐺𝐷𝑂𝑃 = 
√𝛿𝑥𝑢

2 +𝛿𝑦𝑢
2 +𝛿𝑧𝑢

2 + 𝛿𝑐𝑡𝑏
2

𝛿𝑈𝐸𝑅𝐸
2                (24) 

3.1 Impact of DOP on Pseudo-Range Calculations and 

Measurement Accuracy 

To illustrate the concept of DOP in GNSS systems 

such as GLONASS, consider a classic example: 

determining position using signals from two distinct 

sources, such as foghorns [30]. In this scenario, a user 

estimates their position based on range measurements 

from two foghorn signals. Assuming the user has a 

synchronized time base relative to the foghorns and 

precise information about their locations and 

transmission times, the user can measure the Time of 

Arrival (TOA) of each signal to compute the propagation 

time. This allows the user to determine their distance 

from each foghorn, ultimately estimating their position 

by identifying the intersection of the range circles 

derived from the TOA measurements [25,26].  

   In the presence of measurement errors, the range 

rings used to determine the user’s position will be 

inaccurate, resulting in errors in the computed position. 

This is where the concept of DOP becomes crucial [22]: 

DOP quantifies the impact of the geometric constellation 

of the signal sources relative to the user on the final 

positioning error. Essentially, the degree of DOP 

depends on the spatial distribution of these sources [31-

33]. In Fig. 4a, the foghorns are positioned at nearly 

right angles relative to the user, providing an optimal 

constellation that minimizes positional error (𝜺). By 

contrast, in Fig. 4b, the foghorns are aligned at a smaller 

angle from the user’s perspective, resulting in a less 

favorable geometric constellation. In both figures, the 

error-free range circles intersect precisely at the user’s 

location. However, the additional segments around these 

circles illustrate how ranging errors can affect the 

calculated position. While the range error in both cases 

is identical, the shaded areas indicate the possible range 

of user positions based on these error margins [34]. 

Notably, even with the same measurement error, the 

geometry in Fig. 4b produces a larger potential 

positional error, as indicated by the wider shaded region. 

This difference arises due to the concept of DOP: the 
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more favorable geometry in Fig. 4a yields a lower DOP, 

minimizing the impact of ranging errors, whereas the 

geometry in Fig. 4b corresponds to a higher DOP, 

amplifying positional errors. Consequently, for similar 

measurement inaccuracies, constellations with lower 

DOP, like that in Fig. 4a, provide greater accuracy in the 

computed positions. This example highlights the 

importance of DOP optimization in satellite positioning, 

as an effective geometric distribution of satellites can 

significantly reduce error margins in critical applications 

[29, 35-38]. 

 

Fig 3. Receiver block diagram.

 

(a) 

 

(b) 

Fig 4. (a): The measurement noise ε is 

propagated to the position estimate as an 

uncertainty region, and (b): The DOP effect in 

positioning: a 2D illustration showing how the 
uncertainty region varies with geometry [24]. 

4 Proposed GLONASS Signal Simulator to 

Enhance Accuracy 

      This section describes the structure of the 

GLONASS signal simulator. Fig. 5 illustrates the 

process of generating GLONASS satellite signal data. 

The simulator takes four primary inputs: longitude, 

latitude, altitude, and time. Given the half-hour update 

rate of the BRDC file [15], 48 satellite constellations are 

generated throughout the day. The appropriate 

ephemeris is determined based on the simulation time. 

The 𝑡𝑘  and 𝑡𝑏 time parameters in the subframes are 

extracted from the user-defined time to ensure alignment 

between the simulation and the current time. Here, 𝑡𝑘 

represents the time referenced to the beginning of the 

frame within the current day, while 𝑡𝑏 serves as an index 

for a specific time interval within the day, according to 

UTC(SU) + 03:00 hours [34].  

   In the next step, the satellites in the LOS are 

identified and chosen based on the selected simulation 

time. The GLONASS signal generator starts the 

simulation based on the number of visible satellites and 

the specified duration.  

   According to the explanations provided in Section 2, 

The baseband signal is generated by the product of the 

C/A code samples, navigation bits, local carrier, and 

C/N0. After quantizing, finally, the baseband signal is 

SDR transmitted to the target receiver in the RF band by 

the transmitter Universal Software Radio (USRP). In 

addition, to improve the accuracy of the simulator, two 

scenarios are proposed in this paper, which will be 

discussed in the following sections 4.1 and 4.2. 

4.1 Optimization of Satellite Constellation: Minimizing 

GDOP using Moving Average 

   As mentioned, there are 48 different satellite 

constellations throughout 24-hours. As discussed in 

Section 2, reducing the DOP leads to improved 

positioning accuracy for the receiver. Therefore, the first 

scenario focuses on selecting the optimal DOP. To 

achieve this, the minimum GDOP over the 24 hours is 

extracted as the best satellite constellation [34,39,40]. 

The Moving Average (MA) strategy [41], with a 

window size of 3, is used to identify the best local 

satellite constellation. The moving average calculates the 

mean of data points within a fixed window that slides 

across the dataset. For updating the average, as the 

window shifts, whole data points are involved, ensuring 

the average dynamically reflects as Eq. (25). Fig. 6 

illustrates the diagram of this algorithm. 

𝑀𝐴 =
1

𝑤
∑ 𝑥(𝑖)
(𝑛−1)𝑘+𝑤
𝑖=(𝑛−1)𝑘+1                                   (25) 

   In which, 𝑥(𝑖) represents the 𝑖th DOP, 𝑤 denotes the 

length of the MA window, 𝑘 is the sliding step size, and 

𝑛 is the total number of windows. By applying the stated 

https://en.wikipedia.org/wiki/Universal_Software_Radio_Peripheral
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algorithm, the optimal available constellation that makes 

GDOP minimum over 24 hours is extracted. 

4.2 Optimization of Satellite Constellation: Residual 

Geometric Dilution of Precision (RGDOP) and 

Fuzzy Logic 

   The DOP metric serves as an appropriate criterion 

for evaluating the precision of positioning. However, 

this metric is defined for a set of satellites and cannot be 

directly used to assess individual satellites. As a result, it 

becomes essential to define a new metric that can be 

computed separately for each satellite. In this regard, if 

the influence of excluding each satellite from the group 

on the DOP value is considered as a basis for weighting, 

satellites whose exclusion leads to a significant increase 

in the DOP will be assigned higher weights. This method 

ultimately facilitates the selection of the most optimal 

satellite geometric constellation [39]. In [42], this metric 

is introduced as Residual Dilution of Precision (RDOP) 

and is defined for each satellite by the following Eq. 

(26). This novel approach offers an innovative way to 

assign weights to satellites. 

𝑅𝐺𝐷𝑂𝑃𝑛 = 
𝐷𝑂𝑃𝑡𝑜𝑡𝑎𝑙−𝑛

𝐷𝑂𝑃𝑡𝑜𝑡𝑎𝑙
               (26) 

As shown in Eq. (26), if the removal of the 𝑛th satellite 

leads to a substantial increase in the DOP value for the 

remaining satellite constellation, the RDOP value for 

that satellite will be high as well. This suggests that the 

satellite is crucial in creating an optimal geometric 

constellation (i.e., satellites with greater spatial 

separation). Consequently, a higher weight should be 

attributed to such a satellite. 

 

 

Fig 5. Block diagram of proposed GLONASS signal simulator. 
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Fig 6. Moving average algorithm. 

   In the proposed method, the enhanced fuzzy 

weighted logic approach [43] employs two essential 

inputs: (1) the RGDOP parameter, and (2) the Elevation 

angle. The RGDOP parameter, derived from the 

geometric accuracy 

adjustment metric, indicates the contribution of each 

satellite in establishing an optimal geometric 

constellation, highlighting its significance in improving 

positioning accuracy. The elevation angle, in contrast, 

reflects the quality of the transmitted signal and serves 

as a crucial factor in evaluating the satellite's usability. 

By incorporating these two inputs into the fuzzy system, 

the method effectively assigns appropriate weights to 

each satellite, thereby improving the overall accuracy 

and reliability of the navigation solution.  

Based on the variation ranges of the elevation angle 

and RGDOP, membership functions were defined, as 

shown in Fig. 7. The membership function for RGDOP 

is Gaussian and consists of four ranges: very small, 

small, medium, and large. For the elevation angle, a 

triangular membership function with three ranges: (1) 

small, (2) medium, and (3) large was selected. It is 

important to note that the type and number of 

membership functions were determined through 

experimentation. Due to the different impacts of the two 

inputs, the membership functions for both inputs are 

applied with varying weights. 

   Based on the defined membership functions, twelve 

fuzzy rules were created for the system. As previously 

noted, a higher elevation angle leads to a higher weight 

being assigned to the satellite. Similarly, a larger 

RGDOP signifies the satellite's greater contribution to 

forming an optimal geometric constellation. The 

allowable range for the output weights is between 0 and 

1. Using this algorithm, the satellite with the highest 

score is added to the constellation as a virtual satellite in 

the second scenario, to enhance positioning accuracy. As 

a result, the following rules were established in Table 1.

Table 1. Fuzzy if-then rules determined for proposed fuzzy acquisition algorithm. 

Input membership functions Output membership function 

Rule number Elevation RGDOP Sat List threshold 

Rule 1 Small Very Small Negative Small 

Rule 2 Small Small Small 

Rule 3 Small Medium Negative Medium 

Rule 4 Small Large Positive Small 

Rule 5 Medium Very Small Small 

Rule 6 Medium Small Negative Medium 

Rule 7 Medium Medium Medium 

Rule 8 Medium Large Positive Medium 

Rule 9 Large Very Small Positive Small 

Rule 10 Large Small Positive Medium 

Rule 11 Large Medium Large 

Rule 12 Large Large Positive Large 

 

5 Numerical Results and Analysis of the Proposed 

Method 

The GLONASS satellite signal simulator is capable of 

generating various scenarios at arbitrary times and 

coordinates.  Fig. 8 shows the basic operation of the 

proposed simulator. A GLONASS receiver was used in 

order to validate each step of the simulator realization.  

 

 

The corroborating results showed that a correct 

implementation of the GLONASS signal simulator was 

successfully achieved. 

As mentioned, the geometric arrangement of satellites 

is one of the factors affecting the accuracy of 

calculations related to the pseudo-range and position of 

the target receiver. The algorithms presented in this 

paper include intelligent selection of the best DOP 

during the day and in the second step, adding a virtual 
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satellite using a weighted fuzzy algorithm to reduce the 

DOP and improve the receiver positioning. This section 

evaluates the results of the proposed method. The 

criterion for this evaluation is the accuracy of the 

receiver position in different scenarios. Table 2 shows 

some of the features of the simulator. 

Table 2. Simulator characteristics. 

Characteristics Value 

Center frequency 1602 MHz 

Sampling frequency 9 MHz 

Intermediate frequency 0 

Frequency channel [-7,6] 

Frequency spacing 562.5 kHz 

Code frequency 511kHz 

update rate 1 kHz 

Simulator accuracy < 50 meters 

Signal to noise (SNR) 55 dB 

Simulation mode Static/Dynamic 

Elevation mask 20° 

Quantization levels 8 

Maximum simulation time 24 hours 

Speed of light 299792458 m/s 

   The arbitrary simulation location has been set to the 

Electrical Faculty at Iran University of Science and 

Technology in a static mode. The test duration for the 

example scenario was 30 minutes, corresponding to one 

complete frame of the BRDC navigation file, with the 

capability to extend the simulation up to 24 hours. As 

discussed earlier, the best constellation with minimum 

DOP is selected in the first step. After applying the first 

scenario, the satellite constellation geometry is shown in 

Fig. 9 which includes 7 satellite LOS channels. In the 

second scenario, the constellation of Fig. 9 is updated by 

adding a virtual satellite PRN = 7. Under the second 

scenario, the number of visible satellites increases to 8.  

Table 3 shows the GDOP of the satellites after solving 

the navigation equations in the receiver under normal 

conditions, applying the first scenario, and implementing 

the second scenario. 

As can be seen, the proposed algorithm is capable of 

reducing the GDOP. The proposed approach identifies 

the satellite that provides the minimum GDOP by 

achieving the highest score from the rules of Table 1. 

Table 4 shows the results of the weighted fuzzy 

algorithm proposed. 

 

Fig 7. Overall structure of the proposed fuzzy system. 



   12                                                                     Iranian Journal of Electrical & Electronic Engineering, Vol. 22, No. 04, December 2026 

 

Fig 8. Schematic of the proposed simulator implementation. 

Table 3. Simulator capability. 

GDOP 

Value 

Normal 

Condition 

First 

Scenario 

Second 

Scenario 

3.5823 3.2758 2.3875 

 

 

Fig 9. Sky Plot of visible satellites by applying 

the first and second scenarios of the proposed 
method. 

The algorithm searches through all 48 constellations, 

selecting the non-LOS satellite with the highest score 

from each constellation to be added as a virtual 

satellite. Among these virtual satellites, the one with 

the maximum fuzzy system score is chosen to minimize 

GDOP. For instance, the results are shown for only one 

constellation. In this example, satellite PRN 7 is elected 

with a maximum score of 0.73016. 

Table 4. Virtual satellite selection based on the 

proposed weighted fuzzy algorithm's scoring. 

PRN Elevation RGDOP 
Fuzzy 

score 

2 33.2304412781519 1.087684069611 0.49220 

3 24.4631823194601 1.259259259259 0.27123 

4 52.3809087825601 1.117948717948 0.49982 

5 56.6753337117228 1.327358490566 0.60604 

6 30.8509643241989 1.218220918866 0.52067 

7 62.9672995326147 1.372050251256 0.73016 

9 43.6335215060459 1.319154113557 0.60255 

10 71.0239736498985 1.213472609099 0.71526 

11 34.8753286475858 1.122833458929 0.49992 

12 20.1179937680987 1.087719298245 0.10004 

13 39.9786521023959 1.068965517241 0.4838 

18 69.3275823195472 1.201868613138 0.70683 

19 49.9420990096428 1.244078794901 0.56624 

20 22.7410223503115 1.041095890410 0.10001 

21 54.0340504162469 1.178176545223 0.50123 

    

Table 5 presents a comparison of the error reduction 

and efficiency of the proposed algorithm under three 

simulation scenarios: the normal scenario, the first 

proposed scenario, and the second proposed scenario, 

with accuracy improvement reported in meters based 

on the RMSE position error. The results demonstrate a 

significant improvement in positioning accuracy with 

the application of the proposed scenarios. Specifically, 

the error reduction achieved with the implementation of 



 

Scenario 1 is 24.4%, while Scenario 2 further improves 

the accuracy, resulting in a 54.9% error reduction. 

These findings highlight the effectiveness of the 

proposed algorithm in enhancing positioning 

performance. 

Table 5. The performance of the proposed 

spoofing mitigation technique on a static 

scenario that is reported in meters. 

 RMSX 
(m) 

 

RMSY 
(m) 

 

RMSZ 
(m) 

 

RMS 
(m) 

 

Normal mode 32.45 23.74 28.81 49.46 
Scenario 1 25.63 18.97 19.54 37.39 
Scenario 2 16.22 12.78 8.40 22.29 

6 Conclusion and Future Research 

Given the critical role of optimal DOP in improving 

navigation accuracy, this work presents a GLONASS 

satellite simulator aimed at optimizing the 

constellation's GDOP. After proposing modeling and 

signal generation, two scenarios: (1) identifying the 

minimal DOP throughout the day, and (2) adding a 

virtual satellite based on a fuzzy system to further 

optimize DOP are suggested. To validate and evaluate 

the proposed method, positioning errors at the receiver 

were analyzed. The results show that selecting the 

minimal DOP during the day and incorporating a 

virtual satellite led to accuracy improvements of 24.4% 

and 54.9%, respectively. For future research, accuracy 

can be also enhanced by using Keplerian equation 

estimations instead of Runge-Kutta, as seen in GPS 

systems, to predict satellite motion while accounting 

for Lunar and Solar effects for more precise orbit 

determination. Additionally, evolutionary algorithms 

based on artificial intelligence methods can be utilized 

to predict satellite trajectories with reduced error. 

Combining and integrating the GLONASS system with 

other navigation systems, such as GPS, or auxiliary 

sensors like Inertial Measurement Units (IMUs), can 

also contribute to further improving navigation 

accuracy. 
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