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Abstract- This paper explores the design and 

implementation of a software-defined GPS receiver, 

leveraging advancements in software-defined radio 

(SDR) technology. Traditional GPS receivers rely on 

heterodyne architectures with limited flexibility, whereas 

SDR-based receivers offer reconfigurability through 

digital signal processing (DSP). By employing direct RF 

digitization and band-pass sampling, these receivers can 

adapt to different signal processing tasks. However, 

challenges such as signal bandwidth constraints and 

ADC dynamic range requirements must be addressed. A 

practical solution involves incorporating a 

programmable intermediate frequency (IF) stage and 

partial band digitization. The SDR approach provides 

advantages in flexibility, reduced hardware costs, and 

improved testing efficiency. This research highlights the 

potential of SDR-based GPS receivers in modern 

navigation systems and discusses key design 

considerations for optimizing performance. 

 

INTRODUCTION 

 

Global Positioning System (GPS) signals play a 

crucial role in satellite-based navigation, enabling 

accurate location tracking for both civilian and 

military applications. These signals consist of a 

pseudo-random noise (PRN) code operating at a 

frequency of 1.023 MHz with a period of 1023 bits, 

corresponding to 1 microsecond per code chip. The 

PRN code is responsible for spreading the navigation 

message, which has a frequency of 50 Hz. The 

combined signal, known as the Coarse Acquisition 

(C/A) signal, is then modulated onto a carrier 

frequency of 1575.42 MHz (L1 band) and transmitted 

through the satellite communication channel. 

The PRN code used in GPS signals is generated using 

linear feedback shift registers and belongs to the Gold 

code family, which provides maximum-length 

sequences suitable for spread-spectrum 

communication. By multiplying the 50-Hz navigation 

message with the PRN code, the power spectral 

density of the signal is spread over a broader frequency 

range. This technique enhances resistance to 

interference and improves signal robustness. 

Due to the vast distance between satellites and 

receivers on Earth, GPS signals arrive with power 

levels below the noise floor, making them nearly 

undetectable without proper signal processing. To 

recover these signals, GPS receivers employ multiple 

amplification stages and leverage the correlation 

properties of PRN codes. These techniques enhance 

signal detection, allowing the receiver to extract and 

process the navigation data effectively. 

 

LITERATURE REVIEW 

 

The development of GPS receivers has undergone 

significant advancements, with various studies 

focusing on improving signal acquisition, processing, 

and tracking. A GPS receiver consists of multiple 

modules that work together to extract location data 

from satellite signals. This section reviews key 

components of GPS receiver architecture and their 

functions, as well as previous research on signal 

acquisition and tracking techniques. 

 

RADIO FREQUENCY (RF) FRONT END 

 

Once the GPS signal is captured by the antenna, it 

undergoes amplification using a low-noise amplifier 

(LNA), which enhances weak signals while 

minimizing additional noise. To improve signal 

quality, a bandpass filter (BPF) is applied to remove 

unwanted frequency components. Modern receivers 

commonly employ surface acoustic wave (SAW) 

filters due to their ability to provide sharp frequency 

transitions. The next stage in signal processing 

involves down-conversion, where the high-frequency 

L1 band signal (1575.42 MHz) is converted to an 

intermediate frequency (IF). This conversion is 
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necessary to reduce the signal frequency to a level that 

can be effectively digitized by an analogue-to-digital 

converter (ADC). Depending on the receiver 

architecture, either a single or multiple intermediate 

frequency (IF) stages may be used. 

 

Analog-to-Digital Conversion (ADC) 

The ADC module plays a crucial role in transforming 

the analog IF signal into a digital signal for further 

processing. Lower-end receivers often employ single-

bit ADCs, whereas high-end receivers use multi-bit 

ADCs with higher resolution (up to 3-bit sampling) 

and wider bandwidths (ranging from 2 MHz to 20 

MHz). To ensure optimal signal amplitude levels, an 

automatic gain control (AGC) mechanism is applied 

before digitization, preventing distortion caused by 

variations in signal strength. 

 

Digital Signal Processing (DSP) in GPS Receivers 

Signal Acquisition 

The primary objective of signal acquisition is to 

identify visible satellites and estimate their carrier 

frequency and code phase. Each satellite is assigned a 

unique PRN (Pseudo-Random Noise) sequence, which 

helps in distinguishing signals. The code phase 

represents the time alignment of the received PRN 

sequence with the locally generated one, which is 

necessary for accurate signal demodulation. 

Additionally, due to the Doppler shift—caused by 

satellite motion—there can be frequency variations of 

up to ±10 kHz, which must be corrected for precise 

tracking. 

GPS receivers typically use two acquisition methods: 

1. Serial Search Acquisition – This method steps 

through different code phase shifts sequentially, 

searching for a correlation peak between the 

received and locally generated PRN sequences. 

This approach is reliable but computationally 

intensive. 

2. Parallel Search Acquisition – Instead of 

sequentially stepping through code phases, this 

method utilizes circular correlation and Fast 

Fourier Transform (FFT) techniques to process 

the entire signal at once. The correlation peak is 

then identified using an inverse FFT (IFFT). 

While faster than serial search, this method 

requires higher computational power. 

 

Signal Tracking 

After acquisition, the tracking phase refines the 

estimated frequency and code phase parameters to 

continuously extract the navigation data. This is 

achieved through a two-step process: 

1. Carrier Wave Tracking – The carrier wave is 

removed from the received signal by multiplying 

it with a locally generated replica. The Phase Lock 

Loop (PLL) and Frequency Lock Loop (FLL) are 

commonly used tracking techniques that adjust 

the numerically controlled oscillator (NCO) to 

maintain phase and frequency alignment. 

2. Code Tracking – This ensures that the locally 

generated PRN sequence stays aligned with the 

incoming signal. A Delay Lock Loop (DLL), also 

known as an Early-Late Tracking Loop, is 

employed to compare different phases of the PRN 

code and make necessary adjustments. 

 

SUMMARY OF LITERATURE FINDINGS 

 

Previous research has explored various techniques to 

enhance GPS receiver performance, particularly in 

signal acquisition and tracking. Early studies focused 

on heterodyne architectures, which required multiple 

down-conversion stages, while more recent work has 

shifted towards software-defined receivers (SDR) that 

enable flexible signal processing. Advances in FFT-

based acquisition, high-resolution ADCs, and multi-bit 

tracking loops have significantly improved signal 

detection in weak-signal environments. Despite these 

improvements, challenges such as Doppler-induced 

frequency shifts, receiver sensitivity, and real-time 

processing efficiency continue to be key areas of 

research. 

 

METHODOLOGY 

The methodology for designing and implementing a 

GPS receiver follows a structured approach, 

incorporating signal acquisition, tracking, and 

demodulation techniques. 

 

Signal Acquisition 

The acquisition process involves identifying visible 

satellites and estimating the carrier frequency and code 

phase of incoming signals. Each satellite is assigned a 

unique pseudo-random noise (PRN) sequence, 

allowing differentiation among multiple signals. The 

code phase represents the time alignment between the 
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received and locally generated PRN codes, which is 

essential for accurate correlation and signal extraction. 

Additionally, Doppler shift—a frequency deviation 

caused by the relative motion between the satellite and 

the receiver—affects signal reception. This shift can 

vary up to ±10 kHz, necessitating precise frequency 

estimation. Generally, frequency searches are 

performed in 500 Hz steps to locate the correct signal. 

There are two primary signal acquisition methods in 

GPS receivers: 

1. Serial Search Acquisition – This method involves 

systematically adjusting the code phase of the 

locally generated PRN sequence to match the 

incoming signal. The process continues until the 

correlation peak is identified, revealing the correct 

code phase offset. 

2. Parallel Search Acquisition – This technique 

leverages circular correlation and Fast Fourier 

Transform (FFT) to reduce acquisition time. 

Instead of checking each PRN phase individually, 

the entire PRN sequence is processed in the 

frequency domain, significantly improving 

efficiency. The inverse FFT then converts the 

signal back into the time domain, highlighting the 

correlation peak. While faster than the serial 

method, parallel acquisition requires greater 

computational power. 

 

Signal Tracking 

Once the acquisition stage provides rough estimates 

for frequency and code phase, the tracking module 

refines these values to ensure continuous reception of 

satellite signals. Tracking enables accurate extraction 

of navigation data by eliminating carrier wave 

interference and maintaining synchronization with the 

satellite’s signal. 

• Carrier Wave Removal – The input signal is 

multiplied with a locally generated carrier replica, 

effectively eliminating the carrier wave. This 

process, known as carrier wipe-off, enables 

retrieval of the navigation message. 

• Code Tracking – The delay lock loop (DLL), or 

early-late tracking loop, is used to track the PRN 

code phase. Three versions of the PRN code 

(early, prompt, and late) are generated with ±0.5 

chip spacing and correlated with the incoming 

signal. The best-matching replica provides an 

accurate alignment of the PRN code. 

• Carrier Tracking – A phase lock loop (PLL) or 

frequency lock loop (FLL) is employed to track 

the frequency and phase of the carrier wave. The 

PLL estimates the phase error and adjusts the 

numerically controlled oscillator (NCO) to 

generate a local carrier wave that closely matches 

the received signal. This continuous adjustment 

ensures reliable demodulation of the navigation 

message. 

By integrating these methodologies, the GPS receiver 

effectively processes satellite signals, ensuring 

accurate location determination. The combination of 

RF front-end filtering, ADC digitization, and DSP-

based acquisition and tracking allows for robust and 

efficient GPS signal reception. 

 

Software Defined GPS Receiver Implementation 

The implementation of a GPS software receiver begins 

after the analogue-to-digital conversion (ADC) stage. 

The raw GPS data used for testing was collected 

through a data acquisition setup, which included a 

right-hand circularly polarized (RHCP) GPS antenna 

mounted on a rooftop, an RF front-end with a total gain 

of approximately 90 dB, and a data acquisition card 

that sampled and stored the data for further processing. 

The recorded signal was then processed using a 

MATLAB-based software receiver. The received 

signal, at digital intermediate frequency (IF), required 

the generation of a local pseudo-random noise (PRN) 

code for synchronization. The code tracking loop was 

used to align the locally generated PRN sequence with 

the received signal, allowing the extraction of 

navigation data. The carrier and code tracking loops 

were interconnected in the receiver, as illustrated in the 

system's block diagram. 

 

PRN Code Generation and Acquisition 

The software receiver implemented in MATLAB 

included a Gold Code Generator, capable of generating 

PRN sequences for any of the 32 GPS satellites. This 

function produced 1,023 bits of the desired PRN 

sequence, which were then up sampled to match the 

raw data's sampling rate. The up sampling factor was 

determined by the ratio TC/A/TsT_{C/A} / T_s, where 

TC/AT_{C/A} is the C/A code bit period, and TsT_s is 

the sampling time. 

The first stage of the receiver involved acquisition, 

where the visible satellites were identified, and the 

corresponding code phase and Doppler shift were 
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estimated. The two-dimensional search space, used for 

detecting code and carrier phases, exhibited a peak, 

which provided information about the current code 

phase and Doppler shift of the acquired signal. 

 

Signal Tracking and Processing 

Once acquisition was completed, the tracking loops 

continuously monitored variations in the C/A code 

phase and carrier frequency shift. The code tracking 

loop provided phase shift updates, which were then 

used by the carrier tracking loop. The Numerically 

Controlled Oscillator (NCO) generated sine and cosine 

signals, which were essential for removing the carrier 

component from the received signal. 

The software receiver processed the incoming data in 

20 ms blocks, corresponding to a single navigation 

data bit. As illustrated in the block diagram, the digital 

IF signal was multiplied by locally generated sine and 

cosine waves, producing in-phase (I) and quadrature 

(Q) components. These signals were then correlated 

within the code tracking loop, producing three outputs: 

• Early 

• Prompt 

• Late 

These outputs were used in a Delay Lock Loop (DLL) 

to fine-tune the internally generated C/A code, 

ensuring accurate dispreading of the signal. 

 

Performance Analysis 

The effectiveness of the receiver's tracking system was 

analysed by evaluating error metrics in the code and 

carrier tracking loops. The I and Q outputs of the 

tracking loop demonstrated that the navigation data 

bits were primarily detected on the I component, since 

the local carrier signal was in phase with the incoming 

signal. 

Further analysis of tracking accuracy showed: 

• Code frequency error remained within ±3 Hz. 

• Intermediate frequency (IF) carrier error was 

within ±4 Hz. 

These results indicate that the implemented tracking 

loops maintained precise alignment with the incoming 

signal, ensuring reliable extraction of GPS navigation 

data. 

 

Optimization for Weak Signal Environments 

For robust tracking under weak signal conditions, the 

integration time within the tracking loop can be 

adjusted. In this implementation, an integration time of 

1 ms was used, which was suitable for tracking strong 

signals. However, to enhance sensitivity for weaker 

signals, the integration duration could be increased 

accordingly, allowing the receiver to detect low-power 

GPS signals more effectively. 

 

CONCLUSION 

 

Software-defined GPS receivers have gained 

significant attention in recent research due to their 

flexibility and ease of reprogramming. By directly 

sampling a wideband signal, these receivers can 

capture multiple navigation signals from different 

standards, improving the accuracy of position 

estimation. 

This study provided an overview of the key 

components required for implementing a GPS 

software receiver and demonstrated its functionality 

using a MATLAB-based implementation. The results 

highlight the effectiveness of software-based signal 

processing techniques in tracking and extracting 

navigation data, reinforcing the advantages of 

software-defined approaches in modern GPS receiver 

design. 
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