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ABSTRACT

Modern radar systems aiming for high resolution, wide bandwidth, and real-time processing
of large data volumes pose significant computational challenges to traditional signal processing
approaches. Implementations based on CPUs, FPGAs (Field-Programmable Gate Array), or
dedicated DSPs (digital signal processors) often fail to provide sufficient throughput and
computational resources for intensive tasks such as matched filtering, fast Fourier transforms
(FFTs), Doppler processing, digital beamforming, and synthetic aperture radar (SAR) image
formation. To address these limitations, this paper proposes the use of graphics processing units
(GPUs) as an acceleration platform for radar signal processing algorithms by exploiting the
massive parallelism inherent in GPU architectures. The paper further presents performance
measurements and evaluations conducted on representative radar datasets using various signal
processing algorithms. The results demonstrate that GPU-based implementations can achieve
speedups ranging from tens to hundreds of times compared to MATLAB-based CPU
implementations. These findings indicate that GPU-accelerated signal processing is a promising
solution for meeting real-time processing requirements in modern radar systems. In addition,
computational complexity analysis and numerical accuracy validation between CPU and GPU
implementations are provided to ensure the correctness and scientific rigor of the reported
performance improvements.
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1. INTRODUCTION

Radar signal processing pipelines have evolved significantly in recent years, incorporating
increasingly sophisticated algorithms to support advanced functionalities such as high-resolution
imaging, adaptive detection, and multi-dimensional parameter estimation. In response to these
challenges, radar processing platforms have gradually transitioned from homogeneous, general-
purpose processors toward heterogeneous computing paradigms that combine multiple types of
processing units. Within this context, graphics processing units (GPUs) have attracted
considerable attention due to their massive parallelism, high memory bandwidth, and rapid
evolution driven by the consumer and high-performance computing markets. Previous studies
have demonstrated the potential of GPUs for accelerating individual radar processing tasks, such
as FFTs, pulse compression, and Doppler estimation [1-3]. However, a comprehensive
evaluation of GPU-based acceleration across multiple radar algorithms and representative
datasets remains an open research topic.

GPUs are designed with massively parallel architectures, originally intended for graphics
rendering but now widely adopted in scientific computing. Compared to CPUs, which consist of a
small number of powerful cores optimized for sequential operations, GPUs contain thousands of
lightweight cores capable of performing parallel computations efficiently [4]. This architectural
advantage aligns well with radar algorithms such as matched filtering, fast Fourier transforms
(FFTs), Doppler processing, and image formation in synthetic aperture radar (SAR), all of which
are inherently parallelizable [5—7]. Leveraging GPUs, researchers have reported significant
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performance improvements, enabling real-time or near-real-time radar signal processing in
operational scenarios.

Over the past decade, multiple studies have demonstrated GPU acceleration across various
radar applications. For instance, passive bistatic radar implementations on GPU using CUDA
Toolkit (Compute Unified Device Architecture) have achieved substantial speedups in clutter
suppression, range—Doppler processing, and constant false alarm rate (CFAR) detection [8]. High-
frequency surface wave radar has also benefited from GPU-based FFT acceleration for real-time
signal processing [9]. In the context of synthetic aperture radar, both airborne and automotive SAR
imaging pipelines have been successfully deployed on GPUs, reducing image formation time to
the order of milliseconds [10-11]. Similarly, software-defined radar (SDR) platforms integrated
with GPU accelerators have enabled high-speed and flexible implementations of pulse
compression and Doppler processing [12].

In addition to standalone GPU solutions, heterogeneous CPU-GPU frameworks have been
investigated to balance latency and throughput, achieving over two-fold acceleration compared to
CPU-only systems [13]. More recently, embedded GPUs have been applied to unmanned aerial
vehicle (UAV) platforms for real-time SAR imaging, highlighting the feasibility of deploying
advanced radar processing algorithms on compact and power-constrained systems [14]. These
advancements suggest that GPU-based computing not only enhances processing speed but also
broadens the scope of radar applications, making sophisticated algorithms such as space—time
adaptive processing (STAP), interference suppression, and compressed sensing feasible in real-
time scenarios.

Despite the significant body of work on GPU acceleration for individual radar processing
modules, most existing studies focus on either specific algorithms or highly optimized embedded
platforms. A systematic evaluation that jointly considers algorithmic computational complexity,
architectural characteristics of consumer-grade GPUs, and numerical validation against
conventional CPU-based implementations remains limited. In particular, the relationship between
theoretical asymptotic complexity and practical runtime behavior on parallel GPU architectures is
not thoroughly analyzed in existing literature.

Therefore, this work aims to bridge this gap by providing a structured experimental evaluation
of multiple representative radar processing stages on a unified GPU platform. The study integrates
complexity analysis, architectural-level performance interpretation, and numerical accuracy
validation to provide a comprehensive assessment of GPU-based acceleration in modern radar
signal processing.

2. SIGNAL PROCESSING IN RADAR AND GPU SOFTWARE DEVELOPMENT

2.1. Introduction of signal processing system in radar

Figure 1 shows the block diagram of the signal processing module in the radar station using the
linear frequency modulation signal LFM. The raw data of 2 channels I, Q from the ADC is stored
in RAM as SHM_Raw_Data.dat memory. Then, the raw data are copied from the CPU to the GPU
and a series of processing algorithms are performed on the GPU including:

- Algorithm for converting data from 16-bit integer to floating-point data;

- Algorithm for interference canceller;

- Algorithm for digital pulse compression;

- Doppler processing algorithm;

- CFAR detection processing algorithm.

For each processing stage, the data are copied from the GPU to the CPU to display and check
the correctness of the data. The management of the test data is performed in the "Debug data
manager" test data management module and is stored in RAM as a SHM Debug Data.dat file.
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Figure 1. Block diagram of DSP in radar using LFM.

2.2. Software development in GPU

To increase the processing performance of the already optimized MATLAB only processor, we
investigate the use of GPU technology. Our strategy for GPU software development was to use
commercially available optimized libraries where possible. The modern CUDA runtime and
compute architecture allows for extended flexibility and fine tuning in addition to an advanced
assortment of optimized libraries, such as cuBLAS, cuFFT, etc. The runtime also supports an
interface to OpenGL, which, in combination with GLUT, allows for the development of
customized visualization interfaces.

2.2.1. Introduction of CUDA

CUDA (Compute Unified Device Architecture) is a parallel computing platform and
programming model developed by NVIDIA. It allows developers to use GPUs for general-purpose
computing by writing programs in languages such as C, C++, Fortran, and Python. By exploiting
the massive parallelism of GPUs, CUDA enables significant performance acceleration for
computationally intensive tasks in areas like scientific computing, signal processing, machine
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learning, and real-time data processing.
Advantages of CUDA:

- Asynchronous copying;

- Streams and concurrency;

- Global Memory Coalescing;
- Locked Memory;

- CUDA Events.

Disadvantages of CUDA

- Development is more error prone and time consuming.

- Device side memory is unmanaged, which can complicate development and make code
more error prone.

- Additional handling of host to device data transfers

- Knowledge of GPU architecture and CUDA runtime required.

2.2.2. Processing task scheduling & streams in CUDA

This paragraph describes the problem we encountered by describing how a typical GPU work
package is broken up and scheduled for execution on the GPU. A GPU has at least one data copy
engine and one kernel engine.

Data copy engine: The The primary task of the data copy engine is to move data to/from the
GPU device. It is important to note that the copy engine is not used to move around or copy data
on the GPU device. The hardware interface for data transfer on today’s devices is mainly PCle
(Peripheral Component Interconnect Express). PCle is a full duplex interface that allows for
simultaneous data copy to & from a GPU device.

Kernel engine: The kernel execution engine is the only entity on the GPU that schedules &
executes code through the CUDA runtime.

A stream in CUDA is a sequence of operations that execute on the device in the order in which
they are issued by the host code. While operations within a stream are guaranteed to execute in the
prescribed order, operations in different streams can be interleaved and, when possible, they can
even run concurrently.

All device operations (kernels and data transfers) in CUDA run in a stream. When no stream is
specified, the default stream (also called the “null stream”) is used. The default stream is different
from other streams because it is a synchronizing stream with respect to operations on the device.

GPU scheduling & execution: A typical GPU work package consists of the following three
tasks:

*  Copy data from host to GPU,
»  Execute some GPU functions (kernels),
*  Copy data from GPU back to host.

Detailed scheduling and synchronizing of the streams needs to be done to ensure that all the
functions to perform have valid data and that data is not overwritten before it is completely
processed. To effectively deploy processing algorithms on GPUs, it is essential to evaluate their
computational complexity, memory access patterns, data transfer overhead between CPU and
GPU, and real-time latency constraints. A systematic assessment of the applicability of GPUs
within the radar signal processing chain provides critical insights into achievable performance
gains, scalability, and energy efficiency. Such an evaluation plays a vital role in hardware design
and selection, ensuring that GPU-based architectures meet both performance and real-time
requirements of advanced radar systems. Section 3 provides a comprehensive performance
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evaluation of GPU-based implementations in comparison with CPU-based approaches for classical
signal processing algorithms in modern radar systems.

3. EVALUATIONS & PERFORMANCE MEASUREMENTS

To quantitatively assess the effectiveness of GPU acceleration in the modern radar signal
processing chain, this section presents a comprehensive evaluation framework and corresponding
performance measurements. The evaluation focuses on key computationally intensive radar
processing stages, which are representative of real-world radar workloads. Performance is
analyzed in terms of execution time, throughput, and acceleration factor relative to CPU-based
implementations, while also considering data transfer overheads and resource utilization. The
presented results provide objective insights into the practical benefits and limitations of deploying
GPU-based solutions for real-time and high-resolution radar systems, thereby supporting informed
hardware design and algorithm deployment decisions.

3.1. Input simulation data

To thoroughly assess the performance and computational behavior of the proposed algorithms,
a dedicated input simulation dataset was constructed. The dataset is organized as a three-
dimensional array of size 16384 x 128 x 2, where 16384 corresponds to the number of range bins
after range compression, 128 represents the burst size typically associated with one coherent
processing interval, and 2 denotes the number of consecutive bursts included for processing and
performance comparison.

Each sample in the dataset is complex-valued and stored in floating-point format, capturing
both in-phase and quadrature components with high numerical precision. This representation
enables realistic modeling of amplitude fluctuations, phase histories, and noise-like characteristics
commonly observed in wideband radar signals.

The selected dimensions reflect practical system parameters found in modern high-
resolution radar modes, ensuring that the simulation accurately emulates real-world data
volumes and processing loads. This design also allows meaningful evaluation of memory
access patterns, parallelization efficiency, and throughput when implementing the algorithms
on GPU-based architectures.

3.2. Methods and simulation tools

The performance evaluation is carried out by implementing the three radar processing
algorithms on both MATLAB and CUDA, and subsequently comparing their execution times
across the two computing platforms. The three core algorithms considered in this study include:

- Pulse compression using a Non-Linear Frequency Modulated (NLFM) waveform;

- Doppler coherent integration for velocity estimation;

- Amplitude extraction, which involves identifying the peak value among Doppler resolution
cells and computing the logarithmic magnitude of the detected peak.

This comparative analysis enables a quantitative assessment of the computational efficiency
achieved through GPU acceleration relative to traditional CPU-based processing.

The hardware platform used for algorithm implementation consists of a workstation equipped
with an NVIDIA GTX 1660 GPU for CUDA-based processing and an Intel Xeon E5-2686 v4 CPU
for MATLAB execution. This configuration provides a representative comparison between GPU-
accelerated computation and conventional multi-core CPU processing. The parameters of graphics
card are shown in Figure 2. The host interface between the CPU and GPU is PCle Gen3 x16,
providing a theoretical maximum bandwidth of 15.76 GB/s.

Figure 3 illustrates the test setup used to measure the GPU’s memory bandwidth. Two 64 MB
shared memory blocks and two 64 MB local memory blocks were created, with random data
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generated and stored in shared memory A. Bandwidth was then measured across three stages of
data transfer, as depicted in the block diagram. The test programs were implemented in C/C++,
compiled with GCC, and executed on a single CPU core. The CPU was responsible for loading
the CUDA kernel onto the GPU device, after which data movement was managed by DMA engines
through the PCle interface, requiring minimal CPU intervention during transfer.

Device 0: “"NVIDIA GeForce GTX 1060 6GB"
CUDA Driver Version / Runtime Version 12.0 / 12.0
CUDA Capability Major/Minor version number: 6.1
Total amount of global memory: 6072 MBytes (6367412224 bytes)
(010) Multiprocessors, (128) CUDA Cores/MP: 1280 CUDA Cores
GPU Max Clock rate: 1772 MHz (1.77 GHz)
Memory Clock rate: 4004 Mhz
Memory Bus Width: 192-bit
L2 Cache Size: 1572864 bytes
Maximum Texture Dimension Size (x,y,z) 1D=(131672), 2D=(131072, 65536), 3D=(16384, 16384, 16384)
Maximum Layered 1D Texture Size, (num) layers 1D=(3276
Maximum Layered 2D Texture Size, (num) layers 2D=(3276: 5 layers
Total amount of constant memory: 65536 by
Total amount of shared memory per block: 49152 byte
Total shared memory per multiprocessor: 98304 bytes
Total number of registers available per block: 65536
Warp size:
Maximum number of threads per multiprocessor
Maximum number of threads per block:
Max dimension size of a thread block (x,y,z): 1024, 64)
Max dimension size of a grid size (x,y,z): (2147483647, 65535, 65535)
Maximum memory pitch: 2147483647 bytes
Texture alignment: 512 bytes
Concurrent copy and kernel execution: Yes with 2 copy engine(s)
Run time limit on kernels: Yes
Integrated GPU sharing Host Memory: No
Support host page-locked memory mapping: Yes
Alignment requirement for Surfaces: Yes
Device has ECC support: Disabled
Device supports Unified Addressing (UVA): Yes
Device supports Managed Memory: Yes
Device supports Compute Preemption: Yes
Supports Cooperative nel Launch: Yes
Supports MultiDevice Co-op Kernel Launch: Yes
Device PCI Domain ID / Bus ID / location ID: 0/4/60
Compute Mode:
< Default (multiple host threads can use ::cudaSetDevice() with device simultaneously) >

Figure 2. Parameters of GPU Graphics Card GTX 1660.

Device 0: NVIDIA GeForce GTX 1060 6GB

Global Memory Single Core Global Memory Quick Mode
Space A Process Space B
Host to Device Bandwidth, 1 Device(s)
A PINNED Memory Transfers
Transfer Size (Bytes) Bandwidth(GB/s)
32000000 12.4
Y Device to Host Bandwidth, 1 Device(s)
PINNED Memory Transfers
Transfer Size (Bytes) Bandwidth(GB/s)
Local Local 32000000 13.1
. .
o g/l;rz:rx o g/l;an;(e)rgé Device to Device Bandwidth, 1 Device(s)
PINNED Memory Transfers
Transfer Size (Bytes) Bandwidth(GB/s)
GPU Device 32000000 144.8

(a) (b)
Figure 3. Graphics card GTX 1660 bandwidth test, (a): block diagram and (b): test results.

3.3. Simulation results and comments

Tables (1), (2), and (3), together with Figures (4), (5), and (6) illustrate the execution time of
the aforementioned algorithms when executed on CUDA-GPU and MATLAB-CPU platforms
with the number of simulation runs for each algorithm is set to 10. The average results show that
CUDA achieves a speedup of 35.6 for digital pulse compression, 25.9 for Doppler processing, and
20.2 for MagMaxLog calculation. All test data are structured as three-dimensional matrices
defined by range, burst length, and number of bursts. The input data format consists of complex
numbers with two floating-point components (FP32 I and Q).

The results demonstrate that, for the same algorithm, execution on a GPU using CUDA
provides substantially higher computational speed compared with MATLAB, even though
MATLAB functions are generally well optimized. Overall performance improves further when
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functions are fully implemented in CUDA, as GPU efficiency benefits not only from parallel
processing but also from high-bandwidth data transfers between host and device. These advantages
become even more pronounced when the GPU supports multiple copy engines.

Table 1. MATLAB and GPU MagMaxLog processing time.

Simulation MagMaxLog Processing
index
Processing Time, Processing Time, Processing Time Gain,
MATLAB, s GPU, s CUDA/MATLAB

1 0.019089 0.000914 20.9

2 0.016556 0.000863 19.2

3 0.018058 0.000874 20.7

4 0.015548 0.000883 17.6

5 0.015868 0.001054 15.1

6 0.017706 0.000868 20.4

7 0.018866 0.000864 21.8

8 0.016992 0.000862 19.7

9 0.020128 0.000868 23.2

10 0.021151 0.000865 24.4

Average 0.017996 0.000892 20.2
0.025 | MagMaIxLog Processing Time ‘
o 002 i;mausa \’fgm,m S —_—
E 0015 7 S— —
g> é ; o CUDA Processing Time
.E 001 - MATLAB Processing Time 1
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Figure 4. Comparison of execution speed between MATLAB and CUDA
for the MagMaxLog algorithm.

Table 2. MATLAB and GPU Doppler processing time.

Simulation Processing Time, Processing Time, Processing Time Gain,
index MATLAB, s GPU, s CUDA/MATLAB
1 1.0962 0.0428 25.6
2 1.0510 0.0445 23.6
3 1.2602 0.0424 29.7
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Figure 5. Comparison of execution speed between MATLAB and CUDA for the Pulse
Compression algorithm.
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Figure 6. Comparison of execution speed between MATLAB and CUDA for the Doppler
Processing algorithm.
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Table 3. MATLAB and GPU Pulse Compression processing time.

Simulation Processing Time, Processing Time, Processing Time Gain,
index MATLAB, s GPU, s CUDA/MATLAB
1 0.9907 0.0254 39.0
2 0.8688 0.0246 353
3 0.8527 0.0239 35.7
4 0.9057 0.0251 36.1
5 0.7923 0.0235 33.7
6 0.8866 0.0240 36.9
7 0.8781 0.0247 355
8 0.8548 0.0250 34.2
9 0.8807 0.0244 36.1
10 0.8381 0.0251 334
Average 0.8749 0.0246 35.6

3.4. Computational complexity and accuracy validation
3.4.1. Computational complexity analysis

The core radar signal processing stages considered in this study, including pulse compression
and Doppler processing, are implemented using FFT-based methods. For an input signal of length
N, FFT-based pulse compression has a computational complexity of O(NlogN). Doppler
processing, which involves FFT operations across slow-time samples, exhibits a similar
computational order.

For a dataset of size N,- X N, X N}, , where N, N, and N}, denotes the number of range bins,
number of pulses (number of Doppler bins or burst size) within a coherent processing interval
(CPI) and number of bursts, the overall computational complexity scales are calculated as
following:

- For pulse compression algorithm:

o Number of FFTs: Ngpp = Ny, * N,
o Computational complexity for each FFT: O(N,.log,N,)
o Overall computational complexity: O(N,, * N, * N..log;N;.)

- For Doppler coherent processing:

o Number of FFTs: Nggr = N, * Ny
o Computational complexity for each FFT: O(N,log,;N,,)
o Overall computational complexity: O(N; * Np, * N,,log;Ny,)

- The total computational complexity of the combined processing chain including pulse

compression and Doppler processing can be expressed as:

0 (Nr * Np o« Ny * (loger + logsz))

Although theoretical complexity analysis indicates that the pulse compression stage has a
higher asymptotic computational order due to the larger FFT size (N,.>>N,,), practical execution
time does not depend solely on asymptotic complexity.

In GPU implementations, performance is strongly influenced by memory access patterns,
kernel configuration, FFT size optimization, and hardware utilization efficiency. In the present
experimental results, Doppler processing exhibits longer execution time than pulse compression.
This behavior can be attributed to the execution of a large number of smaller FFT operations along
the slow-time dimension, which may result in lower GPU efficiency compared to large contiguous
FFT operations in pulse compression.
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Therefore, while pulse compression dominates in theoretical computational complexity, actual
runtime performance depends on hardware-level optimization and data layout characteristics.

This complexity analysis confirms that the considered radar processing algorithms are
computationally intensive and therefore well suited for parallel execution on GPU architectures.
The inherent independence of FFT butterfly operations further enables effective exploitation of
GPU thread-level parallelism. It should be emphasized that the objective of this study is to evaluate
computational acceleration characteristics under controlled experimental conditions, rather than to
provide a complete system-level optimization or hardware co-design analysis.

3.4.2. Accuracy validation between CPU and GPU implementations

To ensure that the reported acceleration does not compromise algorithmic correctness, the
outputs of the GPU-based CUDA implementations are validated against the corresponding
MATLAB CPU results.

The validation is performed using the mean squared error (MSE) metric between the complex-
valued outputs obtained from both platforms. Experimental results indicate that the MSE values
remain on the order of 107 to 1077, These discrepancies are attributed to floating-point rounding
differences between CPU and GPU arithmetic units and do not affect the radar signal processing
outcomes.

The results confirm that the GPU-based implementations preserve numerical accuracy while
achieving significant computational speedup.

4. CONCLUSIONS

In this paper, we have presented an implementation of key radar signal processing algorithms on
Graphics Processing Units (GPUs) using the CUDA programming model. The study has highlighted
the significant advantages of GPU acceleration, particularly its ability to exploit massive parallelism
for high-throughput computation, which is essential in modern radar systems with ever-increasing
data rates and real-time constraints. The comparative experiments demonstrated that CUDA-based
implementations achieve substantial speedups over conventional MATLAB-based processing,
confirming the effectiveness of GPU acceleration for radar applications.

Despite these benefits, several challenges remain. CUDA programming requires careful
memory management and algorithm adaptation to fully leverage GPU architectures, and
performance gains depend strongly on hardware specifications and kernel optimization strategies.
Furthermore, portability across different platforms and the learning curve associated with CUDA
development can limit its adoption in some scenarios.

Overall, the results suggest that GPU acceleration is a powerful and practical approach for
modern radar signal processing, offering remarkable improvements in execution speed while
maintaining algorithmic accuracy. The complexity analysis further confirms the suitability of GPU
architectures for computationally intensive radar signal processing tasks. Future work will focus
on optimizing more advanced algorithms, exploring portability across heterogeneous computing
platforms, and integrating GPU-based solutions into complete radar processing pipelines.
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TOM TAT
Ting toc xir ly tin hiéu trong ra da hi¢n dai trén nén ting GPU

Cac ra da hién dai huong toi tinh nang co do phdan gidi cao, bang thong rong va khad
ndang xir Iy dir liéu 16m thoi gian thwe dang ddt ra nhig théach thike tinh todn dang ké cho
cdc phirong phép xir Iy tin hiéu truyén thong. Cdc phirong phap trién khai dwa trén CPU,
FPGA hodc b xir Iy tin hiéu s6 chuyén dung (DSP) thuong khong déap vmg dii thong heong
va tai nguyén can thiét cho cdc tac vu ¢6 cwong dg tinh todan cao nhw loc phoi hop, bién doi
Fourier nhanh (FFT), xut Iy Doppler, 16 hop biip song sé va tqo anh ra da khau dé tong hop
(SAR). Nham khdc phuc nhirng han ché nay, bai bdo dé xudt sir dung b xir 1y @6 hoa ( GPU)
nhw mét céng cu tang toc cho cac thudt todn xi Iy tin hiéu ra da trén co sé tdn dung kién
triic song song quy mo lom cua GPU. Bai bdo ciing dwa ra cdc do dac, danh gia hiéu nang
trén cdc tdp dir liéu ra da tiéu biéu véi cdc thudt todn xit Iy khdc nhau. Két qua cho thdy sir
dung GPU cho phép tang toc do xir 1y tir hang chuc lan dén hang tram lan so véi trén CPU.
Piéu nay thé hién gidi phdp dé xudt xir Iy tin hiéu trén GPU dam bdo kha néang xir 1y thoi
gian thuc trong cdc dai ra da hién dai.

Tir khoa: Ra da; Xt ly tin hi¢u sé; CUDA; GPU.
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