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Abstract
To fully utilize multi-core CPU computational resources and address the low
imaging efficiency of multi-subarray synthetic aperture sonar, a parallel solu-
tion for the Range-Doppler imaging algorithm in a shared-memory environment
is proposed. Based on an analysis of the parallelism in the multi-subarray syn-
thetic aperture sonar Range-Doppler imaging algorithm, OpenMP paralleliza-
tion design was implemented for preprocessing, range compression, fixed-phase
compensation, range cell migration correction, and azimuth compression within
the algorithm, thereby fully leveraging multi-core CPU computational resources
to achieve rapid reconstruction of large-data-volume synthetic aperture sonar
images. Imaging experimental results using measured data demonstrate that the
parallel imaging algorithm achieves a speedup ratio as high as 19.86, meeting
the imaging requirements of real-time synthetic aperture sonar systems.
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Abstract: To fully utilize multi-core CPU computing resources and address the
low efficiency problem in multi-array synthetic aperture sonar (SAS) imaging,
this paper proposes a parallel solution for the range-Doppler imaging algorithm
in a shared-memory environment. Based on an analysis of the parallelism in-
herent in the multi-array SAS range-Doppler imaging algorithm, we designed
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OpenMP parallelization for the algorithm’s key stages: preprocessing, range
compression, fixed-phase compensation, range cell migration correction, and
azimuth compression. This approach leverages multi-core CPU resources to
achieve rapid reconstruction of large-scale SAS images. Imaging experiments
on real measured data demonstrate that the parallel imaging algorithm achieves
a speedup of up to 19.86, meeting the real-time imaging requirements of SAS
systems.

Keywords: synthetic aperture sonar; range-Doppler imaging algorithm; paral-
lel computing; shared memory; OpenMP

0 Introduction
Multi-array synthetic aperture sonar (SAS) is a high-resolution imaging sonar
developed in recent years, characterized by azimuth resolution independent of
range and one to two orders of magnitude higher than conventional side-scan
sonar, making it valuable for underwater small target detection applications. A
critical prerequisite for multi-array SAS application is the rapid reconstruction
of SAS images. The range-Doppler algorithm (RDA) is a classical synthetic
aperture imaging algorithm that combines modular processing capabilities with
one-dimensional operational simplicity, and remains widely used in various syn-
thetic aperture imaging scenarios. However, as SAS system resolution and swath
width continue to increase, the volume of raw data for imaging grows substan-
tially, severely impacting SAS system imaging efficiency.

Traditional real-time SAS imaging has relied on dedicated signal processors,
but these suffer from long development cycles, high costs, and poor scalability.
While cluster systems have been applied to SAS imaging to achieve real-time
processing results, they exhibit large size and high power consumption that
fail to meet the compact size, low power consumption, and transportability
requirements of underwater acoustic equipment. With the maturation of multi-
core technology, shared-memory architectures have become standard across var-
ious computing platforms. Shared-memory parallel programs offer excellent
scalability, with performance proportional to single-core computing speed and
core count, enabling direct execution across different platforms. Building upon
this foundation, this paper proposes a shared-memory-based fast range-Doppler
imaging algorithm for multi-array SAS that effectively improves imaging effi-
ciency and satisfies real-time SAS imaging requirements.
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1 Shared Memory Parallelism
1.1 OpenMP Parallel Model

OpenMP is a parallel programming standard for shared-memory models, pro-
viding an application programming interface for writing parallel programs in
shared-memory environments. Currently supporting Fortran and C/C++, the
standard includes a set of compiler directives and a supporting function library.
OpenMP employs a “Fork/Join”execution model, illustrated in [Figure 1: see
original paper]. The program begins with a single master thread that executes
all serial regions. Parallel sections spawn additional threads to work collabora-
tively. As shown in the figure, OpenMP programs cannot execute serial portions
until all parallel sections complete, representing the standard Fork/Join parallel
paradigm.

1.2 Parallel Computing Efficiency

Speedup is a crucial metric for parallel algorithm performance, quantitatively
describing performance gains from reduced execution time through paralleliza-
tion. Assuming an application’s serial execution time is 𝑇1 and its parallel
execution time on 𝑝 processors is 𝑇𝑝, the speedup on that computer is defined
as 𝑆𝑝 = 𝑇1/𝑇𝑝. Theoretically, larger 𝑆𝑝 values indicate higher parallel system
efficiency, though speedup typically remains below the total CPU core count.
Therefore, speedup should ideally approach the CPU core number.

High parallel algorithm efficiency does not necessarily imply high processor uti-
lization, necessitating the concept of efficiency 𝐸𝑝. Efficiency measures the ratio
of each processor’s effective usage time to total execution time, typically de-
fined as 𝐸𝑝 = 𝑆𝑝/𝑝. The ideal parallel algorithm efficiency is 1, but practical
values are generally lower due to insufficient parallelization and overhead from
communication and synchronization.

1.3 Test Platform

To evaluate parallel imaging algorithm performance, this study utilized both a
laptop and a blade computing node with the following configurations:

Laptop: Intel(R) Core(TM) i5-4200H CPU @ 2.80 GHz (4 cores), NVIDIA
GeForce GTX 950M graphics, 4 GB RAM, Windows 7 Ultimate 64-bit OS,
Visual Studio 2008 development environment.

Blade Computing Node: Dual Intel(R) Xeon(R) CPU E5-2690 v2 @ 3.0 GHz
(40 cores total), 32 GB RAM, Windows Server 2008 64-bit OS, Visual Studio
2008 development environment.
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2 Algorithm Description
2.1 Multi-Array SAS Range-Doppler Imaging Algorithm

The range-Doppler imaging algorithm exploits the property that scatterers at
the same range but different azimuths share identical energy trajectories in
the range-Doppler domain. By interpolating to resolve two-dimensional cou-
pling, the algorithm transforms two-dimensional processing into a cascade of
two one-dimensional operations, achieving separation between range and az-
imuth processing. The common imaging approach for multi-array SAS con-
verts multi-array echo signals into a single-array format, then applies the single-
array range-Doppler imaging algorithm for image reconstruction. [Figure 2: see
original paper] illustrates the basic flow of the multi-array SAS range-Doppler
imaging algorithm, where FFT and IFFT denote Fourier transform and inverse
Fourier transform, respectively.

From a signal processing perspective, multi-array SAS range-Doppler imaging
primarily comprises four steps: preprocessing, range compression, fixed-phase
compensation, and azimuth compression. During azimuth compression, echo sig-
nals transform into the range-Doppler domain where range and azimuth signals
remain coupled, requiring computationally expensive interpolation operations
to achieve decoupling.

2.2 Algorithm Parallel Performance Analysis

2.2.1 Preprocessing SAS raw data is stored sequentially by acquisition pulse
order, with channels ordered within each pulse. For a given SAS raw echo
dataset, let 𝑁𝑅 represent range points and 𝑁𝐴 represent azimuth points, corre-
sponding to pulse count and receiver array count, respectively. Preprocessing
mainly involves data type conversion and valid sub-array data extraction. Data
type conversion transforms sample points from short to float type, with paral-
lelism of 𝑁𝑅 ⋅𝑁𝐴. Valid sub-array extraction determines the number of effective
sub-arrays 𝑀 for imaging based on the relationship between pulse repetition
interval, platform velocity, and sub-array length, then truncates the first 𝑀
sub-array data from each pulse to form a new data block of size 𝑀 ⋅ 𝑁𝐴 ⋅ 𝑁𝑅.
Since truncation operates on individual pulse data as data movement operations,
its parallelism is 𝑁Pulse.

2.2.2 Range Compression Range compression of preprocessed data includes
three steps: range FFT, multiplication with the range reference function, and
range IFFT. Since preprocessed data is stored by pulse order, different azimuth
range lines are independent during range FFT transformation (i.e., image rows
are independent), enabling simultaneous FFT operations with parallelism of
𝑁𝐴. The range reference function is 𝐻𝑟(𝑓𝑟) = exp(𝑗𝜋𝑓2

𝑟 /𝜇), where 𝑓𝑟 represents
range baseband frequency and 𝜇 is the signal chirp rate. Multiplication with
each range line is independent, and multiplication across different range lines is
also independent, yielding parallelism of 𝑁𝐴. Similar to FFT processing, range
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IFFT transformation also achieves parallelism of 𝑁𝐴.

2.2.3 Fixed-Phase Compensation Fixed-phase compensation transforms
multi-array echoes into single-array format after range compression, enabling
processing with the single-array SAS range-Doppler imaging algorithm. Com-
pensation accuracy directly affects final imaging resolution, with various scholars
investigating phase compensation methods for specific imaging conditions. The
fixed-phase compensation formula incorporating stop-and-go approximation cor-
rections, considering only range-variant scenarios, is:

Δ𝜙𝑖(ℎ, Δ𝑟) = exp {𝑗2𝜋𝑓0
𝑐 [𝑣2

𝑐 Δ𝑟 + 𝑣
𝑟 Δℎ𝑖]}

where 𝑓0 is the center frequency, Δℎ𝑖 is the azimuthal equivalent phase center
spacing between the 𝑖-th receiving sub-array and transmitting array, 𝑐 is sound
speed, 𝑣 is platform velocity, and 𝑟 is slant range. The compensation factor is a
function of two variables (Δℎ𝑖 and Δ𝑟), with each point’s compensation process
being independent, resulting in parallelism of 𝑁𝑅 ⋅ 𝑁𝐴.

2.2.4 Azimuth Compression Azimuth compression comprises azimuth
FFT, range cell migration correction (RCMC), multiplication with the az-
imuth reference function, and azimuth IFFT. Since sonar data is arranged in
range order, matrix transposition is required before azimuth processing, with
another transposition returning to the original arrangement after completion.
During azimuth FFT transformation, azimuth lines across different ranges are
independent, enabling simultaneous FFT operations with parallelism of 𝑁𝑅.

RCMC uniformly corrects energy curves for point targets at the same nearest
range but different azimuths through interpolation in the range-Doppler domain.
Its efficiency depends on the interpolation kernel, with 8-point sinc interpolation
typically sufficient. After transforming raw data to the range-Doppler domain,
the time offset requiring correction is a two-dimensional space-variant function:

Δ𝜏𝑎(𝑓𝑎, 𝑟) = 1
4 (𝜆2𝑟𝑓2

𝑎
𝑐2𝑣2 − 1)

where 𝑐 is sound speed, 𝑣 is platform velocity, 𝑟 is slant range, 𝑓0 is center
frequency, and 𝑓𝑎 is azimuth frequency. Each point’s correction process in the
range-Doppler domain is independent, yielding parallelism of 𝑁𝑅 ⋅ 𝑁𝐴.

In the range-Doppler domain, the azimuth reference function is:

𝐻𝑎(𝑓𝑎, 𝑟) = exp
⎧{
⎨{⎩

−𝑗4𝜋𝑟
𝜆

√1 − (𝜆𝑓𝑎
2𝑣 )

2⎫}
⎬}⎭
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This represents a two-dimensional space-variant function of 𝑓𝑎 and 𝑟. Multipli-
cation with each point in the range-Doppler domain is independent, resulting in
parallelism of 𝑁𝑅 ⋅ 𝑁𝐴. The final IFFT transformation in azimuth compression
is similar to FFT, with parallelism of 𝑁𝑅.

summarizes the parallelism of each processing step in the imaging algorithm.

2.3 Implementation Details

2.3.1 Preprocessing Preprocessing includes data type conversion and valid
sub-array extraction. To avoid address calculations, the former uses a single
for-loop while the latter employs nested for-loops, with the outer loop iterating
over pulse count. Both are parallelized using parallel for directives. The valid
sub-array extraction step parallelizes the outer pulse loop. The pseudocode is:

Preprocessing(A, B, NumOfPulse, Nc)
Input:

A: raw data in complex<short> type
B: data in complex<float> type
NumOfPulse: number of pulses
Nc: number of valid sub-arrays

parallel for i = 1 to length[A]
B[i] ← A[i] / 32768.0

parallel for i = 1 to NumOfPulse
for j = 1 to Nc

Extract j-th sub-array data of i-th pulse from B to form new data block
Discard excess sub-array data

2.3.2 Range Compression Before range compression, the range reference
function must be calculated. To enable direct multiplication with FFT results,
the frequency range is set to [−𝐹𝑠/2, 𝐹𝑠/2] to avoid additional operations from
spectral shifting, where 𝐹𝑠 represents range sampling frequency. Range com-
pression parallelizes the outer row loop using parallel for directives, with each
row performing FFT, pointwise multiplication with the range reference function,
and IFFT to complete range compression in parallel.

2.3.3 Fixed-Phase Compensation The compensation factor is identical
across different pulse data, and the compensation process is uniform. To avoid
repeated calculations, this study first allocates temporary space equivalent to
a single pulse’s data size to store phase compensation factors, computes the
compensation factor array, then multiplies it with sonar data to complete multi-
to-single array conversion. During initialization, the range sample count loop
serves as the outer loop with sub-array count as the inner loop. When multiply-
ing with sonar data, the pulse count loop becomes the outer loop, parallelized
via parallel for directives.
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2.3.4 Azimuth Compression After fixed-phase compensation, data is ar-
ranged range-first then azimuth-second, requiring data reorganization before
azimuth FFT. Considering the independence of FFT transformations across dif-
ferent range lines, this study allocates temporary data space of length 𝑁𝐴 within
each thread to relocate discretely stored azimuth data into contiguous memory,
performs FFT, then moves data back and releases temporary space.

RCMC follows, with correction processes independent across different rows (rep-
resenting azimuth frequencies). The outer row loop is directly parallelized using
parallel for directives. Since interpolation requires adjacent data at fixed offset
positions, strict index validation is necessary during array access within threads.

The final step involves multiplication with the azimuth reference function and
IFFT transformation. While processing is independent across different ranges,
the azimuth reference function varies by range. To enable simultaneous opera-
tions, each thread allocates temporary storage of length 𝑁𝐴, relocates discretely
stored azimuth data into contiguous memory, computes the azimuth reference
function for multiplication, performs IFFT, then restores data to complete az-
imuth compression and final SAS image reconstruction.

3 Experimental Results
To verify the efficiency of the proposed multi-array SAS range-Doppler imaging
algorithm in shared-memory environments, this study tested both CPU serial
and OpenMP-based shared-memory parallel computing methods on the two
platforms described in Section 1.3. The same program was used on both plat-
forms, automatically detecting core count at startup and configuring it as the
computational resource before imaging processing. Range cell migration correc-
tion employed 8-point sinc interpolation. Preprocessing time was negligible in
efficiency analysis.

The test data was acquired during July 2010 field trials of an interferometric
SAS prototype in an inland lake. System parameters are detailed in . The raw
echo signal amplitude is shown in Figure 3: see original paper. The data block
contains 72 pulses across 4 synthetic aperture lengths, with 𝑁𝑅 = 9, 600 range
points and 𝑁𝐴 = 3, 456 azimuth points, acquired over 23.04 seconds. Due to
one synthetic aperture length overlap between adjacent data blocks, the effective
imaging time window is only 17.28 seconds. The number of valid sub-arrays used
in processing was 40, reducing the final image azimuth points to 2,880.

Serial and parallel imaging experiments were conducted on both platforms. Fig-
ure 3: see original paper and (c) show imaging results from serial and parallel
execution, respectively. The identical results validate the parallel implementa-
tion’s correctness.

Performance comparisons are presented in . On Platform A (laptop), serial
imaging required 16,731 ms versus 6,534 ms for parallel execution, achieving
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a speedup of 2.56 with 0.64 efficiency. Individual step speedups were: range
compression 2.39, fixed-phase compensation 2.40, azimuth FFT 2.57, RCMC
2.53, and azimuth IFFT 2.76.

On Platform B (blade node), serial imaging took 19,244 ms compared to only
969 ms for parallel execution, yielding a speedup of 19.86 and efficiency of 0.50.
Step-wise speedups were: range compression 13.55, fixed-phase compensation
9.41, azimuth FFT 18.01, RCMC 23.47, and azimuth IFFT 27.83. The higher
speedup on Platform B results from increased core count, though efficiency is
lower compared to Platform A. The parallel imaging time of 969 ms satisfies
real-time SAS system requirements when compared to the raw data acquisition
time of 17.28 seconds.

4 Conclusion
This paper analyzed the parallel characteristics of multi-array SAS range-
Doppler imaging algorithms and proposed a fast SAS range-Doppler imaging
algorithm using OpenMP parallel tools in a shared-memory environment.
Parallelization designs for key processing steps—including preprocessing,
range compression, fixed-phase compensation, and azimuth compression—were
completed. Performance and efficiency were evaluated on different parallel
computing platforms using measured data. Experimental results demonstrate
that the proposed parallel imaging algorithm’s speedup increases with core
count, meeting real-time imaging requirements when sufficient cores are
available.
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