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Abstract

To address the low imaging efficiency of multi-subarray synthetic aperture
sonar, a fast imaging method for multi-subarray synthetic aperture sonar in
heterogeneous environments is proposed. Based on the characteristics of the
multi-subarray synthetic aperture sonar range-Doppler imaging algorithm and
the respective computational features of CPU and GPU, the intensive opera-
tions in the algorithm—including range compression, fixed phase compensation,
range cell migration correction, and azimuth compression—are performed using
GPU computation, which significantly improves the imaging efficiency of
multi-subarray synthetic aperture sonar. Finally, the correctness and efficiency
of the proposed algorithm are verified through imaging experiments with
measured data, achieving a speedup of up to 14.45 compared with the serial
computation method.

Full Text

Preamble

Range Doppler Algorithm for Multi-array Synthetic Aperture Sonar
in Heterogeneous Environment

Zhong Heping, Tang Jinsong, Huang Pan
(Naval Institute of Underwater Acoustic Technology, Naval University of Engi-
neering, Wuhan 430033, China)

Abstract: To address the low imaging efficiency of multi-array synthetic aper-
ture sonar, this paper proposes a fast imaging method for multi-array synthetic
aperture sonar in heterogeneous environments. By considering the character-
istics of the range Doppler algorithm for multi-array synthetic aperture sonar
and the distinct computational features of CPU and GPU, the computationally
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intensive operations—including range compression, fixed phase compensation,
range cell migration correction, and azimuth compression—are implemented on
GPU, which greatly enhances the imaging efficiency for multi-array synthetic
aperture sonar. Finally, the validity and efficiency of the proposed method are
verified through imaging experiments on real data, achieving a speedup of up
to 14.45 times compared to the serial algorithm.

Key Words: synthetic aperture sonar; range Doppler algorithm; parallel com-
puting; GPU

0 Introduction

Synthetic aperture sonar (SAS) is a high-resolution imaging sonar that synthe-
sizes a large virtual aperture by moving a small acoustic array uniformly along
a straight line. During this motion, signals are transmitted and received at
a constant pulse repetition interval. Echo signals from different positions are
coherently superimposed based on their spatial positions and relative relation-
ships to achieve high resolution in the azimuth direction [1-4]. High resolution in
the range direction is obtained by transmitting wideband signals and applying
pulse compression techniques. Due to these high-resolution capabilities, SAS
has found extensive applications in both military and civilian domains in recent
years [5,6]. Military applications primarily include detection of bottom/buried
mines, unexploded ordnance detection, and high-resolution reconnaissance of
critical sea areas. Civilian applications mainly involve underwater topographic
mapping, seabed geological exploration, archaeological search and rescue, sub-
marine cable and pipeline laying and positioning, and waterway dredging project
volume assessment.

As SAS technology continues to evolve, imaging resolution must constantly im-
prove to meet small target detection requirements, while the swath width must
increase to satisfy high-speed mapping demands. These combined factors lead
to continuous growth in the number of range samples in the raw data. Simul-
taneously, as the maximum mapping distance increases with swath width, the
synthetic aperture length grows, resulting in an increasing number of azimuth
samples. This expansion of raw data volume significantly extends SAS imag-
ing time, reducing efficiency and making it difficult to meet real-time system
requirements.

Hardware selection for SAS imaging primarily falls into two categories: dedi-
cated hardware solutions [7] and general-purpose hardware solutions [8-10]. In
the early stages of SAS development, general-purpose computers lacked suffi-
cient performance, necessitating dedicated hardware approaches despite their
long development cycles, high costs, and limited scalability. With advances
in computer technology, researchers improved computational capability by con-
structing computer clusters, achieving parallelization of SAR and SAS imaging
algorithms with notable efficiency gains. However, cluster computers suffer from
large size, high power consumption, and lack of mobility required for SAS signal

chinarxiv.org/items/chinaxiv-201805.00284 Machine Translation


https://chinarxiv.org/items/chinaxiv-201805.00284

ChinaRxiv [$X]

processing platforms.

The emergence of the Graphics Processing Unit (GPU) provides a new pro-
cessing platform for SAS signal processing, offering powerful signal processing
capabilities, high cost-effectiveness, and broad applicability [11,13]. This paper
proposes a GPU-based range Doppler imaging method for multi-array SAS in
heterogeneous environments, effectively addressing real-time imaging challenges
and providing a fundamental framework for software development of multi-array
SAS in heterogeneous environments. We first present the basic principles of the
SAS range Doppler imaging algorithm and analyze the signal processing char-
acteristics of each step. We then design parallel implementations for range
compression, fixed phase compensation, range cell migration correction, and
azimuth compression in the GPU environment. Finally, we validate the per-
formance of the proposed algorithm through imaging experiments on real SAS
data.

1 Multi-array SAS Imaging Model

[Figure 1: see original paper] illustrates the multi-array SAS imaging model. In
the Cartesian coordinate system, the SAS platform moves along the azimuth
direction, with a target located at position (y’,R;). The transmitting array
and N receiving sub-arrays are arranged along the azimuth direction, with the
transmitting array positioned at the trailing end at location (0,vt). For sim-
plified processing, this paper considers only one receiving sub-array (the i-th
sub-array), where the equivalent phase center spacing between this receiving
sub-array and the transmitting array in azimuth is h; + Ah, assuming the plat-
form moves a distance vt during signal propagation. The echo signal received
by the i-th sub-array can be expressed as:

p C

s;(t,y7r,) = A-rect (%)-rect (W) -exp (j27rf0 (T— 2Ri(t’n)))-exp (jwk,. (7- —

where rect(-) is the rectangular window function defined as:

1, Jz/ <05
rect(x) = 0. |t >05

R,(t,r,) = Ry + Ry + R represents the actual signal propagation path, with the
forward path R, = \/R2 + (vt)? and return path R, = \/R2 + (vt + h; + Ah)2.
s(7) is the transmitted signal envelope, c¢ is the sound speed, f; is the signal
center frequency, and k, is the signal chirp rate.
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2 Multi-array SAS Range Doppler Imaging Algorithm

The range Doppler algorithm is a classical SAS imaging approach that exploits
the property that scatterers at the same range but different azimuths share iden-
tical energy trajectories in the range-Doppler domain. Through interpolation to
resolve two-dimensional coupling, the 2D imaging processing is converted into
a cascade of two 1D processes. The most common method for multi-array SAS
imaging is to convert multi-array echo signals into single-array echo signals, then
invoke the single-array range Doppler imaging algorithm.

[Figure 2: see original paper| shows the RD algorithm flowchart, where FFT and
IFFT denote Fourier transform and inverse Fourier transform, respectively. The
flowchart reveals that range and azimuth processing are performed separately.
When echo signals cannot be decoupled in range and azimuth, sinc interpola-
tion is required to implement range cell migration correction to complete the
decoupling.

From a signal processing perspective, SAS imaging using the range Doppler algo-
rithm mainly comprises four steps: raw data preprocessing, range compression,
fixed phase compensation, and azimuth compression. Raw data preprocessing
primarily includes effective data truncation, data type conversion, and sub-array
data stacking. Effective data truncation determines the number of effective sub-
arrays M for imaging based on the relationship between pulse repetition interval
PRI, platform velocity V', and sub-array length D: M = PRI -V /D, then ex-
tracts the valid raw data. Since this preprocessing step involves minimal compu-
tation, it is performed directly on CPU. Range compression consists mainly of
FFT, pointwise multiplication, and IFFT operations, all processed in the range
direction, with completely independent processing across different range lines.
Fixed phase compensation converts multi-array received signals into single-array
received signals for subsequent single-array imaging algorithm processing. Az-
imuth compression includes FFT, IFFT, range cell migration correction, and
pointwise multiplication, where the range cell migration correction process is a
point-by-point interpolation that severely impacts SAS imaging efficiency.

3 GPU Environment Parallel Algorithm

To address the real-time performance issues of the SAS range Doppler imaging
algorithm, we redesigned the computational methods for the time-consuming
steps—range compression, fixed phase compensation, and azimuth compression
—to satisfy GPU parallel processing conditions and improve computational effi-
ciency.

3.1 Range Compression

Range compression first applies FFT to each range line of echo data. Since each
range line of echo data is stored contiguously in memory, this step can be directly
implemented by calling the efficient FFT transformation function cufftExecC2C
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in CUDA. Before calling cufftExecC2C, the FFT transform handle must be
constructed using the cufftPlanid function to specify the transform data type,
number of consecutive transform points (range samples), number of consecu-
tive transforms (azimuth samples), and transform type. The transform handle
advantageously pre-configures memory and computational resources based on
input parameters, enabling the processor to achieve optimal performance during
operations.

After completing the range FFT, the data becomes frequency-domain in range
and is multiplied by the range reference function H,.(f,.) = exp(jwf?/k,), where
f, represents range frequency and k, is the signal chirp rate. The range reference
function is essentially a 1D array computed and stored in shared memory before
imaging, with the same number of points as the range samples. Since the
reference function multiplies each range line and the same data is multiplied
at the same range position, to reduce the time overhead of repeated reference
function reads, thread blocks are partitioned in 1D along the range direction, as
shown in [Figure 3: see original paper]. Assuming the current thread block index
is BN with TN threads, this thread block completes pointwise multiplication
for range columns BN x TN to (BN + 1) x TN — 1. Each thread in the block
sequentially completes pointwise multiplication for all data along the azimuth
direction at that range position. After completing the multiplication, the inverse
FFT function is called again to finish range compression. Since the inverse FFT
handle is identical to the forward transform, only the transform type parameter
needs to be changed in the cufftExecC2C function call.

3.2 Fixed Phase Compensation

Fixed phase compensation transforms the original multi-array echo format into
a single-array echo format for subsequent single-array imaging algorithm pro-
cessing. The key to SAS imaging lies in the precision of fixed phase compen-
sation, with different scholars investigating specific compensation methods for
various environments. Generally, phase compensation precision is proportional
to computational complexity. The fixed phase compensation formula consider-
ing non-stop-and-hop conditions is:

2 h; + AR\ >
H, (b 7) = exp (f (Lt an)”, ;)

(%

where f, is the center frequency, h, + Ah is the equivalent phase center spacing
between the i-th receiving sub-array and transmitting array in azimuth, c is
the sound speed, v is the platform velocity, and r is the slant range. The
compensation value depends only on the receiving sub-array position and slant
range, with identical and independent compensation processes across different
pulses.

Based on these characteristics, we again employ 1D thread blocks for fixed
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phase compensation, as illustrated in [Figure 4: see original paper]. During
compensation, the raw data is treated as a 3D structure where each pulse’ s raw
data forms a 2D array, with different pulses stacked in layers. The 1D threads
are partitioned along the range direction. Assuming thread block index BN
contains T'N threads, the block completes fixed phase compensation for range
columns BN x T'N to (BN + 1) x TN — 1. Each thread sequentially performs
compensation for all data at the same range position, first across pulses then
across sub-arrays. To save computation and fully exploit the compensation
characteristics, the compensation factor is constant when sub-array and range
are fixed. Therefore, the compensation order processes all pulse data for the first
sub-array first, then sequentially processes each subsequent sub-array, effectively
avoiding redundant calculations.

3.3 Azimuth Compression

Azimuth compression is performed in range-time/azimuth-frequency domain,
with range cell migration correction at its core. [Figure 5: see original paper]
shows the azimuth compression flow. After fixed phase compensation, FFT
in azimuth is required. To satisfy CUDA FFT function requirements, a data
transpose operation is necessary to ensure memory contiguity. The flowchart
shows that two matrix transpose operations are needed before and after FFT
and IFFT transforms. The matrix transpose process utilizes shared memory
and coalesced read/write patterns to improve transpose speed.

After transforming data to range-time/azimuth-frequency domain, the migra-
tion amount is calculated using the range migration formula:

Norg?
AR(f,, 1) = 02

where 7 is slant range, f, is azimuth frequency, and f,  is maximum azimuth
frequency. The migration amount is a binary function of slant range and azimuth
frequency. During range cell migration correction, data correction processes
at different azimuth frequencies are completely independent. We employ 1D
threads where each thread block completes migration correction for all azimuth
frequency data at the current range position. Since adjacent threads require
overlapping data for interpolation at the same azimuth frequency, to reduce
data access latency, the required data is first loaded into shared memory by the
current thread block before correction, then directly used from shared memory
during correction.

Assuming interpolation points V,,,, the spatial range migration amount for
thread ¢ in the current 1D thread block is AR;, with corresponding range mi-
gration cell number AN, = |AR,;/Ar|. The original data indices used for
interpolation range from N,; + AN, —N,,,/2 to N, + AN, + N,,,,/2. After com-
pleting range cell migration correction, the result is multiplied by the azimuth

reference function H,(f,,r) = exp(jnf2/k,(r)), where f, is Doppler frequency

chinarxiv.org/items/chinaxiv-201805.00284 Machine Translation


https://chinarxiv.org/items/chinaxiv-201805.00284

ChinaRxiv [$X]

and k, is Doppler chirp rate as a function of slant range r. Finally, azimuth
IFFT is performed to complete azimuth compression and obtain the final imag-
ing result.

4 Experimental Results

To verify the efficiency of the proposed heterogeneous imaging algorithm, tests
were conducted on the following platform: Intel(R) Core(TM) i5-4200H CPU @
2.80 GHz (4 cores), NVIDIA GeForce GTX 950M GPU, with VS20084+-CUDA5.0
development environment. To test algorithm efficiency, we compared CPU
serial computation, OpenMP-based shared-memory parallel computation, and
CPU+GPU heterogeneous parallel computation methods. The interpolation
points for range cell migration correction were set to 6. In the heterogeneous
parallel algorithm, the 1D thread block size was set to 256.

The experiment used real data acquired in July 2010 during an interferometric
SAS sea trial of a prototype system in an inland lake. System parameters are
listed in . The raw echo amplitude information is shown in [FIGURE:6(a)],
with 9600 range samples and 3456 azimuth samples. Data acquisition started
at 51m and ended at 231m, showing good amplitude consistency in range. The
azimuth data consisted of 72 pulses across 4 synthetic aperture lengths, with
total acquisition time of 23.04s. Due to one synthetic aperture length overlap
between adjacent raw data blocks in azimuth, the actual usable signal processing
time was only 17.28s. All three imaging methods produced identical results,
clearly reconstructing the scene contour as shown in [FIGURE:6(b)], validating
the effectiveness of the range Doppler algorithm.

To fully demonstrate the efficiency advantages of the heterogeneous range
Doppler imaging algorithm, we compared it with serial and shared-memory
parallel methods, with results summarized in . The SAS imaging preprocessing
steps—including raw data truncation, data type conversion, and sub-array data
stacking—involve minimal computation and are negligible in efficiency compar-
isons. The results show that CPU serial computation required the longest time
at 14,653 ms. Using OpenMP shared-memory parallelism significantly reduced
computation time for all components, decreasing total time to 5,706 ms with a
speedup of 2.58. GPU computation dramatically improved efficiency for range
compression, azimuth FFT, and azimuth compression—reducing times from
3,736 ms, 2,783 ms, and 3,895 ms to 82 ms, 109 ms, and 143 ms respectively,
by leveraging CUDA’ s efficient FFT library. Although GPU computation
added overhead for memory allocation, data upload, and download, the total
time decreased substantially to only 1,013 ms, achieving an impressive speedup
of 14.45 and meeting real-time imaging requirements.

5 Conclusion

This paper proposes a range Doppler imaging method for multi-array synthetic
aperture sonar in heterogeneous environments. By parallelizing the compu-

chinarxiv.org/items/chinaxiv-201805.00284 Machine Translation


https://chinarxiv.org/items/chinaxiv-201805.00284

ChinaRxiv [$X]

tationally intensive steps of the imaging algorithm on multi-core GPU, we
achieve significant computational efficiency improvements, with a speedup of
up to 14.45 compared to the serial algorithm, effectively solving the real-time
imaging problem for SAS. Experimental results indicate that the heterogeneous
range Doppler imaging algorithm’s time consumption is dominated by the range
cell migration correction step. Future work will focus on parallel optimization
methods for this step to further enhance algorithm efficiency.
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