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Abstract

To address the issue of phase mismatch, mainlobe broadening, image defocusing, and high
computational complexity caused by spherical wavefront propagation in near-field imaging
of uniform linear array (ULA) imaging sonar, this paper proposes an interpolation-free
near-field frequency-domain beamforming algorithm for uniform linear arrays. Under the
considered operating conditions, the exact range history is approximated as the sum of a
range-dependent quadratic term and a range-independent linear term with respect to the
element position. The quadratic term produces negligible envelope migration; therefore,
only its phase needs to be compensated. By contrast, the linear term produces more
significant range migration, which is corrected together with its associated phase through
range-domain and azimuth-domain FFT processing. Under the adopted range-history
approximation and discrete sampling conditions, this implementation avoids the explicit
point-by-point fractional-delay interpolation required by the backprojection (BP) algorithm.
The proposed method substantially reduces the computational cost while maintaining
near-field focusing performance comparable to that of the BP algorithm. For the simulated
data, the runtime is reduced from 58.23 s to 0.41 s, with only a 0.1% broadening of the
azimuth impulse-response width and a 0.11 dB degradation in the peak sidelobe ratio. For
the measured lake-trial data, the runtime is reduced from 50.18 s to 0.29 s.

Keywords: uniform linear array (ULA); near-field frequency-domain beamforming;
underwater acoustic signal processing; interpolation-free; computational efficiency

1. Introduction

Sonar imaging systems are important tools for underwater detection, navigation,
and target recognition, and their imaging quality directly affects the effectiveness of under-
water missions [1-10]. Among various array configurations, the uniform linear array (ULA)
is widely used because of its simple structure and ease of implementation [11,12]. However,
when a target is located in the near-field region of the array, acoustic waves propagate as
spherical wavefronts rather than plane wavefronts, and the conventional far-field plane-
wave assumption no longer holds. When conventional far-field beamforming methods are
directly applied to near-field scenarios, the curvature of the spherical wavefront cannot
be properly compensated. The resulting phase mismatch leads to mainlobe broadening,
elevated sidelobe levels, and image defocusing [13-15]. Therefore, near-field beamforming
for uniform linear arrays is a key technique for improving the near-field resolution of
imaging sonar.
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Extensive research has been conducted on near-field beamforming for uniform linear
arrays. However, existing beamforming methods all have different limitations when
meeting the requirements of ULA near-field processing [16]. Time-domain delay-and-sum
(DAS) beamforming is the most intuitive method. It compensates for propagation-path
differences by applying appropriate time delays and then coherently sums the delayed
signals [17,18]. Although DAS is simple and intuitive in principle, it has high computational
complexity and is difficult to use for real-time processing.

Frequency-domain beamforming converts propagation delays into frequency-dependent
phase rotations, thereby reducing the computational cost of broadband array processing.
Early studies developed efficient frequency-domain digital beamforming [19], CZT-based
three-dimensional acoustic imaging [20], and a dedicated CZT beamforming method for
near-field 3-D sonar imaging [21]. These studies demonstrate that CZT is not inherently
unsuitable for near-field imaging. It performs effectively when range migration can be
approximated by a linear or locally linear scaling relationship; however, its performance
may degrade in the presence of strong range dependence or wideband coupling. To address
these issues, Nguyen et al. investigated the effects of FFT length, window functions,
and frame overlap on STFT-domain beamforming [22]. Yan et al. combined matched
filtering, array beamforming, and spatially variant apodization in forward-looking sonar to
improve image sidelobe performance [23]. Ning et al. employed range-block and frequency-
subband processing to achieve CZT-based range-migration correction [24]. Therefore, CZT
remains applicable to near-field or strongly coupled imaging problems, but its performance
depends on the accuracy of the local scaling model and the effective control of residual
phase errors.

Another class of methods is based on range-history approximation, such as the Fresnel
approximation and various Taylor-expansion-based methods. These methods can reduce
the requirement for parameter-table storage and simplify the delay calculation. Chen et al.
investigated optimization techniques for approximating the near-field range history using
polynomial expansion [25]. However, although such methods reduce parameter-storage
overhead, they usually cannot significantly reduce the overall computational complexity
of the beamforming process, and therefore their real-time performance is insufficient.
In addition, parameter optimization for range-history approximation is range-dependent
and generally relies on scene precomputation, which limits its adaptability to dynamically
changing environments.

Fast beamforming algorithms based on multilevel hierarchical decomposition and
merging strategies reduce computational complexity by dividing the array into subarrays
at different levels, processing them hierarchically, and then combining the results level by
level [26,27]. However, the sidelobe performance of these methods is significantly affected
by the choice of beam spacing at each processing level. The interpolation operations
required between adjacent processing stages also introduce additional computational
burden and potential numerical errors. Moreover, to obtain consistent imaging quality over
the entire field of view, the algorithm parameters usually need to be carefully tuned.

To address the above problems, this paper proposes an interpolation-free near-field
frequency-domain beamforming algorithm for uniform-linear-array imaging sonar. Starting
from a physical interpretation, the proposed algorithm approximates the exact range history
as the sum of a range-dependent quadratic term and a range-independent linear term with
respect to the array-element position. This decomposition enables an efficient frequency-
domain implementation that avoids explicit point-by-point fractional-delay interpolation
under the adopted range-history approximation and discrete sampling conditions. The term
“interpolation-free” refers to the discrete beamforming implementation and does not imply
the absence of modeling or discretization approximations. In the specific implementation,
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the algorithm first performs range pulse compression on the raw echo data to achieve
range focusing. Then, a quadratic-term compensation function is multiplied in the time
domain to correct the range-dependent phase error. Next, a range-domain fast Fourier
transform and an azimuth-domain fast Fourier transform (FFT) are performed successively,
and the range migration correction and phase compensation caused by the linear term
of the array-element position are completed in the two-dimensional frequency domain.
Finally, a range-domain inverse fast Fourier transform (IFFT) converts the signal back to
the time domain to generate the final two-dimensional focused image. Under the adopted
range-history approximation and discrete sampling conditions, the proposed algorithm
does not require the point-by-point fractional-delay interpolation as in the backprojection
(BP) algorithm. The proposed algorithm is implemented solely by phase multiplications,
FFT/IFFT, and frequency-dependent spatial-bin mapping. It maintains near-field focusing
performance comparable to that of the Backprojection (BP) algorithm while significantly
reducing computational complexity.

The remainder of this paper is organized as follows: Section 2 establishes the near-field
geometric model of a uniform-linear-array imaging sonar, derives the exact range history,
and gives a reasonable approximation. Section 3 describes the proposed interpolation-free
near-field frequency-domain beamforming algorithm in detail. Section 4 compares the
computational complexity of two algorithms. Section 5 verifies the effectiveness of the
proposed algorithm through simulations and measured data. Section 6 concludes the paper.

2. Approximate Range History of ULA Imaging Sonar
2.1. Geometric Model and Exact Range History

The imaging geometry of a uniform-linear-array imaging sonar is shown in Figure 1.
The transmitting element is located at the origin (0,0), and the receiving array consists of
N elements with an inter-element spacing of d. The receiving elements are arranged along
the X-axis and are symmetrically distributed with respect to the transmitting element.

Consider a stationary point target located at the polar coordinate (7, #), where r denotes
the distance from the target to the transmitting element (the origin), and 6 denotes the
azimuth angle of the target relative to the array broadside direction (the Y-axis).

Assume that the receiving elements are indexed from left to right along the X-axis as
i=1,2,3,...,N. The abscissa of the i-th receiving element is then expressed as

di:(i—l)d—(Nzl>d: <z’—N2“)d 1)

@® Transmitter
® Receiver

@® Target

PN
,'(d’,()) N  Range

Figure 1. Schematic diagram of imaging geometry for ULA imaging sonar.

The two-way propagation path consists of the one-way path from the transmitting
element to the target, whose distance is #, and the one-way path from the target to the i-th
receiving element. Therefore, the exact range history of the i-th receiving element is

Ri(r,0) = r+\/r2 +d2 — 2rd;sin® @)
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Equation (2) is nonlinear with respect to r and d; because of the square-root term,
reflecting the spherical-wavefront propagation characteristics in the near-field region.

2.2. Approximation of the Exact Range History

d? isi .
Letx = -5 — Zdlfimg. When the target range r is much larger than the array aperture,

i.e., r > d; for all receiving elements, we have |x| < 1. By applying a Taylor-series
expansion to Equation (2) and retaining the first-order term of x, the approximate range

history is obtained as
2

/ d;
Ri(r,0) =2r+ 2—; —d;sinf (3)

The three terms in Equation (3) have clear physical meanings:

1. The first term 2r represents the two-way distance between the transmitter and the
target under the monostatic assumption. This term is independent of the receiving-
element position and determines range focusing.

2. The second term d?/(2r) is the quadratic term of the array-element position and is
inversely proportional to the target range r. It quantifies extra propagation offset
induced by near-field spherical wave curvature: wavefront curvature varies across ar-
ray elements, creating path-length deviations relative to the plane-wave model. Since
this term scales inversely with 7, its impact intensifies for targets close to the array.

3. The third term —d; sin 6 is the linear term of the array-element position and is inde-
pendent of the target range r. It is range-invariant and depends only on the sine of
the target azimuth angle. This term represents the range offset caused by target az-
imuth variation under the plane-wave assumption, corresponding to the arrival-time
difference across the array aperture for a plane wave incident from angle 6.

This decomposition forms the basis of the proposed implementation. As quantified
in Section 2.3, the quadratic term produces an envelope displacement much smaller than
one range-resolution cell. Its envelope contribution can therefore be neglected, whereas
its phase contribution must still be compensated. By contrast, the range-independent
linear term produces significant envelope migration and can be processed efficiently using
FFT-based operations.

2.3. Range Migration Analysis

The system simulation parameters are listed in Table 1. The range resolution of the
sonar system is o, = ¢/(2B) = 0.015m. The range offsets caused by each term are analyzed
below. For the linear term of the array-element position, at the extreme azimuth angle
= 45° and for the edge receiving element (|d;| = (N — 1)d/2 = 0.0635 m), the maximum
range offset is

AR = |disin 6| max = 0.0635 x sin(45°) ~ 0.0449 m 4)

This range offset is approximately three times the range resolution cell (p, = 0.015m),
clearly exceeding one resolution cell. Therefore, range-cell migration correction must be
performed to avoid image defocusing and resolution degradation. When the azimuth-
angle span is large, the range offset caused by the plane-wave-related linear term of the
array-element position often exceeds one range resolution cell and thus requires range
migration correction.

https://doi.org/10.3390 /jmse14161454


https://doi.org/10.3390/jmse14161454

J. Mar. Sci. Eng. 2026, 14, 1454

50f 16

The quadratic-term d? / (2r) corresponds to an image-range displacement Arq; = d?/ (4r).
The range resolution is defined as p, = ¢/ (2B). Thus, the ratio of the envelope migration
caused by the quadratic term to one range resolution cell is given by

Argi  Bd?
q! i
(r) = =_1 5
Wq,l( ) pr 2 c ( )
The maximum migration occurs at the minimum target range and the edge receiving
element. Therefore, the maximum envelope offset introduced by the quadratic term is
expressed as

max — Bdrznax (6)
! 2Ct min

For the parameters in Table 1, dmax = 0.0635 m and ryin = 10 m, yielding

0.0635> 4 -3
ArR = o0~ 101X 107 m, e & 6.72 x 10 @)

Thus, the quadratic-term envelope migration is less than 0.7% of one range resolution
cell and is negligible under the considered system parameters. However, its maximum
phase variation is

ﬂfodz -
|(Pq|max = Tn:( ~ 0.718 I'ad, (8)

where fj denotes the center frequency. For this reason, the quadratic phase term must be
retained and compensated in the subsequent processing.

Table 1. System simulation parameters.

Parameter Value
Center frequency (kHz) 850
Bandwidth (kHz) 50
Element spacing (m) 0.001
Number of receiving elements 128
Range span (m) (10, 60)
Angular span (°) (—45, 45)

2.4. Approximation Error Analysis

To quantify the range-history approximation error and determine the valid range of
the proposed algorithm, the range-history approximation error is defined as the difference
between the exact range history and the approximate range history:

AR;(r,0) = R;(r,0) — R;(r,0)

42 )
= \/r2—|—d1-2—27dl~sin9—r— 2—;—0—disin9

Let L;(r,0) = \/ 12 4 d? — 2rd; sin § denote the one-way propagation distance from the

target to the i-th receiving element. Using the identity L? — r> = d? — 2rd; sin 6, the error of
the approximate range history can be rewritten as

42
AR;(r,0) =L; —r— 2—; +d;sinf
L2 — 2
:Ll’—i’— 121’ (10)
C(Li—r)

2r
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According to the reverse triangle inequality

|Li(1’,9) — 1’| S |dz| S D, D= w, (11)
where D is the array half-aperture. Since ¥ > i, the absolute approximation error of the

range history for any receiving array element satisfies

D? _ D?
AR;(r,0)| < =— < 12
[AR;(r,0)] < 2r = 2rmin (12)
Substitution of the parameters in Table 1 yields the following result
|AR;(r,0)] <2.0161 x 10~*m < % =22059 x 1074 m (13)

This rigorous upper bound applies to all receiving array elements and all target
positions within the considered range—azimuth region. It guarantees that the range-history
approximation error of every receiving element within the 90° detection sector is less than
A /8, satisfying the imaging precision requirements [28].

To intuitively demonstrate the spatial variation in the error, Figure 2 shows contour
plots of the wavelength-normalized absolute range history approximation error of the
first receiving element versus target range and azimuth. It can be observed that the
approximation error remains low near the array normal, and generally rises as the azimuth
shifts toward both edges of the detection sector. Larger errors are mainly concentrated in
regions with short target ranges and large absolute azimuth angles.

0.04

0.02

Azimuth angle (°)
Approximation error (A)

10 15 20 25 30 35 40 45 50 55 60
Range (m)

Figure 2. Range history approximation error.

3. Proposed Frequency-Domain Beamforming Algorithm

Based on the approximate range history established in Section 2.2, the complete
procedure of the proposed interpolation-free near-field frequency-domain beamforming
algorithm for ULA is shown in Figure 3.

The algorithm consists of three sequential processing stages:

1.  Range pulse compression and quadratic-term compensation: First, matched filtering,
i.e., pulse compression, is applied to the raw echo data of each receiving element to
achieve range focusing. Then, in the range-time domain, the range-compressed data
are multiplied by the quadratic-term compensation function Hgecong (d;, ) to correct
the range-dependent phase error caused by near-field spherical-wavefront curvature.

2.  Range-domain FFT and azimuth-domain FFT: A one-dimensional FFT is performed
along the range dimension for each receiving element, transforming the data into
the range-frequency domain. Then, for each range-frequency bin, a one-dimensional

https://doi.org/10.3390 /jmse14161454
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FFT is performed along the azimuth, or element, dimension. By converting spatial
sampling among the array elements into the angular domain, this operation simulta-
neously completes range-cell migration correction and azimuth focusing.

3. Range-domain IFFT: An IFFT is performed along the range-frequency dimension
to transform the focused data back into the range-time domain, yielding the final
two-dimensional focused sonar image.

The signal transformations in these three stages are derived in detail below. Assume
that the sonar transmits a Linear Frequency-Modulated (LFM) pulse with center frequency
fo, bandwidth B, and pulse width T,. The acoustic wavelength is A = ¢/ fo, where c is
the sound speed in water. Let T denote the fast-time variable. Consider a stationary point
target located at polar coordinate (7, 6) in the imaging scene.

Echo Data

|

Range Pulse
Compression

quadratic term
compensation function

second (d V)

Range FFT

!

Azimuth FFT

l

Range IFFT

Figure 3. Algorithm flowchart.

After demodulation to baseband, the raw echo signal received by the i-th receiving
element can be expressed as

sPV(T;r,0) =A- p(T - RI(Z'G)) exp [_].27Tf0Ri(7r9)] (14)

[

where A is a complex amplitude factor including target reflectivity and propagation at-
tenuation. It is treated as a constant and omitted in the following derivation. p(7) is the
complex envelope of the transmitted LFM pulse, and f; denotes the center frequency.

After matched filtering with the reference signal, the range-compressed signal of the
i-th receiving element is

si(T;7,0) :sinc{ { }}exp {fjw}

e 2r—|—d2 2r) —d;sinf
= sinc : (15)

27fo(2r +d?/(2r) disine)}

c

xexp[ ]
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According to the analysis in Section 2.3, the range-cell migration caused by the
quadratic term d?/(2r) is negligible relative to one range resolution cell. Therefore,
the quadratic term can be separated from the sinc envelope and regarded only as a phase
modulation term [29]:

2r —d: si
5 (i) = sine{ B¢ - 2000 |

2
27t foy <27 + g—; —d;sin 9) (16)

[

X exp | —j

To eliminate the phase error introduced by near-field spherical-wavefront curvature,
the following quadratic-term phase compensation function is constructed:

42
Hgecond (dir 1’) = exp (]7-[?;,1) (17)

Multiplying Equation (16) by Hgecond (d;, ) gives the compensated signal:

Sil(T; 1’,9) = Si(T; 719) : Hsecond(di/r)

. B 2r —d;sin 6
~anel [ 2~ hsnd] | N

],27'cf0(21* —d; sin 9)]

X exp |: c

After quadratic-term phase compensation, the signal model corresponds to a plane-
wave propagation scenario. Using the Fourier-transform pair

sindB(t — ;)| «— Ilgrect<£) exp(—j27fT;) (19)

Performing a Fourier transform on Equation (18) along the fast-time (range) dimension
and neglecting the constant amplitude factor 1/ B, which exerts no influence on normalized
imaging results, the range-frequency domain signal is obtained as follows:

Si(f;r,0) = /sﬂ(T;r,H)exp(—jZHfT) dt

= rect<£> exp [—]W} (20)
X exp {]-Zﬂ(fo —i—{)di Sin@]

In the above expression, the first exponential term represents the range-dependent
phase associated with two-way propagation to range r, and the second exponential term is
the element-dependent linear phase containing the target azimuth information.

For each fixed range-frequency sample f, the element-dependent phase in Equation (20)
can be expressed through the normalized spatial frequency

(fo+ f)dsinf

u(s,0) = L e

https://doi.org/10.3390 /jmse14161454
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The azimuth-domain FFT coherently accumulates this sequence at the spatial fre-
quency corresponding to v(f,f). When the spatial frequency is exactly matched,
the element-dependent phase is eliminated, yielding:

§S(f;r,9) :rect<£> exp [—jW]. (22)

The factor exp[—j4t for/c] is independent of the range-frequency variable f and affects
only the complex phase of the focused range response. Since the final image is formed from
the signal magnitude, this constant phase factor is omitted, giving

SS(f;r,0) = rect(é) exp {—]W} (23)

c

Finally, applying an IFFT to Equation (23) along the range-frequency dimension yields
the fully focused two-dimensional image:

sS(t;7,0) = sinc {B (T — 2;)} (24)

Equation (24) gives the focused range response at the matched output angle. The re-
sponse is sinc-shaped and centered at the true target range r, while azimuth focusing is
provided by the azimuth-domain FFT.

The main computational advantage of the proposed algorithm is that its core beam-
forming operations are implemented using FFT-based transforms and pointwise phase
multiplication, thereby avoiding explicit point-by-point fractional-delay interpolation un-
der the adopted range-history approximation and discrete sampling conditions.

To provide a clearer implementation procedure and improve the reproducibility of
the proposed algorithm, its main discrete processing steps are summarized in Algorithm 1.
The inputs of the algorithm include raw echo data and preset array system parameters,
while the output is the final spatially focused imaging result.

Algorithm 1 Interpolation-free near-field frequency-domain beamforming

Input: Raw echo matrix X € CNeex Ny, system and array parameters { fo,c,d,d;, rn, fr, Om, Na }.
Output: Focused image I € RNe>Nr,
: Perform frequency-domain pulse compression to obtain spc (i, 11).
2 sc(in) < spe(i,n) exp(jmfod? / (cry))
: Sc(i k) < FFT{sc(i,n)}
Sa(g, k) « fitshift, {FFTN) [S. (4, )]}
fe + (Nre —1)/2
: 55(q,k) < Sa(q, k) exp(j2mvgne), where vy = (9 —1— Ny /2) /N,
: fork=1,...,N, do
form=1,...,Nypdo
Vi k < (fo =+ fk)d sin Gm/c
G < round(Navy, x + Na/2+1)
So(m, k)  SE(gurk)
end for
: end for
: Simg(m, n) < IFFT{Sqe(m, k)}
: 1(Om, n) < [Simg(m, 1)
: return I

PN U 2N 2

e e i e e e

As shown in Algorithm 1, the proposed method consists mainly of range pulse com-
pression, range-dependent near-field phase compensation, range- and azimuth-domain
FFT processing, array phase-center correction, frequency-dependent matched-bin selection,
and range-domain IFFT. For each range-frequency sample and output angle, the required

https://doi.org/10.3390 /jmse14161454
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normalized spatial frequency is mapped directly to the nearest bin of the oversampled
azimuth FFT, without a weighted combination of adjacent FFT bins. Therefore, the term
“interpolation-free” refers to the absence of explicit fractional-delay interpolation and
weighted interpolation between adjacent azimuth-FFT bins in the discrete beamforming im-
plementation; it does not imply the absence of modeling or discretization approximations.

4. Computational Complexity
4.1. Complexity of the Proposed Algorithm

This section analyzes the computational complexity of the proposed algorithm in
detail by counting the number of complex multiplications required at each processing stage.
Let N, denote the number of receiving elements, N, the number of range samples, and N,
the number of azimuth-angle samples, which is usually equal to the azimuth FFT size and
satisfies N; > Nj,. The input data dimension is Ny, X Nj.

The beamforming part of the proposed algorithm consists of the following computa-
tional stages:

1.  Quadratic-term phase compensation: The N, X N, data matrix is multiplied el-
ement by element with a precomputed compensation matrix, requiring N;.N;
complex multiplications.

2. Range-domain FFT: An N,-point FFT is performed once for each of the N, receiving
elements, requiring Ny, X % log, N, complex multiplications.

3.  Azimuth-domain FFT: An N,;-point FFT is performed once for each of the N, range
cells, requiring N, X % log2 N, complex multiplications.

4. Range-domain IFFT: An N,-point IFFT is performed once for each of the N, azimuth
cells, requiring N,; X % log2 N, complex multiplications.

Summing all stages gives the total computational complexity of the proposed algorithm:

NN, N; N,
re rlngNy-i- riNg

(Nre + Na)Nr
2

NN,
Cproposed = NreNy + log, N, + % log, N;
(25)
NN,
= N;eN; + log, N; + 5 log, N,

4.2. Complexity of the BP Algorithm

The BP algorithm is used as the standard reference for imaging-quality comparison.
For each receiving element and each azimuth angle, the BP algorithm calculates the corre-
sponding range index according to the exact range history and obtains the signal value at
the required delay through interpolation. Specifically, for each receiving element, the BP
processing procedure includes the following:

1. Calculating the range history R; (7, 6,,) for each of the N, azimuth angles and each of
the N, range samples.

2. Resampling the range-compressed data at the exact delay using M-point interpo-
lation, typically M = 8 for sinc interpolation. Each element requires M - N;N;
complex multiplications.

3. Performing time-domain phase multiplication for coherent beamforming summation.
Each element requires N; N, complex multiplications.

Therefore, the total computational complexity of the BP algorithm is
Cpp = Nye - (M- N;Ny + NyNy) = (M 4 1)Npe NNy (26)

When 8-point sinc interpolation is used, i.e., M = 8, Cgp = IN;.N;N;.

https://doi.org/10.3390 /jmse14161454
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4.3. Complexity Comparison and Discussion

For practical sonar imaging scenarios, the typical parameters satisfy N, > 1, N, > 1,
and N, > log, N;. Under these conditions, the asymptotic complexity orders are

CBP = O(NreNaNr)

(27)
roposed — O(N;N;log, N; + N;N; log, N;)

Cp

The proposed algorithm reduces computational complexity by restructuring the beam-
forming procedure rather than by reducing the number of sampling points. In the BP
algorithm, the exact propagation delay must be calculated for every element-angle-range
combination, followed by interpolation and coherent summation. Consequently, its compu-
tational complexity increases linearly with the product Nie N;N;. In the proposed frame-
work, the range-dependent quadratic phase term is compensated through phase multipli-
cation, whereas the range-independent linear phase term is processed jointly using the
range-domain FFT and the azimuth-domain FFT. By replacing the repeated pointwise
interpolation and element-by-element accumulation required by conventional BP with
reusable batch FFT operations, the dominant computational complexity is reduced from
O(NreN;N;) to O[N; N, (log, N; +log, N, )].

To provide a numerical comparison, consider the following representative param-
eters: N, = 128, N, = 6144, and N, = 512. Substituting them into the complexity
expressions gives

Cpp = 9 x 128 x 512 x 6144 = 3.62 x 10°
512 + 128) x 6144

Cproposed =128 x 6144 + ( 5 log, 6144
+ w 10g2 512 (28)
=7.86 x 10° +2.46 x 10”7 + 1.42 x 10’
~ 3.97 x 107

Table 2 summarizes the computational-complexity comparison under several parame-
ter configurations, showing that the proposed algorithm continuously achieves approxi-
mately an 60-140-fold complexity reduction compared with the BP algorithm, depending
on the parameter setting.

Table 2. Computational-complexity comparison under different parameter configurations, measured
by the number of complex multiplications

N;e N, N, BP (x10°) Proposed Algorithm (x107)  Ratio
64 4096 256 0.60 1.05 57.1
128 4096 512 242 2.68 90.3
128 6144 512 3.62 3.97 91.2
256 8192 1024 19.3 14.3 134.9

As shown in the table, as the number of elements N,, and the number of azimuth
samples N, increase, the complexity advantage of the proposed algorithm becomes more
pronounced. This is because the complexity of the BP algorithm increases linearly with
both parameters, whereas the dependence of the proposed algorithm on N,. appears
only in non-dominant terms. This makes the proposed algorithm particularly suitable for
high-resolution sonar systems with larger arrays and finer angular sampling.

In addition to its low raw computational complexity, the proposed algorithm has
further practical advantages. Since it uses only FFTs and elementwise multiplications, it
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can be parallelized and hardware-accelerated using optimized FFT libraries and parallel
hardware architectures.

5. Experimental Results and Discussion
5.1. Simulation Experiment

This section verifies the effectiveness of the proposed algorithm through point-target
simulation. The simulation parameters of the forward-looking sonar system are listed in
Table 3. A stationary point target is placed in the detection scene at coordinate (15m, 30°).
These parameters place the target in the near-field region of the array (2L?/A ~ 18.4m,
where L = 0.127m is the array aperture), ensuring that the spherical-wavefront effect
is significant.

Table 3. Simulation parameters of the forward-looking sonar system.

Parameter Value
Center frequency (kHz) 850
Bandwidth (kHz) 50
Pulse width (s) 0.001
Element spacing (m) 0.001
Number of receiving elements 128
Range span (m) (10, 60)
Angular span (°) (—45, 45)

Figure 4 shows the two-dimensional imaging results obtained by the reference BP
algorithm and the proposed algorithm, respectively. Both images are displayed with a
40 dB dynamic range. It can be seen that both algorithms achieve good focusing of the
point target, and the visual quality is highly similar. Neither result shows defocusing,
geometric distortion, or obvious artifacts. The experimental results indicate that, in the
near-field region, the proposed algorithm can maintain imaging quality comparable to that
of the reference BP algorithm.

-10 0

10 20 30 40 -10 0 10 20 30 40
Azimuth angle(®) Azimuth angle(®)

@) (b)

Figure 4. Simulation imaging results. (a) BP algorithm; (b) Proposed algorithm.

To quantitatively compare the imaging performance of the two algorithms, the angular
profile of the target is selected for analysis. Figure 5 shows the angular profiles obtained by
the two algorithms, both normalized to their respective peaks and expressed in decibels.
As can be seen from Figure 5, compared with the BP result, the azimuth-profile mainlobe
width of the proposed method is only slightly broadened, and the sidelobe level increases
by only 0.11 dB. The overall shape of the angular profile is highly consistent with the BP

https://doi.org/10.3390 /jmse14161454


https://doi.org/10.3390/jmse14161454

J. Mar. Sci. Eng. 2026, 14, 1454

13 of 16

reference result. This high consistency indicates that the approximation and frequency-
domain processing in the proposed algorithm introduce only negligible degradation in
angular focusing performance.

0

—BP algorithm
—Proposed algorithm
_10 |- -
_20 |- -
o A
o A
E 30 i f
g = A — 1
£ 1A ‘
£ “ f A A
I Il ARAA )
-40 Y ' ‘ RARERR ‘
_50 |- .
_60 1 1 1 1 1 1 1
5 10 15 20 25 30 35 40 45

Azimuth angle(®)

Figure 5. Comparison of angular profiles

For a comprehensive quantitative evaluation, Table 4 summarizes key performance
metrics calculated from the azimuth profiles, including the impulse response width (IRW)
and the peak sidelobe ratio (PSLR). In addition, the computation time of each algorithm
is listed to quantify the improvement in computational efficiency. All experiments were
conducted in MATLAB (v2025b) on the same hardware platform, equipped with an AMD
Ryzen 9 9950X 16-core processor and 32 GB RAM. Both algorithms used the same input
data, numerical precision, and timing procedure, and neither implementation used GPU
acceleration. Reasonable vectorization and precomputation were applied where permitted
by each algorithmic structure. Since the two methods rely on different computational oper-
ations, their absolute runtimes may also be affected by the efficiency of the corresponding
MATLAB routines. The timing results reflect only the relative performance differences of
the algorithms under the same experimental environment. The results in Table 4 show
that the proposed algorithm is basically equivalent to the BP reference algorithm in imag-
ing quality: the difference in IRW is only 0.001°, corresponding to a relative deviation
of about 0.1%; the difference in PSLR is 0.11dB, which is a negligible small deviation.
In terms of computational efficiency, the runtime of the proposed algorithm is only 0.41s,
whereas that of the BP algorithm is 58.23 s, yielding an acceleration of about 142 times and
nearly two orders of magnitude improvement in processing speed. This result verifies that
the proposed algorithm can significantly reduce computational cost while maintaining
high-fidelity imaging performance.

Table 4. Angular-profile parameters and imaging time.

Method Computation Time (s) IRW (°) PSLR (dB)
BP 58.23 0.930 —13.25
Proposed algorithm 0.41 0.931 —13.14

5.2. Measured Data

To further verify the proposed algorithm under real operating conditions, this paper
uses lake-trial data from a forward-looking sonar experiment. The main sonar-system
parameters are the same as those listed in Table 3. The imaging results obtained by
processing the measured data using the BP algorithm and the proposed algorithm are
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shown in Figure 6. To ensure a fair visual comparison, the two images are displayed using
the same dynamic range and colormap settings.

Range(m)

Figure 6. Lake-trial imaging results. (a) BP algorithm; (b) Proposed algorithm.

As shown in Figure 6, the imaging result generated by the proposed algorithm is
basically consistent with that of the BP algorithm, with no obvious differences in feature
location, scene morphology, or image contrast. Multiple bottom features are clearly visible
in both images, with consistent positions and comparable intensity levels.

For the measured data, the computation time of the BP algorithm was 50.18 s, whereas
that of the proposed algorithm was only 0.29 s, corresponding to an acceleration factor of
approximately 173. The lake-trial data contain actual system noise, acoustic propagation
effects, and environmental variations. Therefore, the high consistency between the imaging
results obtained using BP and the proposed algorithm validates the effectiveness of the
proposed method under practical operating conditions.

5.3. Practical Engineering Limitations and Real-Time Applicability

The proposed method consists mainly of range- and azimuth-domain FFT /IFFT oper-
ations and pointwise phase compensation. Its regular processing structure is well suited
to parallel implementation on multicore CPUs, GPUs, and FPGAs. In practical systems,
however, real-time throughput may be limited by memory bandwidth and data reorgani-
zation between the range- and azimuth-domain FFT stages. Depending on the hardware
architecture, this transition may require strided memory access, blockwise transposition,
or corner-turn buffering.

The method also relies on the validity of the adopted range-history approximation.
At shorter ranges, with larger apertures, wider imaging sectors, or higher fractional band-
widths, neglected higher-order terms may cause residual phase errors and non-negligible
envelope migration. If the quadratic-term migration is no longer small relative to a range-
resolution cell, range-segmented correction or exact BP processing should be used at the cost
of increased computation. Thus, practical performance depends on both data-movement
efficiency and the validity of the range-history model.

6. Conclusions

To reduce the computational burden of conventional near-field beamforming for
uniform linear array imaging sonar, this paper proposes an interpolation-free near-field
frequency-domain beamforming algorithm. The exact range history is approximated as
the sum of a range-dependent quadratic term and a range-independent linear term with
respect to the element position. The quadratic term is compensated in the range-time
domain, whereas the linear term is processed through range- and azimuth-domain FFTs to
achieve range-migration correction and phase focusing. Under the adopted range-history
approximation and discrete sampling conditions, the proposed processing chain avoids
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the point-by-point fractional-delay interpolation required by the BP algorithm. Simulation
and measured-data results demonstrate that the proposed method achieves near-field
focusing performance comparable to that of BP while improving computational efficiency
by approximately 150 times. Its regular FFT-based processing structure also offers favorable
parallelization characteristics and is well suited to implementation on multicore CPUs,
GPUgs, and FPGAs.

The proposed method is currently intended for two-dimensional near-field imaging
with a uniform linear array, and its accuracy depends on the validity of the adopted
range-history approximation. Under more demanding conditions, such as shorter ranges,
larger apertures, or wider imaging sectors, neglected higher-order terms may introduce
residual phase errors and envelope migration. Future work will investigate higher-order
compensation, range-segmented processing, and extension to planar arrays for three-
dimensional near-field imaging.
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