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To improve the imaging performance of multireceiver synthetic aperture sonar

system, this paper proposes a new imaging methodology. The presented

approach exploits the idea of Loffeld’s bistatic formula (LBF) that is an accurate

spectrum. Using the presented method, the bistatic phase of all receiver dataset is

compensated, and the interleaving arrangement related to the compensated

datasets is carried out. After the interleaving arrangement, the SAS datasets are

imaged based upon chirp scaling. The outcomes of our method are presented,

and performance comparisons between our method and back projection

algorithm are further carried out. The comparisons show that the

recommended approach can gain good results. Besides that, the

recommended approach is much more time-saving than traditional approaches.

KEYWORDS

focusing method, focusing performance, imaging sonar, LBF, multireceiver system
1 Introduction

An underwater optical image is limited due to energy loss and murky water. Therefore,

the optical image is not often used by underwater engineers (Oyaei et al., 2022; Zhang et al.,

2024b; Diaw et al., 2022). The acoustic in water can travel to a farther range compared to

optic. Consequently, sonar (Lee et al., 2022; Zhang et al., 2024a) based on acoustic is widely

used in water. In practice, underwater engineering can benefit from sonar images. Currently,

there are three imaging sonar offering underwater acoustic image. We call the first one the

multibeam sonar (Wang et al., 2022a; Zhang et al., 2022d; Debese et al., 2012; Tan et al.,

2019) that is based on Mills’ array. The second one is the side-view sonar (Wang et al.,

2022b; Xu et al., 2023; Yang and Liu, 2022; Wong et al., 2021; Shang et al., 2022). Generally

speaking, the resolution of the multibeam sonar (Bu et al., 2022) and side-view sonar (Polap

et al., 2022) is strongly related to the sonar array length. In practice, the aperture of both

sonars is limited. Due to this reason, the resolution is also limited, and it is inversely

proportional to the array length. Furthermore, an increase in target range would lead to a

worse resolution of the sonar system. In summary, higher performance can be gained at a

close range using large array, while low resolution at a far range is obtained with the same

array. Because of these limitations, the synthetic aperture sonar (SAS) (Wu and Yan, 2021;

Huang and Yang, 2022) providing a range- and frequency-independent image is presented

by underwater acoustic engineers. The basic idea of this sonar is that the data sampled by
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SAS (Zhang et al., 2019d) is coherently processed. That is to mean

that a large virtual array can be synthetized. Therefore, high

resolution in the along-track dimension can be obtained. Up to

now, multiple receivers (Zhang et al., 2022a, 2021; Yang, 2024;

Zhang et al., 2024d) are utilized. With this operation, spatial

sampling is increased to relax the instantaneous sampling.

Consequently, maximum imaging range in the range direction

and high resolution in the along-track direction can be obtained

at the same time. However, it is not easy to develop imaging

processors because traditional processing methods based on

Fourier domain are studied based on the monostatic SAS system

(Wang et al., 2015; Gough, 1986), which transmits and receives the

signal with the same transducer.

When it comes to fast SAS image formation approaches (Zhang

et al., 2019b, 2017b), the primary task lies in the deriving of

spectrum (Zhang and Yang, 2019; Zhang et al., 2019a, 2023a).

The multireceiver type owns a common transmitter and many

receivers. Hence, the transmitter and each receiver is regarded as a

bistatic SAS, and the system has lots of bistatic SASs. Consequently,

we can simply calculate the analytical spectrum based on bistatic

type that owns two square-rooted equations. Based on the square of

two-round slant range (Geng et al., 2008; Zhang et al., 2013a), a

square-rooted-equation considered equivalent to a two-round

range is obtained. Then, it is easy to deduce the spectrum.

However, spectrum accuracy is limited by the limited terms

approximation. The primary range with accurate expression is

firstly approximated by series approximation based on Taylor

(Zhang et al., 2014b; Neo et al., 2008), Legendre polynomials

(Wang and Li, 2010; Zhang et al., 2019c), and Chebyshev

polynomials (Clemente and Soraghan, 2012; Zhang et al., 2022c).

Adopting the series reversion approach, PTRS can also be

analytically presented. In general, PTRS is very complicated, and

the imaging algorithms are hard to develop. That is to say, further

approximations would be adopted to deduce the focusing

algorithms. Currently, multireceiver SAS focusing algorithms

based on monostatic configuration are widely used as these

methods just preprocess the multireceiver SAS data firstly. Then,

traditional focusing approaches of monostatic configuration can be

directly applied to preprocessed data. Up to now, the phase center

approximation (PCA) methodology (Gough and Hayes, 2005;

Zhang et al., 2023b; Bonifant et al., 2000; Zhang and Yang, 2021)

is the main processor used to preprocess the multireceiver SAS data,

and then traditional imaging algorithms are directly adopted. The

main characteristic of both methods lies in the fact that the

multireceiver SAS PTRS can be separated into two terms. The

first term is named multireceiver deformation (MD) phase, and the

remaining expression is named the monostatic factor. However, the

PCA is characterized by a large computation load. Besides that, it is

indispensable to correct the space-variant errors. Hence, the

imaging performance is degraded.

Here we offer a multireceiver chirp scaling (CS) associated with

Loffeld’s bistatic formula (LBF) (Zhang et al., 2024c), which still has

the MD and monostatic factors. Using our method, the first step is

to compensate the MD term for every dataset of the receiver. After

handling this stage, the equivalent monostatic SAS datasets are

obtained by combining all datasets in sequence. Compared to back
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projection (BP) method, the efficiency would be largely improved as

the multiplication rather than interpolation is used by our method.

The simulations and lake-trail results further verify the efficiency

and effectiveness of our method.
2 Echo model

The configuration of the multireceiver system in Figure 1 has M

receivers and a single transmitter. All receivers and transmitters are

in a linear array. In azimuth, u · k shows the position of the

transmitter. RT (r; k ) =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 + (uk )2

p
shows the distance from

transmitter to target. Here k and u denote the slow time and

sonar carrier velocity. The slow time mainly means that the sonar

movement is along the moving direction. u · ti shows the

movement from signal emitting and the reception of target echo.

RRi(r, di; k ) =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 + (uk + di + uti)

2
p

shows the i-th receiver range

between the target and this receiver. Here di shows the length of the

i-th bistatic SAS. ti shows the precise time from signal emitting and

the reception of target echo (Xu and Chen, 2022; Bonifant, 1999;

Zhang et al., 2018). This time is denoted by

ti =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u(uk + di) + c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(uk )2 + r2

pn o  2
+(υ2 − u2)(2ukdi + d2

i )

r
υ2 − u2

+
u(uk + di) + υ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(uk )2 + r2

p
υ2 − u2

(1)

The system kept on moving along the azimuth direction. The

precise time shown in Equation 1 denotes the propagation duration

between the signal transmission and reception (Zhang et al., 2017a).

The term υ denotes the propagation speed of sound in water. An

approximation ti ≈ 2ur=υ is often used to replace with the precise

time due to its complicated expression. The broadband signal is

often emitted by the transmitter. For simplicity, the chirp signal is

used by the transmitter in this paper. The echo of the i-th bistatic

SAS (Zhang, 2024; Huang and Zhong, 2021) is
FIGURE 1

System configuration.
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ssi(t , k ) = q t −
Ri(r, di; k )

υ

� �
exp −j2pnc

Ri(r, di; k )
υ

� �
(2)

In Equation 1, q(t) is the emitted chirp waveform. t denotes the

fast time, which mainly stands for the propagation of sound in

water. nc denotes the center frequency. Ri(r, di; k ) = RT (r; k ) +

RRi(r, di; k ) denotes the double-round slant range, and it is

variant with the target range, baseline, and slow time. It is worth

noting that the echoed waveform shown in Equation 1 ignores the

influence of beampattern (Zhang and Ying, 2022).
3 Presented method

3.1 Multireceiver SAS PTRS

In general, PTRS is the most important factor for multireceiver

SAS fast imaging algorithms. In practice, it is just the two-

dimensional (2D) Fourier transformation with respect to

Equation 1. We conduct fast Fourier transformation (FFT) in the

range dimension. Then, Equation 1 can be reformulated as

Ssi(nt , k ) = Q(nt ) exp −j2pnc
Ri(r, di; k )

υ

� �

exp −j2pnt
Ri(r, di; k )

υ

� �
(3)

Conducting the FFT with respect to Equation 2 in the azimuth

dimension, we can get

SSi(nt , nk ) = Q(nt )∫
+0:5Ts

−0:5Ts
exp −j2pnc

Ri(r, di; k )
υ

� �
exp −j2pnt

Ri(r, di; k )
υ

� �

exp −j2pnk kf gdk

= Q(nt )∫
+0:5Ts

−0:5Ts
exp −j2p(nc + nt )

RT (r; k ) + RRi(r, di; k )
υ

� �

exp −j2pnk kf gdk

= Q(nt )∫
+0:5Ts

−0:5Ts
exp

−j2p nc
RT (r; k ) + RRi(r, di; k )

υ
+ nt

RT (r; k ) + RRi(r, di; k )
υ

+ nk k
� �� �

dk

= Q(nt )∫
+0:5Ts

−0:5Ts
exp −j2p xT (nt , k ) + xRi(nt , k½ Þ�f gdk

(4)

with

xT (nt , k ) = 2p (nc + nt ) RT (r;k )
υ + 0:5nk k

h i
xRi(nt , k ) = 2p (nc + nt ) RRi(r,di ;k )

υ + 0:5nk k
h i (5)

Ri(r, di; k ) is very complicated, and it is impossible to calculate

the integral shown in Equation 3. Ts is the synthetic aperture time.

Q(nt ) stands for the frequency-domain expression of the

emitted chirp waveform. nt is the temporal frequency, while nk

denotes the Doppler frequency. The phase of the emitter is xT (nt ,

k ). The symbol xRi(nt , k ) indicates the phase associated with

the receiver.

Adopting the theory of stationary phase (Zhang et al., 2022b),

Equation 5 can be further transferred into two equations.
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dxT (nt ,k )
dk = (nc + nt ) u2k

υ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
r2+(uk )2

p + 0:5nk k = 0

dxRi(nt ,k )
dk = (nc + nt ) u(uk+di+uti)

υ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2+(uk+di+uti)

2
p + 0:5nk k = 0

(6)

The points of stationary phase related to Equation 6 are shown as

shown in Equation 7.

kT = − υrnk
2u(nc+nt )

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2− υnk

2(nc+nt )½ �2
q

kRi = − υrnk
2u(nc+nt )

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2− υnk

2(nc+nt )½ �2
q − di

u − 2r
υ

(7)

Conducting the quadratic approximation to Equation 4, we

obtain

xT (nt , k ) ≈ xT (nt , kT ) + _xT(nt , kT )

(k − kT ) + 1
2

€xT (nt , kT )(k − kT)2

xRi(nt , k ) ≈ xRi(nt , kRi) + _xRi(nt , kRi)

(k − kRi) + 1
2

€xRi(nt , kRi)(k − kRi)
2

(8)

In Equation 6, _xT (nt , kT ) and _xRi(nt , kRi) are the first derivative

of _xT (nt , k ) and _xRi(nt , k ), respectively. €xT(nt , kT ) and €xRi(nt , kRi)

are the second derivative. With the theory of stationary phase, we

know that _xT (nt , kT ) = 0 and _xRi(nt , kRi) = 0. Adopting Equations

6 and 3, we get

SSi(nt , nk ) = Q(nt )
Z +0:5Ts

−0:5Ts

exp −j2p½xT(nt , k ) + xRi(nt , k )�f gdk

= Q(nt ) exp −j½xT (nt , kT ) + xRi(nt , kRi)�f gIi(nt , nk )

(9)

where I_i is shown in Equation 10.

Ii(nt , nk )

= ∫
+0:5Ts

−0:5Ts
exp −

j
2

€xT (nt , kT )(k − kT)2 + €xRi(nt , kRi)(k − kRi)
2

h i� �
dk

(10)

Based on the tedious algebra, Equation 8 is reformulated as

Ii(nt , nk ) = ∫
+0:5Ts

−0:5Ts
exp

−
j
2

€xT (nt , kT ) · €xRi(nt , kRi)
€xT (nt , kT ) + €xRi(nt , kRi)

(kT − kRi)
2 + €xT (nt , kT ) + €xRi(nt , kRi)

h i
k − k *

i

	 
2
" #( )

dk

(11)

In Equation 11, k *
i is computed by using the theory of

stationary phase, and it is given by Equation 12.

k *
i =

€xT (nt , kT )kT + €xRi(nt , kRi)kRi

€xT(nt , kT ) + €xRi(nt , kRi)
(12)

Therefore, we achieve Equation 9, which is shown as

SSi(nt , nk ) = exp −j
p
4

n o
Q(nt ) exp

−jW(nt , nk )f g exp −
j
2

Wi(nt , nk )

� �
(13)
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W(nt , nk ) and Wi(nt , nk ) are the monostatic equivalent

expression and bistatic deformation expression, and they are

indicated by

W(nt , nk ) = xT (nt , kT ) + xRi(nt , kRi)

= −pnt
di

u
− pnk

2r
υ

+
4p
υ

r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(nc + nt )2 − n2

k
υ2

4u2

r
(14)

Wi(nt , nk ) =
€xT (nt , tT ) · €xRi(nt , kRi)
€xT (nt , tT ) + €xRi(nt , kRi)

(kT − kRi)
2

=
p
υ

·
di + 2 r

υ u
� �2

(nc + nt )2 ·
nc + ntð Þ2−n2

k
υ2

4u2

h i3=2

r
(15)

Inspecting Equation 11, we can obtain the monostatic

equivalent datasets after correcting the bistatic deformation term.

Equation 13 is the foundation of the deduced algorithm. However,

the deduction of Equation 13 includes some approximations.

Therefore, we present the error produced by the approximations.

The SAS center and bandwidth frequencies are 16,000 and

20,000 Hz, respectively. The system works with 3 m/s. The size of

the receiver and receiver-array in the azimuth axis is 0.04 and 2.64 m,

respectively. The repetition interval of emitted ping is 440 ms. The

spectrum based on the numerical methodology is the criterion (Zhang

et al., 2018), and the corresponding phase is denoted by Wnu, which

yields the error

DWi = Wnu − W(nt , nk ) − Wi(nt , nk ) (16)

From Equation 16, the error is getting larger with the incensement

of the i-th bistatic SAS length. To simplify the error, the error of the

largest length of the M-th bistatic SAS is focused. Adopting Equation

16, the error is shown in Figure 2. Figure 2a is the error of close target

located at 50 m. Figure 2b is the error of far target at 300 m. In general,

the maximum error is not larger than p
8 (Xu et al., 2013). The error

shows that the accuracy of the presented spectrum is sufficient

for imaging.
Frontiers in Marine Science 04
3.2 Multireceiver SAS CS algorithm

From Equations 13 and 14, we find that the CS algorithm

(Wang et al., 2009; Zhang et al., 2014c; Callow et al., 2009; Zhang

et al., 2013c) based on monostatic SAS can be directly applied after

correcting Eq. (15).

Based on Equation 15, it was found that Equation 15 is a function

of nt , nt , and r. It means that Equation 15 is characterized by range

variance. Considering the characteristic, the data partitioning approach

(Xu et al., 2013) is exploited. Here we list the detailed steps.

For each receiver dataset, 2D Fourier transformation is carried out,

and each receiver dataset is partitioned into Y components along the

range axis. Zero-padding is conducted to protect the component edge

datasets. The minimum size of zero-padding should be the pulse

duration. In the spectral domain, the compensation factor for the y-

th component is given by

Hsub(n
0
t , nk ; ry)

= exp j
p
υ

·
di + 2

ry

υ v
� �2

(nc + n 0
t )2 ·

(nc + n
0
t )2 − (n

0
t )2 υ2

4u2

h i3=2

2ry

8><
>:

9>=
>; (17)

In Equation 13, n
0
t is the instantaneous frequency related to the

component (Zhang et al., 2013b). ry means the middle target range.

The maximum error of this component is usually not larger than p
8

(Xu et al., 2013). This condition is shown as

p
υ

·
di + 2

ry

υ v
� �2

(nc + n 0
t )2 ·

(nc + n
0
t )2 − (n

0
t )2 υ2

4u2

h i3=2

2ry
−

p
υ

·
di + 2

(ry±0:5W)
υ v

h i2

(nc + n 0
t )2 ·

(nc + n
0
t )2 − (n

0
t )2 υ2

4u2

h i3=2

2(ry ± 0:5W)











































<
p
8

(18)

The term W in Equation 18 is the sub-block size. After getting

this size W, the block number is deduced.
FIGURE 2

Error. (a) close range. (b) Far range.
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The step shown in Equation 17 is performed for each component.

Then, the padded zero at the sub-block edge is removed, and all sub-

blocks are combined into the entire data. Following this process, the

deformation component shown in Equation 15 is completely corrected.

In the azimuth frequency domain, the receiver data within each ping

are arranged in order to obtain the datasets corresponding to a large

synthesized array, and this step is called the interleaving arrangement.

Then, the first term in Equation 14 is compensated. The remaining

steps focus on the correction of the square-rooted phase shown in

Equation 14. The second-order expansion of the square-rooted phase

shown in Equation 14 is denoted by

f =
4p
υ

r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(nc + nt )2 − n2

k
υ2

4u2

r

≈
4pr
l

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

υ2n2
k

4u2n2
c

s
+

4pr

υ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − υ2n2

k
4u2n2

c

q nt

−2p
rl
υ2

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − υ2n2

k
4u2n2

c

3

q −
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − υ2n2
k

4u2n2
c

q
0
B@

1
CAn2

t

(19)

Currently, chirp scaling is carried out in the azimuth frequency

domain, and the correcting factor is written as Equation 20.

Hscaling(t , nk ; rs)

= exp jpge(nk ; rs)Cs(nk ) t −
2r(nt ; rs)

υ

� �2� �
(20)

where C_s, gama_e and r are shown in Equation 21, Equation

22 and Equation 23, respectively.

Cs(nk ) =
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − υ2n2
k

4u2n2
c

q − 1 (21)

ge(nt ; rs) =
1
g

− 2lrs

υ2n2
t

4u2n2
c

υ2 1 − υ2n2
t

4u2n2
c

	 
3=2
(22)

r(nk ; rs) = rs(Cs + 1) (23)

Here, Cs(nk ) is the chirp scaling factor. ge(nk ; rs) is the improved

chirp rate, and g represents the rate of chirp waveform. Equation 22

can be deduced based on the last expression in Equation 19 and the rate

of chirp waveform. rs represents the center range. After this

compensation, the variance of range migration trajectories is

corrected, and this step is named differential range cell migration

correction (RCMC).

In the range and azimuth frequency domain, we simultaneously

accomplish the bulk RCMC and range compression. The correcting

term is shown as Equation 24.

Hrcrcmc(nt , nk ; rs)

= exp jp
n2

t

ge(nk ; rs)½1 + Cs(nk )�
� �

· exp j4p
Cs(nk )rs

υ
nt

� �
(24)

In the azimuth frequency domain, the last step aims to correct

the error that is developed by the scaling stage, and the
Frontiers in Marine Science 05
corresponding function used for the correction is shown as

Equation 25.

Hacpc nt , nk ; rs) = exp j4p rb
l

n o
· exp −jpnk

2r
υ

� ��
	

exp −j 4p
υ2 ge(nk ; rs)Cs(nk )½1 + Cs(nt)�(r − rs)

2
� � (25)

Based on the processing steps discussed, Figure 3 exhibits the

imaging scheme of the discussed methodology.

The proposed methodology depends on the FT, IFT, and

multiplication. For N sampling points, the floating point

operations based on FT/IFT are 5N log2 N . For a single complex

multiplication, the floating point operations are six. These can be

found in Cummings’ work (Cumming and Wong, 2005). For the

SAS datasets, P pings are emitted. Along the azimuth direction, the

data size is La = PM. Along the range direction, the data size is Lr =

LsubY . Lsub is the data size of each sub-block. Based on Figure 3, the

computation load of the discussed methodology is

O = 10LaLrlog2(Lsub) + 5LaLr log2(P) + 24LaLr

+ 10LaLr log2(Lr) + 5LaLr log2(La) (26)

From Equation 26, the discussed methodology can significantly

save the processing time.
4 Experiments

This section concentrates on the validation of the presented

method based on simulations and real datasets.

4.1 Main results of the presented method

Here we firstly discuss the results of the main steps based on the

suggested methodology. In order to evaluate the imaging performance

of the suggested methodology, it is supposed that the imaging area

contains a single target. The azimuth position is 15 m, while its position

in range axis is 151 m. The SAS center and bandwidth frequencies are

16,000 and 20,000 Hz, respectively. The system works with 3 m/s. The

size of the receiver and receiver-array in the azimuth axis is 0.04 and

2.64 m, respectively. The repetition interval of emitted ping is 440 ms.

These parameters are directly identical to those in Section 3.1.

For the first receiver, the real component of the received echo

after the range compression is shown in Figure 4a. In practice, the

SAS echo is still the discrete sampling based on the repetition

interval. Along the azimuth axis, the receiver data shown in

Figure 4a is under-sampling.

After applying 2D FT to the data shown in Figure 4a, we can obtain

the spectrum, and Figure 4b exhibits the spectrum magnitude. Since

the data of each receiver is sampled with the time, repetition interval,

the maximum azimuth Doppler bandwidth is just the reciprocal of the

repetition interval. Figure 4b further enhances this conclusion.

According to the signal theory, the signal bandwidth which is less

than the sampling rate leads to a non-overlapped spectrum.

When the bandwidth of the signal is larger than the sampling rate,

the corresponding spectrum of the sampled signal would

be overlapped.
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With the suggested method, the monostatic analogous signal

would be acquired, and Figure 5a exhibits this waveform. It should

be noted that the component width used by this experiment is 5.7 m.

After the interleaving arrangement, a monostatic analogous signal is

acquired. From Figure 4, we find that the azimuth signal is continuous.

Figure 5b is the magnitude of the spectrum corresponding to the spatial

signal in Figure 4a. The improvement is evident when analyzing

Figures 3b and 4b.

Based on the CS algorithm, the datasets in Figures 4 and 5

are processed individually. Figure 6 exhibits the contours along

the azimuth axis . After direct ly imaging the echoed
Frontiers in Marine Science 06
datasets, the results seriously suffer from the false targets.

The focusing ability can be substantially enhanced by utilizing the

suggested strategy.

4.2 Comparisons with BP algorithm

We consider a target located at close range. Its coordinates in

2D space domain are (50 m, 5 m). Via pulse compression, we can

get the real part of the original signal collected by the receiver array.

The original signal following the compression along the range axis

is displayed in Figure 7a. Figure 7b exhibits the datasets according
FIGURE 3

Flowchart of our method.
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to the methodology used for this job. In comparison with

Figures 7a, b shows that our technique effectively eliminates the

bistatic property of original signal.

According to the BP algorithm (Zhang and Yang, 2022; Zhang

et al., 2014a), the objects are recovered initially. Figure 8a provides
Frontiers in Marine Science 07
the processing outcome. We are able to obtain the focusing result

depicted in Figure 8b using the method mentioned.

Based on Figure 8b, we find that the target at close range is well

focused with our method. The azimuth slices corresponding to the

BP and the presented methods are shown in Figure 9. It can be seen
FIGURE 5

Echo after arrangement based on the presented method. (a) After range compression. (b) 2D spectrum.
FIGURE 6

Azimuth contours after focusing.
FIGURE 4

Echo after arrangement without processing. (a) after range compression. (b) 2D spectrum.
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in Figure 9 that the BP algorithm possesses fewer improvements of

performance than that with our method. Generally, the suggested

solution almost matches the quality of the BP method.

Then, the focusing of the far target is carried out. The location

of the object in range is 300 m. The location of the object along the

azimuth axis is 18 m. Figure 10a shows the original signal after pulse
Frontiers in Marine Science 08
compression, while Figure 10b illustrates the datasets after the

interleaving arrangement. According to our solution, the signal of

multireceiver SAS is successfully enforced into monostatic datasets

for far targets.

Figure 11a illustrates the focusing results with the BP algorithm

(Zhang and Yang, 2022), and those of the recommended
FIGURE 8

Processing results for close objects. (a) BP. (b) Suggested method.
FIGURE 9

Azimuth contours for close target.
FIGURE 7

Signal of target at close range. (a) Original signal after pulse compression in range dimension. (b) Signal after interleaving arrangement.
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FIGURE 11

Processing results for the target at far range. (a) Result with BP algorithm. (b) Result with the presented algorithm.
FIGURE 12

Contours along the azimuth axis for far target.
FIGURE 10

Signal of target at far range. (a) Original signal after pulse compression in range dimension. (b) Signal after interleaving arrangement.
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methodology are deployed in Figure 11b. According to the focusing

outcome in Figure 11, the target at the far range can also be focused

well with our method.

The qualities of focusing can be examined using the azimuth

contours. Figure 12 illustrates the contours along the azimuth axis.

Adopting Figures 11 and 12, it can be seen that the recommended

methodology owns a high-quality capacity of reconstruction.

In Table 1, the peak sidelobe ratio (PSR) and integrated sidelobe

ratio (ISR) are computed to assess the handling quality. Both

parameters are defined as Equation 27 and Equation 28,

individually.

PSR = 10 log10
Zs

Z−3dB
(27)

ISR = 10 log10

oZ − o
−3dB

Z

o
−3dB

Z
(28)

Here Zs and Z-3dB are the intensities of the peak side lobe and

the main lobe, respectively. The term Z means the intensity of the

azimuth contours after focusing.

For the target at close range, the PSR difference between our

methodology and the BP methodology is nearly 0.28 dB, while the
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ISR discrepancy is about 0.05 dB. Both parameters corresponding to

both methodologies are almost identical. For the far target, the

sidelobe levels of the suggested approach are closely comparable to

those of the BP algorithm. As a result, our strategy is very powerful

to cope with the SAS datasets.
4.3 Water floor data imaging results

We utilize the water floor data to assess the effectiveness of the

recommended methodology. The processing results adopting the

recommended solution (Zhang et al., 2014d) and the BP (Zhang

and Yang, 2022) are shown in Figure 13. The water floor data

imaging results with both methodologies indicate that the

recommended solution gains the equivalent outcomes compared

to those of the BP methodology (Zhang and Yang, 2022). As a

result, the proposed strategy could accurately cope with the original

datasets. The imaging outcomes adopting the water floor data

illustrate that the recommended solution has the ability to handle

the SAS datasets across the entire area.

Adopting the same computer, Table 2 indicates the focusing

time of both methodologies. Based on the comparisons of

processing time, we find that the recommended solution

can highly speed up the imaging efficiency. It shows that

the presented method has the potential to efficiently focus the

SAS data.
FIGURE 13

Imaging results of water floor data. (a) Presented method. (b) BP.
TABLE 2 Imaging time.

Time
Recommended
methodology

BP algorithm

Processing time (s) 3 8933
TABLE 1 PSR and ISR of focusing methodologies.

Methods
Close targets Far targets

PSR/dB ISR/dB PSR/dB ISR/dB

BP algorithm -14.66 -9.11 -14.89 -10.17

Presented method -14.38 -9.06 -14.62 -10.15
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5 Conclusions

With this job, a focusing solution is established. With our

method, we firstly correct the bistatic phase for each multireceiver

SAS data. After this step, all receiver datasets are processed by

exploiting the interleaving arrangement. We then gain the datasets

similar to the monostatic formation. The CS algorithm which is

characterized by high efficiency is applied to focus the datasets.

Based on simulations, we firstly show the main step results of our

method. Then, we compare the focusing performance and efficiency

between our method and the conventional method. The

comparisons indicate that our method can achieve the same

results based on the BP algorithm. Furthermore, our method is

much more efficient than the conventional methods.
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