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The existing multi-receiver synthetic aperture sonar (SAS) imaging algorithms are

suitable for narrow-beam width, which will lead to a decrease in imaging quality

under wide-beam condition and are not in line with the development needs of

SAS. We propose a non-linear chirp scaling algorithm (NCSA) for wide beam

multi-receiver SAS. Firstly, the point target reference spectrum (PTRS) of each

receiver is obtained by the Lagrange inversion theorem (LIT), and then the under-

sampled signal in the azimuth frequency domain is obtained through azimuth

spectrum extension; Then, considering the cubic term of range frequency in the

PTRS and the linear variation of equivalent frequency modulation slope with

range, each receiver is imaged using the NCSA, and coherent superposition is

performed in the azimuth frequency domain to eliminate spectrum aliasing

caused by azimuth spectrum extension; Finally, the azimuth inverse transform

is performed on the superimposed signal to obtain the focusing imaging.

Computer simulation experiments and field data verify that this method is

superior to the existing SAS imaging algorithm, improving the quality of wide-

beam imaging, avoiding the interpolation operation of the traditional range-

Doppler algorithm, and saving computation cost.

KEYWORDS

multi-receiver, synthetic aperture sonar, Lagrange inversion theorem, non-linear chirp
scaling, azimuth spectrum superposition
1 Introduction

Synthetic Aperture Sonar (SAS) has played a very important role in ocean exploration,

and its functions are constantly expanding, requiring high resolution, long detection

distance, and strong detection capabilities for buried objects(Zhang and Tan, 2018; Tan

et al., 2019; Ma et al., 2020; Zhang et al., 2021a; Tian et al., 2022; Zhang et al., 2023).

According to the characteristics of underwater sound wave propagation, the lower the

frequency of the transmitted signal, the stronger the detection distance and buried object

detection ability; According to the definition for azimuth resolution, higher azimuth

resolution can be achieved by using smaller transmitter (Marx et al., 2000; Zhang et al.,
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2023; Zhu et al., 2023), waveform diversity (Zhu et al., 2023), and

advanced synthetic aperture processing (Zhang and Ying, 2022;

Zhang et al., 2022b; Zhang et al., 2023). Both low frequency and

high-resolution imaging will involve wide-beam imaging

algorithms. It is necessary to research wide-beam imaging

algorithms to improve imaging resolution, detection distance, and

the capability of buried objects.

Although SAS technology originated from synthetic aperture

radar (SAR)(Qian et al., 2021; Li et al., 2022), the low speed of sound

velocity underwater results in two main differences between wide-

beam SAS and wide-beam SAR: low sound velocity under water

causes azimuth moving distance during sending and receiving

(AMDSR) to be not negligible, making the commonly used stop-

and-hop assumption (Bonifant, 1999; Wilkinson, 2001; Callow,

2003) not applicable to SAS, A more complex non-stop-and-hop

assumption must be used (Zhang et al., 2022); In addition, low

sound velocity underwater can also cause a contradiction between

the farthest detection distance and pulse repetition frequency (PRF)

(Xu et al., 2003; Wang et al., 2015). To solve this contradiction, SAS

normally adopts a multi-receiver configuration. This type of SAS is

commonly referred to as multi-receiver SAS (Zhang et al., 2021a;

Yang and Liu, 2022; Zhang et al., 2022a).

At present, imaging algorithms for wide-beam multi-receiver

SAS can be divided into two categories: point by point imaging

algorithms and line by line imaging algorithms. The point by point

imaging algorithms is inefficient, which is a common problem of the

two-dimensional time-domain imaging algorithms. Although the

fast point by point imaging algorithms (Liu et al., 2009; Giardina,

2012; Duan et al., 2017; Synnes et al., 2017; Zhang and Yang, 2022)

avoid this problem to some extent, compared with the line by line

imaging algorithm, the computation efficiency is still too low. The

line by line imaging algorithms use interpolation or Chirp Scaling

(Raney et al., 1994; Wang et al., 2009; Liao and Liu, 2017; Zhang and

Yang, 2019; Li et al., 2021; Huang and Yang, 2022) operation in the

range Doppler domain or two-dimensional frequency domain to

realize the range cell migration correction (RCMC) of all targets in

the scene, so as to obtain higher efficiency than point by point

imaging algorithms. Although the algorithm efficiency has

improved, the imaging quality under wide beam conditions will

decrease, so there are few line by line wide beam imaging

algorithms. A commonly used method (Zhang et al., 2014) uses

the range-Doppler algorithm (RDA) (Jiang et al., 2004; Tian et al.,

2016; Zhang et al., 2019) to process the echo signal for each receiver

by using method of series reversion (MSR), and then carries out

coherent stacking for accurate wide-beam imaging, we called it the

RDA-MSR. However, the computation load of individual receiver

imaging is high, and the interpolation of RDA-MSR will increase

the computation load more significantly, which is not conducive to

real-time imaging. Moreover, the derivation of the point target

reference spectrum (PTRS) in the RDA-MSR is not accurate

enough, and as the beam width increases, the PTRS error will

also increase. Therefore, the actual applicable beam width is not

large; A research (Zhang, 2014) used the macro range cell migration

correction (MRCMC) between different receivers, thereby

transforming the multi-receiver SAS into the traditional

monostatic SAS model, we called it the RDA-MRCMC. Although
Frontiers in Marine Science 02
this method improves processing efficiency, the phase error caused

by the increase in beamwidth and bandwidth may exceed p=4,
thereby affecting imaging quality (Wu et al., 2016; Zhang et al.,

2018; Zhang et al., 2018; Wu et al., 2019; Ma et al., 2023). The poor

performance of the above methods is a limitation of RDA itself.

(Zhang et al., 2021b) used the NCSA to develop a wide beam

imaging algorithm, but the PTRS obtained by PCA (Bellettini and

Pinto, 2002; Gough et al., 2004; Zhang et al., 2023) is not

accurate enough.

This paper has three main contributions: firstly, this paper uses

LIT to obtain the most accurate PTRS, which has smaller errors

compared to the MSR in (Zhang et al., 2014) and is more suitable

for wide beam imaging; Secondly, this paper uses the NCSA to

preserve the range frequency to the cubic term of the PTRS obtained

by LIT, and the frequency modulation slope varies with range,

making it more suitable for wide band and wide swath model;

Thirdly, the NCSA avoids interpolation and has higher

computational efficiency compared to the RDA-MSR, while also

achieving better imaging results compared to the RDA-MRCMC,

balancing imaging quality and efficiency.

This paper is organized as follows: multi-receiver SAS model

establishment and approximation, imaging algorithm derivation,

and algorithm validation. In SAS model establishment and

approximation, we use Lagrange inversion theorem (LIT)(Xiong

et al., 2011; Vu et al., 2014; Zhang et al., 2017) to avoid tedious

algebraic processing and the lengthy expression of stationary phase

point, thereby obtaining the more accurate PTRS of each receiver

compared to the RDA-MSR and the RDA-MRCMC, and then

extending the azimuth spectrum to obtain under-sampling

azimuth frequency domain signals. In imaging algorithm

derivation, firstly, to adapt to the wide-beam condition, the cubic

term of range frequency in the PTRS and the linear variation of

equivalent frequency modulation slope with range are considered;

Then, each receiver is imaged using the NCSA and then coherent

superposition is performed in the azimuth frequency domain to

eliminate the impact of spectrum aliasing caused by azimuth under-

sampling. Compared with the RDA-MSR, the proposed method

avoids interpolation and has high computational efficiency; Finally,

fusing superimposed signal to obtain the focusing result. In

algorithm validation, we use simulation data and field data to

verify the effectiveness of the proposed method. The results show

that this method saves computation costs, and the simulation

imaging results of point targets under wide-beam are better than

the existing methods, improving the imaging quality.
2 Establishment and approximation of
multiple receiver SAS model

2.1 Accurate range history of point targets

The relative position between receivers and transmitter is

shown in Figure 1, with the direction of the platform moving

forward as the positive direction, and the transmitter in the middle

of all the receivers. r is the range, x is the azimuth; the distance

between the ith receiver and the transmitter is di; the time elapsed
frontiersin.org
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between the transmission of a pulse and its reception by the ith

receiver is t*i . Rt(t; r) is the propagation path of the transmitting

signal, and Rr,i(t; r) is the propagation path of the ith receiver. To

illustrate the geometric relationship, the SAS at different times in

the Figure 1 are not on the same straight line, but in reality, they are

on the same straight line and move along the x-axis in the positive

direction at velocity v.

During the process of moving at v m/s, the transmitter

transmits linear frequency modulation (LFM) signal at a fixed

pulse repetition frequency (PRF) in orthogonal mode

simultaneously. At time t, for the point target P(r, 0), according

to the geometric relationship, the path from the transmitter to the

ith receiver scattered by the point target P(r, 0) can be expressed as

follows:

R*i (t; r) = Rt(t; r) + Rr,i(t; r)

=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 + (vt)2

p
+

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 + (vt + di + vt*i (t; r))

2
q

(1)

where, t*i (t; r) is the time interval between signal transmission

and reception, so the propagation path of sound waves can be

written as:

R*i (t; r) = c · t*i (t; r) (2)

The exact expression of t*i (t; r) can be obtained by combining

(1) and (2), and t*i (t; r) can be expressed as

t*i (t; r) =
1

c2 − v2
· v(vt + di) + c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(vt)2 + r2

p
+

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v(vt + di) + c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(vt)2 + r2

ph i  2
+(c2 − v2) 2(vt)di + d2i

� �r( )

(3)
2.2 Error analysis of AMDSR

Under the narrow-beam assumption, it is generally

approximated t*i as a range variance 2r=c, resulting in the error

of AMDSR is

Dx = (t*i − 2r=c)v (4)
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According to the system parameters shown in Table 1, different

receivers have different baseline lengths relative to the transmitter.

We analyzed the receiver with the maximum baseline length

and calculated Dx across the whole swath under different beam

widths. The results are shown in Figure 2.

As shown in Figure 2, Dx is maximum at the edge of the beam

and increases with range and beam width. The maximum value of

narrow-beam SAS is shown in. Figure 2A is 0.0009m, far less than

half the length of a receiver (0.025m); the maximum value of wide-

beam SAS shown in Figure 2B is 0.007m, which can be compared

with the half-length of receiver, which may lead to the problem of

azimuth non-uniform sampling. Therefore, under the condition of

wide-beam, t*i cannot be approximated to 2r=c, and the azimuth

variance must be considered, which means that the range history

R*i (t; r) must adopt a more accurate form.
2.3 Point target echo response model

The accurate range history has a complex form and cannot

obtain an analytical expression for the PTRS. The current wide

beam algorithms generally use the MSR (Neo et al., 2007; Wu et al.,

2016; Zhang et al., 2021), which approximates the accurate range

history using Taylor expansion. For example, reference (Zhang

et al., 2014) preserves the fourth order term of Taylor expansion, as

follows

Ri(t; r) = k0,i + k1,it + k2,it
2 + k3,it

3 + k4,it
4 (5)

where,

kn,i =
1
n !

dnR∗
i (t; r)
dtn

j
t=0

 (n = 0, 1, 2, 3, 4) (6)

The range history error obtained using the parameters shown in

Table 1 is shown in Figure 3, ϵ is range error, l is the wavelength

of signal.

It can be seen that under the beam width shown in Table 1, the

four-order expansions of the range history can no longer meet the

requirement that the maximum range history error is less than (1/
FIGURE 1

Geometric diagram of multi-receiver SAS.
TABLE 1 MADOM SAS simulation parameters.

Parameters Values Units

Beam width 25.18 °

Center frequency 20 kHz

Signal bandwidth 10 kHz

Transmitter size 0.15 m

Receiver size 0.075 m

Number of receivers 40 -

SAS platform velocity 5.0 m/s

Swath [7.5, 300] m
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16)l, and the phase error caused cannot be ignored. Meanwhile,

preserving different expansion terms has different range history

error. In theory, the higher the expansion terms, the more accurate

the range history, and the smaller the range history error. We plot

the curve of the maximum range history error within the whole

beam as a function of the number of Taylor expansions, as shown in

Figure 4. It can be seen that the range history error does not

decrease indefinitely with the number of expansions. The reason

why the error cannot be infinitely reduced is that (Zhang et al.,

2014) used narrow beam approximation. When the expansion

reaches 10, the range history error is 0.216l, which is still greater

than (1/16)l. Therefore, this research uses the LIT to derive the

PTRS using the original range history, which does not make any

approximation to the range history.

Let f0 be the carrier frequency of the transmitting signal; Kr is

the frequency modulation slope of the transmitted signal; wr( · ) is

the envelope of the transmitted signal; wa( · ) is the analytical

expression for the antenna pattern; A0 is the signal’s amplitude, it

is independent with the imaging quality, so we ignore it in the next

context. After demodulation, the baseband form of the ith echo

signal can be expressed as
Frontiers in Marine Science 04
ssi(t , t; r) = A0 · wr t −
Ri(t; r)

c

� �
· wa(t)

· exp −j
2p f0Ri(t; r)

c

� �

· exp jpKr t −
Ri(t; r)

c

� �2� �
(7)

To obtain each receiver’s PTRS, the Principle of Stationary

Phase (PSP) is performed to simplify range FFT on the baseband

signal, and the range spectrum signal is obtained:

Ssi(fr , t; r) = A0A1Wr(fr)wa(t) exp −j
2p(f0 + fr)Ri(t; r)

c

� �

exp −jp
fr
Kr

2� �
(8)

where, Wr(fr) = wr(
fr
Kr
), and Wr( · ) is the range frequency

envelope, then perform azimuth FFT on (8) to obtain

SSi(fr , fa; r) =
Z +∞

−∞
Ssi(fr , t; r) exp ( − j2p fat)dt (9)
FIGURE 3

Range history error after retaining 4 terms.
BA

FIGURE 2

Approximation Error of AMDSR (A) narrow-beam (B) wide-beam.
FIGURE 4

Maximum range history error vs the number of terms.
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According to PSP, if the derivative of the phase in the integral

expression with respect to t is 0 and the phase stationary time is

assumed to be ~t, the following equation can be obtained

fa = −
(f0 + fr)

c
·
dRi(~t; r)

dt
(10)

From (10), it can be seen that fa is a function of ~t. According to

the LIT (Zhang et al., 2017), if fa is close-form at a certain value ~t0
and fa(~t0) ≠ 0, which is different from the approximation of Ri(~t; r)

in MSR, we can directly obtain the close-form solution of ~t.

~t = o
3

n=1
lim
~t→0

½fa(~t) − fa(0)�n
n !

dn−1

dtn−1
~t − 0

fa(~t) − fa(0)

� �n
(11)

Take ~t0 = 0 and n = 3, and bring (10) into (11), then there is

~ti = −
1

R(2)
i (0; r)

fa − fa(0)
f0 + fr

c

� �
−

R(3)
i (0; r)

2(R(2)
i (0; r))3

fa − fa(0)
f0 + fr

c

� �2

+
1
6

R(4)
i (0; r)

(R(2)
i (0; r))4

−
1
2
(R(3)

i (0; r))2

(R(2)
i (0; r))5

 !
fa − fa(0)
f0 + fr

c

� �3

(12)

The PTRS of the ith receiver is obtained by integrating (12) into

the phase of (9), and we can get

SSi(fr , fa; r) = A · Wr(fr) · Wa(fa) · exp (jji(fr , fa; r)) (13)

where,

ji(fr , fa; r) = −
2p(f0 + fr)Ri(~ti; r)

c
− p

fr
Kr

2

− 2p fa~ti (14)

In order to analyze the phase errors between the PTRS obtained

by different methods and the accurate PTRS, we selected the

receiver 40 as the analysis object according to the parameters of

the wide-beam SAS system shown in Table 1. We obtained the

PTRS’s phase errors of the MSR and LIT at 3 point targets at

different ranges, as shown in Figures 5, 6A–C. represent the phase

errors of point targets at ranges of 50m, 150m, and 250m,

respectively. Comparing Figures 5, 6, it can be seen that the phase

error increases with the range and the azimuth frequency. However,

the phase error of the LIT is always significantly smaller than MSR.

The maximum value of phase error of LIT in (0m, 250m) is

0.019rad, which is much smaller than p=4 (Ning et al., 2023).

Therefore, under the wide-beam SAS system parameter, the method

proposed in this paper can meet the requirements of high-

resolution imaging across the whole swath.
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Expanding (14) to a series of fr . To apply the method in this

research to the wide beam condition, we reserve the cubic term to

obtain:

ji(fa, fr ; r) = jaz,i(fa; r) + jrcmc,i(fa; r)fr + jrcf
2
r + jsrc,i(fa; r)f

2
r

+ jcubic,i(fa; r)f
3
r (15)

where, jaz,i(fa; r) is the azimuth modulation term; jrcmc,i(fa; r) is

the range migration term; jrc is the range frequency modulation

term; jsrc,i(fa; r) is the second range compression term; jcubic,i(fa; r)

is the third-order coupling term of range and azimuth. According to

the definitions of Rrd,i(fa; r) and Kmi(fa; r), we can get

Rrd,i(fa; r) =
jrcmc,i(fa; r)

−2p
· c (16)

Kmi(fa; r) =
p

jsrc,i(fa; r) + jrc
(17)

Rrd,i(fa; r) is the range migration curve of the ith receiver in the

range-Doppler domain; Kmi(fa; r) is the equivalent frequency

modulation slope of the range compression filter for the ith

receiver. Bring (16) and (17) into (15), SSi(fr, fa; r) can be

rewritten as

SSi(fr, fa; r) = Wr(fr)Wa(fa) exp (

+ jjaz,i(fa; r))exp −j
2pRrd,i(fa; r)

c
fr

� �

exp +j
p

Kmi(fa; r)
f 2r

� �
exp +jjcubic,i(fa; r)f

3
r

	 

 

(18)

The different receiver has different coefficients such as Rrd,i and

Kmi, which means that for the same point target, the different

receiver has different point target echo responses. Therefore, it is

necessary to perform matching filtering processing separately for

each receiver.
3 Imaging algorithm derivation

The flowchart of the imaging algorithm is shown in Figure 7,

where FFT represents the Fast Fourier Transform; IFFT is Inverse

Fast Fourier Transform. The algorithm includes six-fold FFT/IFFT,

one-fold azimuth spectrum extension, six-fold phase multiplication,
B CA

FIGURE 5

Phase error of PTRS of MSR at different ranges (A) r=50m (B) r=150 m (C) r=250m.
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FIGURE 7

Algorithm flowchart.
B CA

FIGURE 6

Phase error of PTRS of LIT at different ranges (A) r=50m (B) r=150 m (C) r=250m.
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and one-fold azimuth spectrum superposition. The azimuth

spectrum extension is used to increase the length of one receiver’s

data to meet the requirements of signal processing, but the

processed signal is highly under-sampled in the azimuth

frequency, which can cause azimuth spectrum aliasing. The

azimuth spectrum coherent superposition is used to suppress the

azimuth spectrum aliasing caused by azimuth under-sampling.
3.1 Approximation of equivalent frequency
modulation slope

Compared to traditional RDA and CSA, this paper considers

the linear relationship of Kmi with r and approximates Kmi at the

reference range

Kmi(fa; r) = Kmi,rref + Ksi,rref · (r − rref ) (19)

where Ksi,rref is the first derivative of Kmi(fa; r) at rref , expressed

as

Ksi,rref = −p ·
j 0
src,i(fa; rref )

(jsrc,i(fa; rref ) + jrc)
2 (20)

where, rref generally takes the center position of the

whole swath.
3.2 Cubic phase filtering

In order to eliminate the influence of the cubic term of fr , a

cubic phase filter is performed on SSi(fa, fr; r) in the 2D frequency

domain. The expression of the cubic phase filter is

Hcubic,i(fr , fa; r) = exp (j2pYi(fa)f
3
r =3) (21)

where, Yi(fa) is the coefficient of the cubic phase filter that varies

with the azimuth frequency fa, with the aim offiltering out the cubic

phase of the range frequency fr and the cubic phase error generated

by subsequent nonlinear Chirp Scaling. Since jcubic,i(fa; r) is weakly

dependent on the range (Neo et al., 2008), jcubic,i(fa; rref ) can

substitute jcubic,i(fa; r), and Ymi(fa) is the error after the cubic

phase filtering

Yi(fa) = Ymi(fa) −
3
2p

jcubic,i(fa; rref ) (22)

The obtained PTRS after cubic phase filtering on (7) is

SSc,i(fr , fa; r) = SSi(fr , fa; r) · Hcubic,i(fr , fa; r)

= Wr(fr)Wa(fa)� exp (jjaz,i(fa; r))� exp −j 2pRrd,i(fa ;r)
c fr

� �
� exp j p

Kmi(fa ;r)
f 2r

� �
� exp j 2pYmif

3
r

3

� �
(23)
3.3 Non-linear chirp scaling

Using PSP for range IFFT, the signal obtained in the range-

Doppler domain is
Frontiers in Marine Science 07
sSi(t , fa; r) = wr
Kmi

Kr
t −

2r
cgi

� �� �
Wa(fa) exp (

+ jjaz,i(fa; r)) exp ( − jpKmi(t

− td)
2) exp −j

2pYmiKm
3
i (t − td)3

3

� �
(24)

where gi = 2
R
0
rd,i(fa ;rref )

.

Let the expression of the non-linear chirp scaling equation be

Hcs,i(t , fa) = exp ( − jpq2,i(t − tref )
2)

· exp −j
2pq3,i(t − tref )3

3

� �
(25)

where, q2,i and q3,i are undetermined coefficients, which will be

solved later in the text.

Perform non-linear Chirp Scaling on sSi(t , fa; r) to obtain

sScs,i(t , fa; r) = sSi(t , fa; r)� Hcs,i(t , fa) (26)

To obtain the coefficients of the cubic phase filter and the

scaling equation, the range IFFT of sScs,i(t , fa; r) is performed to the

2D frequency domain, and then the series expansion of fr is

performed, retaining the cubic term. After the above operation,

we can obtain

SScs,i(frfa;r ) = Wr(fr) · Wa(fa) exp j 2p (Km3
i Ymi+q3,i)f

3
r

3(Kmi+q2,i)
3

� �
exp j p

Kmi+q2,i
f 2r

� �
exp j

2pKmi(td−tref )(Km2
i Ymiq2,i−q3,i)

Kmi+q2,i)
3 f 2r

� �
exp j −

2p(tdKmi+q2,itref )
Kmi+q2,i

fr
� �

exp j
2pKm2

i (td−tref )
2(KmiYmiq

2
2,i+q3,i)

(Kmi+q2,i)
3 fr

� �
exp jjaz,i(fa; r)
	 


exp −j
pKmiq2,i(td−tref )2

Kmi+q2,i

� �
exp j

2pKm3
i (td−tref )

3(Ymiq
3
2,i−q3,i)

3(Kmi+q2,i)
3

� �
(27)

After bringing (19) and t = 2r=(cgi), tref = 2rref =(cgi), and Dt =

td − tref into (27), and then expanding the coefficients of each order

of fr into the series of Dt , we can obtain the three undetermined

coefficients as follows

Ym,i =
Ksi,rref (2ai − 1)

2Km3
i rref (ai − 1)

(28)

q2,i = Kmi,rref (ai − 1) (29)

q3,i =
(ai − 1)Ksi,rref

2
(30)

where ai =
gi(fac)
gi(fa)

, the phase expression of the scaled signal

obtained by bringing (28), (29) and (30) into (27) is

fcs,i(frfa; r) =
p f 2r

Kmi,rref
ai
+

f 3r Ksi,rref p
3ai(ai−1)Km

3
i,ref

+ − 4p
gic

+ 4p
cgiai

� �
rref −

4pr
cgiai

� �
fr + jaz,i(fa; r)

−
pKmi,rref

(ai−1)Dt2

ai
−

(ai−1)Ksi,rref pDt
3

3ai

(31)
3.4 Range processing

By compensating for the first, second, and bulk RCMC terms in

a phase multiplication, and simultaneously completing bulk RCMC,

range compression, and cubic coupling term compensation, the
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phase multiplication factor is

Hr,i(fa, fr ; rref ) = exp j
4p
gic

−
4p
cgiai

� �
rref fr

� �
exp j

p
Kmi,refai

f 2r

 !
exp j

Ksi,ref p
3ai(ai − 1)Km3

i,ref

f 3r

 !

(32)

Perform range IFFT, and the obtained the phase of signal in

range-Doppler domain is

sSrc,i(fa; r) = pr t −
2r
cgiai

� �
:Wa(fa) exp (jjaz,i(fa; r))exp −j

(ai − 1)ksi,ref pDt3

3ai

� �
exp −j

pKmi,ref (ai − 1)Dt2

ai

� �

(33)

where pr( · ) is the Sinc function.
3.5 Azimuth processing

The azimuth compressing term Ha,i(fa; r) and the extra phase

compensation factor He,i(fa; r) are respectively

Ha,i(fa; r) = exp −j jaz,i fa; rð Þ	 
	 

(34)

He,i(fa; r) = exp j
p(ai − 1)Kmi,rref Dt

2

ai

 !
exp +j

p(ai − 1)Ksi,rref Dt
3

3ai

 !

(35)

After compensation, coherent superposition in the azimuth

frequency domain is performed on each receiver, and then the

azimuth IFFT is performed to obtain the focused SAS image.
4 Algorithm validation

4.1 Simulation experiment

To verify the effectiveness of the algorithm proposed in this

research, simulations were conducted on ideal point targets at

different ranges. The positions of 10 ideal point targets are shown
Frontiers in Marine Science 08
in Figure 8, where P1 ∼ P5 are close-range targets and P6 ∼ P10 are

long-range targets. Computer CPU is Intel i7-10700@2.90G, RAM

is 32 GB, Matlab version R2020a.

In the simulation experiment, it is assumed that the distribution

of the transmitter and receiver is shown in Figure 1, and the

parameters are shown in Table 1. The wide-beam imaging

algorithms proposed in the RDA-MSR (Zhang et al., 2014), the

RDA-MRCMC (Zhang, 2014), and this research were used to image

point targets shown in Figure 8. The imaging results obtained are

shown in Figure 9, where Figures 9A, B are the results of the RDA-

MSR; Figures 9C, D are the results of the RDA-MRCMC;

Figures 9E, F are the results of the proposed method in this

research. It can be seen that the RDA-MRCMC has the worst

imaging performance. This is because transforming the multi-

receiver SAS into a mono-static SAS model, although the imaging

process was simplified, there were significant errors.

To quantitatively compare the effectiveness of different methods,

we take the range and azimuth slices of point targets P1 and P6 as

shown in Figures 10, 11, respectively, with amplitude units in dB.

The blue dashed line represents the RDA-MSR, the green

dashed line represents the RDA-MRCMC, and the red solid line

represents the method in this research. The impulse response width

(IRW), peak side lobe ratio (PSLR), and integral side lobe ratio

(ISLR) of the range slice and azimuth slice were measured, and the

results are shown in Table 2.

From Table 2, it can be seen that the imaging effect of the

proposed method is similar to that of the RDA-MSR, but the

interpolation operation in this method is not efficient enough. We

calculated the time required for imaging the point target echo signal

in the scene shown in Figure 8, as shown in Table 3, our method

avoids interpolation and saves about half of the time of the RDA-

MSR and demonstrates the advantages of computation cost.
4.2 Field test

To further validate the effectiveness of our method, imaging was

performed on the data obtained from a sea trial of ChinSAS in 2017

(Zhang et al., 2012). The parameters of ChinSAS-150 are as follows:

carrier frequency is 75kHz, transmitter’s length is 0.16m, receiver’s

length is 0.08m, the signal bandwidth is 20kHz, the total number of

receivers participating in imaging is 37, SAS platform speed is 2.5m/

s, and size of imaging block is 40m(azimuth)×50m(range). Based on

the comprehensive analysis of the above parameters, the system

operates in a narrow-beam scenario. Comparing Figures 12A–C, it

is not difficult to find that the imaging results of all methods are

almost identical, but the proposed method is faster than the RDA-

MSR. This demonstrates the effectiveness of our method in practical

applications. Due to the lack of publicly available field data on wide-

beam multi-receiver SAS in China, the advantages of this method in

wide-beam imaging still need further verification. We will next

carry out the development of low-frequency wide-beam SAS and

verify its practicality with the method proposed in this research as

soon as possible.
FIGURE 8

Simulation point targets setting.
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We recorded the operation time of the field data imaging

under different methods, as shown in Table 4. It can be

seen from the Table 4 that the proposed method takes two-

thirds of the time required for RDA-MSR. Although the
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proposed method takes longer than RDA-MRCMC, this

method will have better focusing result under wide beam

conditions, so it is a compromise between computation load

and imaging quality.
B

C D

E F

A

FIGURE 9

Imaging results of different methods (A) P1 ~ P5 (RDA-MSR) (B) P6 ~ P10 (RDA-MSR) (C) P1 ~ P5 (RDA-MRCMC) (D) P6 ~ P10 (the RDA-MRCMC) (E) P1
~ P5 (the proposed method) (F) P6 ~ P10 (the proposed method).
BA

FIGURE 10

Slices of P1 (A) Range slice (B) Azimuth slice.
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TABLE 2 Quality parameters of different methods.

Methods Indicators
P1 P6

Range Azimuth Range Azimuth

The accurate RDA

PSLR(dB) -13.11 -16.47 -12.82 -16.20

ISLR(dB) -10.66 -14.80 -11.04 -14.85

IRW(cm) 7.79 8.32 7.60 9.06

The rough RDA

PSLR(dB) -13.09 -16.66 -12.97 -12.69

ISLR(dB) -10.41 -16.99 -11.15 -13.69

IRW(cm) 7. 76 7.89 7.61 9.80

The proposed method

PSLR(dB) -13.15 -17.76 -13.25 -16.58

ISLR(dB) -10.51 -17.05 -10.94 -15.62

IRW(cm) 7.75 7.89 7.54 8.74
F
rontiers in Marine Science
 10
 fr
Bold values represent the optimal results.
TABLE 3 Time cost of different methods under simulation.

Methods The RDA-MSR The RDA-MRCMC The proposed method

Time(s) 302.16 109.75 167.78
BA

FIGURE 11

Slices of P6 (A) Range slice (B) Azimuth slice.
B CA

FIGURE 12

Comparison of results from different methods when processing field data (A) the RDA-MSR (B) the RDA-MRCMC (C) the proposed method.
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5 Conclusion

This research proposes a NCSA for multi-receiver SAS based on

azimuth spectrum superposition, which adopts the more accurate

PTRS based on LIT and the NCS algorithm to solve the problem of

poor imaging quality of existing wide-beammulti-receiver SAS. The

algorithm provided in this study provides theoretical support for

the future development of low-frequency wide-beam SAS.
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