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Abstract: Multistatic airborne SAR (MuA-SAR) benefits from the ability to flexibly adjust the po-
sitions of multiple transmitters and receivers in space, which can shorten the synthetic aperture
time to achieve the required resolution. To ensure both imaging efficiency and quality of different
system spatial configurations and trajectories, the fast factorized back projection (FFBP) algorithm
is proposed. However, if the FFBP algorithm based on polar coordinates is directly applied to
the MuA-SAR system, the interpolation in the recursive fusion process will bring the problem of
redundant calculations and error accumulation, leading to a sharp decrease in imaging efficiency
and quality. In this paper, a unified Cartesian fast factorized back projection (UCFFBP) algorithm
with a multi-level regional attention strategy is proposed for MuA-SAR fast imaging. First, a global
Cartesian coordinate system (GCCS) is established. Through designing the rotation mapping matrix
and phase compensation factor, data from different bistatic radar pairs can be processed coherently
and efficiently. In addition, a multi-level regional attention strategy based on maximally stable
extremal regions (MSER) is proposed. In the recursive fusion process, only the suspected target
regions are paid more attention and segmented for coherent fusion at each fusion level, which further
improves efficiency. The proposed UCFFBP algorithm ensures both the quality and efficiency of
MuA-SAR imaging. Simulation experiments verified the effectiveness of the proposed algorithm.

Keywords: MuA-SAR; GCCS; UCFFBP; phase compensation; multi-level regional attention strategy

1. Introduction

Synthetic aperture radar (SAR) is widely used in civil and military fields benefiting
from its all-day, all-weather working capability [1-4]. SAR utilizes the relative motion
between the radar platforms and the target to form a virtual large aperture, thus to obtain
high-resolution images [5,6]. However, limited by the imaging mechanism, there will be
blind areas in the forward-looking direction [7-9]. A Multistatic Airborne SAR (MuA-
SAR) system usually includes multiple transmitters and receivers. By flexibly scheduling
these radar platforms, the imaging tasks with almost no blind areas can be completed and
information different from that of monostatic SAR can be obtained [8-10]. Additionally,
the MuA-SAR system can achieve the required imaging resolution in a shorter time through
data fusion.

Because each radar platform in the MuA-SAR system is placed in a different position in
space, the echo data of different platforms have different viewing angles [11-13]. Therefore,
to realize the effective fusion of data from different platforms, the imaging processing
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method is required to be adaptive to the different spatial configurations and trajectories of
the MuA-SAR system [14,15]. In addition, the introduction of multiple platforms brings a
huge amount of echo data, which puts forward higher requirements for the efficiency of
imaging algorithms. Many SAR imaging algorithms are proposed, and Table 1 summarizes
the advantages and disadvantages of some representative algorithms. The existing FFT-
based imaging algorithms, including the range-Doppler algorithm (RDA) and chirp scaling
algorithm (CSA), are widely used and deeply studied. They can uniformly process the
spatial variability of the echo data in the range Doppler domain, which has high computa-
tional efficiency. When introducing multiple radar platforms, it will face more complicated
space-variant problems, which will lead to algorithm mismatch [16-18]. Wavenumber
domain algorithms, such as the polar format algorithm (PFA), can minimize processing
load, but these algorithms have approximate processing when calculating the range history,
which will lead to image quality degradation for wide swath scenes [19,20]. As for the
frequency domain algorithm, such as the omega-K algorithm, it is accurate in the calcu-
lation of the imaging geometric relationship, but it requires platforms to have a specific
configuration and a straight trajectory, which weakens the flexibility of the MuA-SAR sys-
tem [21,22]. In addition, most of these algorithms need to be interpolated in the frequency
domain, and the errors caused by the interpolation process will accumulate along with the
fusion of multi-platform data, thus degrading the focusing performance [23-25]. Therefore,
it is necessary to propose a novel MuA-SAR fast imaging algorithm that is insensitive to
the spatial configuration and trajectory of platforms and avoids interpolation operation as
much as possible.

Table 1. Summary of the advantages and disadvantages of existing representative algorithms.

Algorithm Advantage Disadvantage
. . Complicated  space-variant
RDA/CSA Uru'for.n'lly process .the spatial problims for m}:ﬂtiple plat-
variability, High efficiency £
orms
Approximate calculation, Not
PFA Minimize processing load applicable to wide swath
scenes and multiple platforms
Omega-K Accurately calculate geometric ~ Requires specific configuration
relationships and straight trajectory
BP Accurate, Suitable for any con- High computational complex-
figuration and trajectory ity
Interpolation leads to error ac-
FFBP High efficiency cumulation for multiple plat-
forms
CFFBP Noninterpolation, High effi- Not suitable for multiple plat-

ciency

forms

The back projection (BP) algorithm is a widely used time domain algorithm that uti-
lizes point-by-point coherent accumulation to achieve high-resolution imaging. It has a
certain adaptability to any spatial configuration and trajectory. However, point-by-point
calculation and back projection bring a huge computational burden [26-28]. Many efforts
have been made to improve the efficiency of the BP algorithm [29,30]. AF Yegulalp et al.,
proposed the fast BP (FBP) algorithm, which divides the full aperture into multiple sub-
apertures, and establishes independent local polar coordinate systems for each sub-aperture
to complete the projection and obtain multiple sub-images. Then, the sub-images are co-
herently fused to obtain images with higher azimuth resolution [31,32]. Based on the FBP
algorithm, LMH Ulander et al. proposed a fast factorized back projection (FFBP) algorithm
using aperture factorization to further improve efficiency, which needs to be at the expense
of reducing focusing performance [33-35]. Therefore, the FFBP algorithm needs to seek a
compromise between performance and efficiency. S Zhou et al., proposed an improved
FFBP method based on an orthogonal elliptical polar (OEP) coordinate. A narrower WS
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distribution is obtained, which improves the efficiency of the algorithm to some extent,
but it still does not avoid interpolation operation [36]. L Zhang et al., established a unified
polar coordinate (UPC) system to complete the projection of sub-apertures, and proposed
accelerated fast back projection (AFBP) [37]. Based on UPC, H Sun et al. proposed a
wavenumber domain fast back projection (WFBP) method to achieve fast imaging of mono-
static and bistatic SAR systems [38]. They improved imaging efficiency and performance by
fusing wavenumber spectra (WS). Y Guo et al., proposed an algorithm called high-squint
and high-dive accelerated factorized back-projection (HSHD-AFBP), which can not only
improve the imaging quality but also expand the image width [39]. Q Dong and Y Li et al.,
proposed a Cartesian FFBP (CFFBP) for monostatic and bistatic SAR, which are noninter-
polation methods, and the imaging efficiency is improved [40—42]. Although the above
improved BP-based algorithms establish polar coordinate systems or Cartesian coordinate
systems, they are all local coordinate systems for the currently analyzed monostatic or
bistatic SAR systems. However, when faced with more platforms and angles of view
of echo data, these methods cannot be used, because of the phase difference caused by
each local coordinate system. Therefore, it is necessary to propose a unified processing
method for multiple bistatic radar pairs system to improve the performance and efficiency
of MuA-SAR imaging.

In this paper, a unified Cartesian fast factorized back projection (UCFFBP) algorithm
with multi-level regional attention strategy is proposed for MuA-SAR fast imaging. First,
a global Cartesian coordinate system (GCCS) is established for uniformly coherent imaging.
Second, by analyzing the distribution principles of WS, the rotation mapping matrix is
designed to realize the azimuth alignment of WS, which makes the azimuth data obtain
the maximum utilization at the initial level of grid division. Then, the phase compensation
factor is designed to compress the sub-aperture WS and avoid aliasing. Finally, a multi-level
regional attention strategy based on maximally stable extremal regions (MSER) is designed,
and only the pixels of the segmented suspected target regions at each fusion level are fused
coherently. The proposed algorithm effectively reduces the number of pixels that need to
be searched, projected, and fused, which can improve imaging efficiency.

The main technical contributions of this paper can be summarized as the following
two aspects: On the one hand, the GCCS is established, and the rotation mapping matrix
and phase compensation factor are designed to deal with the phase difference exists that
between multiple bistatic radar pairs. It can uniformly process the data coherently from all
platforms, while avoiding redundant operation and error accumulation caused by interpo-
lation operation. On the other hand, the multi-level regional attention strategy based on
MSER is proposed, and only the pixels in the suspected target regions are coherently fused.
To avoid missing valid pixels, the suspected target regions are segmented and merged in
the sub-images selected at each fusion level, which further improves the efficiency under
the condition of no loss of accuracy.

The rest of this paper consists of the following sections. In Section 2, the geometric
model and echo model of MuA-SAR are established. In Section 3, the distribution principles
of WS is analyzed. In Section 4, the proposed UCFFBP algorithm with multi-level regional
attention strategy for MuA-SAR fast imaging is introduced in detail. The simulated and
experimental results are given in Section 5. Section 7 presents the conclusions.

2. Echo Signal Model of MuA-SAR System

In this section, the GCCS is established first. Then, the geometric model and echo
signal model of the MuA-SAR system are introduced [10,43].

A MuA-SAR system consisting of one transmitter and N receivers is taken as an exam-
ple for analysis, and its spatial geometric configuration is shown in Figure 1. According
to the relative position between the MuA-SAR system and the imaging scene, an appro-
priate origin O is selected and a GCCS O — xyz is established. The initial positions of
the transmitter and the nth(n = 1,2,..., N) receiver can be expressed as T(xt, yr, zT) and
Ry (XRp, YRus 2Ry )- P(xp, yp,0) is a point target in the imaging scene. The velocity vectors
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of the transmitter and the nth receiver are vr = (vry, v1y,0) and vRy = (Vrnx, URny,0),
respectively. The coordinate variables in the O — xyz can also be mapped to the spherical
coordinate system, that is (x,y,z) = (Rcosa cosf, R cosasin6, Rsina), where R, 0 and «
represent the slope distance, azimuth angle and elevation angle, respectively.

The range frequency domain echo expression of point target P can be expressed as

su(ft,T) = rect(T) : rect(t) - exp [—jzn(fc_i_ft)Rnp(T) 1)
T, B c
where 7, T, B, and f, represent slow time variables, synthetic aperture time, signal band-
width and carrier frequency of the transmitted signal, respectively. f; represents the range
frequency variable and f; € [—B/2, B/2]. R,p(T) = Rrp(T) + Rr,p(7) is the instantaneous
range history, and

Rrp(T) = \/(xT T UTxT — xP)2 + (yr + o1y T — yp)2 + 22 @)

2 2
RRup(T) = \/(an + URpx T — Xp)~ + (]/Rn + URny T — ]/P) + Z%{n

Rn (an’an’ZRn) VRn

R, (ananZRI) V—>

3. WS Analysis for MuA-SAR Imaging

In this section, we first analyze the distribution principles of WS. Then, the influence
of different bistatic radar pairs on the consistency of WS distribution and the utilization
ratio of data are derived. Finally, the aliasing phenomenon is analyzed.

3.1. The Distribution Principles of WS

Similarly, taking the origin point O as the reference point, whose instantaneous range
history is R,0(7T) = Rto(T) + Rryo(7). By correlating the echoes of P and O, the range
frequency domain expression of the echo from target point P can be written as

Sulf ) = A+ xect( - ) rect| o exp{ P+ ) [Rup(0) ~ Ruo(@)]} @)

According to the far-field approximation, the range history difference between target
points P and O can be approximated as follows:
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Rup(T) = Ruo(T) = [Rrp(T) 4+ Rrap(T)| = [RT0(T) + RRu0 (7))
~ x[cos aT(T) cos Ot (T) + cos ar, (T) cos Ory (T)] 4)
+y[cos ar(T) sin O (T) + cos ar, (T) sin Or, (T)]

Select the transmitter and the nth receiver for further analysis, and define the WS
variables in the x and y directions as follows:

{kxn (fi,T) = kfnlcos at(T) cos 01 (T) + cos ar, (T) cos Or, ()] )

kyn(ft,T) = kfn [cos at(T) sinO1(T) + cos agr, (T) sin Ory, (T)]

where kg, = 271(fen + ft)/c represents the spatial frequency of the transmitted signal. It
can be concluded from (5) that the WS variable [k,m (ft T) kyn(ft, T)} is only determined
by the frequency of the signal and the spatial position of the radar platforms. Then, the
wavenumber domain expression of the echo can be written as

Sn (kxn/ kyn) = An - exp [] (xkx” + yky”)] (6)

where s;, (kxn,kyn) is called the wavenumber spectrum (WS) and A, expresses the nor-
malized amplitude of the WS. As shown in Figure 2, under the condition of far-field
approximation, the coverage of WS formed by a transmitter and the nth receiver is approxi-
mately a parallelogram region (),,. In Figure 2, B, and By express the projection bandwidth
of WS in directions k, and k¢, respectively, and they will determine the resolution of the
reconstructed point spread function (PSF) in these two directions [10,44,45].

Figure 2. Distribution principle of WS.

The echoes of all receivers in MuA-SAR system are coherently projected into wavenum-
ber domain, and the fused WS can be expressed as

N

S(kx,ky) = Z A;z . Z [kxn(ft, T)/kyn(ft/ T)] (7)

n=1 [ (fe,7) kg (fe,7) | €Om

where A, is the normalized amplitude of WS of the nth receiver. Finally, the relationship
between the WS of MuA-SAR system and PSF can be expressed by matrix Fourier transform
(MFT) as
o(x,y) = / / (ke ky) - e (R 08 i g, ®)
(kxky)€Q

where o(x,y) denotes the scattering coefficient of target point. () represents the effective
coverage of all the WS region of MuA-SAR system.
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3.2. Influence of Consistency of WS Distribution on Imaging

Since the range resolution can be achieved by transmitting wideband signals, only
the improvement in azimuth resolution will be analyzed in this paper. From (5), it can be
seen that the distribution of WS is influenced by both the spatial configuration of the radar
platforms and the signal parameters. In the MuA-SAR system, different radar platforms
are completely separated in space, and their WS extension directions are also inconsistent.
Taking a MuA-SAR system consisting of one transmitter and two receivers for imaging the
origin point target as an example, Figure 3 shows the two distribution states of WS and
the measurement method of effective projection bandwidth. In Figure 3a, the two WS are
distributed in different extension directions, while in Figure 3b, the WS of one receiver is
aligned with the k, direction of another one through rotation mapping. According to the
relationship between WS and reconstructed PSF in (8), the resolution of the reconstructed
PSF in the two directions can be expressed as

{Pa =271/ Ban

9
pf :27T/Bfn ( )

where Ba, and By, respectively, represent the equivalent WS projection bandwidth of the
MuA-SAR system in k, and ky directions. Based on Figure 3, it can be seen that if the WS of
each bistatic radar pair in the MuA-SAR system is rotated and aligned in the k, direction,
a larger equivalent projection bandwidth in the azimuth direction can be obtained, thereby
fully utilizing the azimuth echo data.

k k,

‘ ki direction 2

k, direction 1

k, direction 1

k,direction 2

Azimuth effective projection bandwidth B, & Azimuth effective projection bandwidth B, k,
(a) Inconsistent WS (b) Consistent WS

Figure 3. WS in different states. (a) The k, directions of WS of different receivers are inconsistent,
(b) the k, directions of WS of different receivers are consistent.

3.3. Analysis of Aliasing Phenomenon of WS

Take a pair of bistatic radars as an example to analyze. Projection of the range fre-
quency domain expression of the echo in (3) to the wavenumber domain, and the wavenum-
ber domain expression of any point P;(x;,y;,0) in the scene can be expressed as

S () = n() et ) rect (S ) explkuRan(m)] (10
i i Tu an i

where op, is the scattering coefficient of point P;. k., = 27fc,/c and kp, = 27B fn/ c
represent the center and the range bandwidth of the wavenumber of the bistatic radar pair,
respectively. Therefore, the wavenumber domain echo expression of the imaging scene can
be expressed as the superposition of all the point target echoes in the scene, that is

Su(fer™) = ), Sur(furT) (11)

PieQ)



Remote Sens. 2023, 15, 5183

7 of 25

_WT

By compensating the phase of echo in wavenumber domain, the back projection of
point target can be realized, and the reconstructed result of point target can be expressed as

T, 27T fcn+ 2 /c )
oGeiy) = | / SalfisT) - exp | —jkpuRup (7)|dfidr  (12)
27 fcn*i /

where R,,p,(T) represents the instantaneous range history of bistatic radar pair relative to
point target P;, i.e.,

= Rrp(T )+RRnP( )

(13)
) — 217 + lyr(T) — 2(7) + 1/ [xra (7) — X + [yma (1) — il + 2, (7)

The expression of the WS of the reconstructed result in (12) can be obtained by two-
dimensional inverse Fourier transform (2D IFFT), that is

—+o0 —+o00
In(kxn/kyn) :/;oo /—oo In(xi/yi) 'exp[_j(kxnxi+kynyi)}dxidyi (14)

where (kxn, kyn) represents the wavenumber coordinates in GCCS corresponding to the
imaging results of the bistatic radar pair. Using the principle of stationary phase (POSP) to
calculate the integral Expression (14), the coordinates of the stationary phase point can be
calculated by taking partial derivatives of x; and y; with the phase part, that is

% [kfanPi(T) B kxnxi] o aw = Ky - [xi —x1(7T) i X; — an(T)]
1

Rrp. Rronp.
9 N y TI;(T()T) y Rypl(z) )
— |k, Ryp. —kynyi| =0 o = | i IT i~ YRn

s [k Run (7) — k] b = k- | ) | sV }

The value range of point (kxn, kyn) in the wavenumber domain is the distribution range
of WS corresponding to the signal of this channel. Substituting the velocity components of
the transmitter and the nth receiver in directions x and y, the ky, and ky;, can be updated to

kor — ke - Xi — X7(T)[r=0 — UTxT + Xi — XRn(T)|1=0 — URma T

xn fn RTP,v(T) RRnR»(T) 16)
P y1(T)le=0 — o1y T ¥i — YRa(T)|r=0 — ORnyT

ym = Sfn R1p,(7) RRyup, (1)

It can be seen from (16) that the distribution range of WS of point target in wavenumber
domain is determined by the following two aspects: On the one hand, the terms related to
the velocity of radar platforms show that the width of the WS is affected by the aperture
formed by the motion of radar platforms. On the other hand, the term related to the
analyzed point target coordinates shows that the width of the WS is also affected by the
width of the scene. Both of the above two aspects will lead to the degradation of the
imaging quality of MuA-SAR system or even can not imaging.

Select a pair of bistatic radars and a set of typical parameters to analyze the shifting and
folding of sub-aperture WS, as well as the aliasing phenomenon caused by WS broadening.
Select the echo data of the scene center point and divide it into 16 sub-apertures. Then,
process each sub-aperture data by BP algorithm and project the imaging results into the
wavenumber domain by 2D-IFFT. The wavenumber spectra of the selected sub-aperture
1, 9 and 16 are shown in Figure 4a. It can be seen from Figure 4a that, due to the low
resolution of the azimuth imaging grid division, the corresponding wavenumber domain
range is narrow. It causes the WS of the same point target to shift and fold. Figure 4b
shows the WS distribution when the grid division resolution is close to the theoretical
resolution calculated by (9), and it can be seen that WS of different scattering points exists
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serious aliasing phenomenon; Figure 4c shows the WS distribution when the grid division
resolution is much higher than the theoretical resolution, and the WS of different point
targets can be distinguished without aliasing. Figure 4d is the BP imaging results of
randomly distributed point targets corresponding to the WS in Figure 4b, and the imaging
quality is seriously degraded, and even some targets are lost. Figure 4e is the BP imaging
results of randomly distributed point targets corresponding to the WS in Figure 4c, and it
has good imaging quality.

Subaperture 1

15
kx(rad/m)
Subaperture 16

15
kx(rad/m)

(a) Shifting and folding of sub-aperture WS of center point target

-350
-202
-352 -204
T £ -206
E E -208
> >
~ 36 = 210
-212
-358
-214
-128 -127 -126 -125 -124 -123 -122 -121 -226 -224 -222 -220 -218
kx(rad/m) k (rad/m)
(b) Aliasing spatial spectrum (c) Spatial spectrum without aliasing
80 1 80 1
60 0.9 60 09
0.8 0.8
40 40
0.7 0.7
20 0.6 20 0.6
£E o RS 05
> >
20 04 o 04
03 03
-40 -40
0.2 0.2
-60 01 60 01
-80 0 -80 0
-80 -60 -40 -20 20 40 60 80 -80 -60 -40 -20 20 40 60 80
x(m) x(m)

(d) BP results corresponding to the WS in (b) (e) BP results corresponding to the WS in (c)

Figure 4. Shifting and folding of sub-aperture WS and the analysis of aliasing phenomenon of the WS.
(a) Shifting and folding of sub-aperture WS of center point target, (b) the WS distribution when the
grid division resolution is equal to the theoretical value, (c) the WS distribution when the grid division
resolution is much higher than the theoretical value, (d) BP imaging results of randomly distributed
point targets corresponding to the WS in (b), (e) BP imaging results of randomly distributed point
targets corresponding to the WS in (c).
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According to the above analysis, to obtain high-resolution imaging results efficiently by
using the BP-based method, it is necessary to divide the imaging grid reasonably according
to the WS distribution and avoid the folding of WS while making full use of the echo data.
Additionally, it is necessary to compress the through phase compensation to avoid WS
aliasing. In the next section, a fast imaging algorithm based on FFBP algorithm architecture
is proposed, which can ensure the accuracy and quality of imaging at the same time.

4. Proposed Algorithm

In this section, a UCFFBP algorithm with multi-level regional attention strategy for
MuA-SAR fast imaging is proposed. First, the steps of the imaging algorithm are introduced.
Then, the computational complexity of the proposed algorithm is analyzed in detail.

4.1. Description of the Proposed Algorithm

The flowchart of the imaging algorithm is shown in Figure 5, in which the red-dotted
box illustrates the coherent fusion imaging process based on multi-level regional attention
strategy, and the flow chart of this process is shown in the right part of Figure 5.

1
1
1
1
to the GCCS and fused coherently !
! Y
’ . e
1
Output the final imaging result 1
of MuA-SAR system 1

All sub-aperture fusion imaging
results of a bistatic radar pair

____________________________________ -
o 1
Estabhshlr}g alGees for | —> The " (g=0,1...,G-1) level sub-images :
MuA-SAR imaging system 1 v |
1
1
: Use MSER method to segment the image to |
Rotate the GCCS to align WS . obtain the suspected target area pixels 1
of each bistatic radar pair along 1 V7 :
. L |
the azimuth direction | Phase compensation in transmitter H (2) !
: <l k® I
\l, 1 local coordinate system (n, sib |
1
Sub-aperture division of echo data | \ 1
of bistatic radar pairs 1 g=g+1 Phase compensation in receiver e[—](g) ) :
\1/ : local coordinate system R("»’( a ) |
v 1
Divide imaging grid at low resolution : . i 1
4 BP of sub X 2 X upsampling and <« | g | g® |
an of sub-apertures | phase coherence recovery T(N.Ki,;') R(::.K!f,’,,'] 1
P b--mmoee- ! v ;
I Coherent fusion imaging based on -: Coherently fuse adjacent sub- 1
: multi-level regional attention strategy | images to the next level !
1
_________ & A | v |
Reversely rotate the imaging results No g>G-1 :
1
1
1
1
1
1

Figure 5. Flowchart of the proposed imaging algorithm.

Taking the bistatic radar pair composed of the transmitter and the nth receiver as an
example, the algorithm steps are described below, which can be mainly divided into four
main steps:

Step (1) Establishment of GCCS and rotate the coordinate system to align WS in azimuth:

First, establish the GCCS xOy. Then, according to the analysis in Section 3.2, to make
full use of the azimuth sampling data at the initial level of BP imaging processing, it is
necessary to rotate the coordinate system to align WS in the selected azimuth. As shown
in Figure 6a, assuming that the new Cartesian coordinate system after rotation is uOv,
the coordinates of the transmitter and receiver after rotation mapping can be expressed as

(ur, o1) = (X1, Y71)T8n0 a7)
(uRn/ z]Rn) = (an/ an)rﬂna

where ry,,, represents a rotation mapping matrix, which can be specifically expressed as

cos®,,  sinty,
—sind,;, cos ¥,

Foma = [ (18)
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where ¢,,, indicates the counterclockwise rotation angle required to align with k, direction
of the WS of the nth bistatic radar pair.

. " !/
vh Transmitter T Y A% V)
\ 2 ReceiverR ', e Transmitter T
Reggver R, ! e =
i =~ ‘\ 1 \ /
AN \ / \ /
N \ / /
N \ / . . ! /
~ \
S ; , Directionk,, . , o
" \ K oy \ II u
S \\ /I ‘ B u \\ / _

N n-" v -7 N .

AN KT vy r - :Direction:
oo ﬁ'gna N e 4\‘9le d ;ka”

_-- SIS <
o\ X Of =~ “
\ =~ ~
N - !
~-_u
-

(a) The rotated new Cartesian coordinate system 1Ov (b) The rotated system u’Ov’ and u”Ov”

Figure 6. Schematic diagram of rotated coordinate system. (a) The rotated new Cartesian coordinate
system #Ov, (b) the transmitter’s local coordinate system u'Ov’ and the receiver’s local coordinate

system 1"/ Ov”.

Because the platforms in the MuA-SAR system are independent of each other, to facili-
tate the subsequent phase compensation processing, it is necessary to divide the design
of the rotation mapping matrix into transmitter and receiver separately. As shown in
Figure 6b, the direction Ou in the coordinate system uOv is the direction that the WS
azimuth extension direction of the bistatic radar pair needs to rotate and align. Then,
the transmitter’s local coordinate system #’Ov’ and the receiver’s local coordinate system
u"Ov" are established with the full aperture centers of the transmitter and nth receiver as
the origin and the azimuth direction of the radar platform as the ordinate, respectively.
In Figure 6b, 01, and 0r,,, respectively, indicate that the rotation angles of coordinate
systems #'Ov’ and u” Ov" are needed to align with the coordinate system 1Ov.

At this time, in the transmitter’s local coordinate system #'Ov’, the coordinates of the
transmitter and the grid points are as follows:

(M/T, U,T) = (ut, 1)
{(“lir U'i) = (u;, v;)r18 1)

In (19), the rotation mapping matrix is constructed according to the transmitter’s local
coordinate system, and its specific expression is

I'Ta = [

where 91, is the angle required for clockwise rotation of the transmitter local coordinate
system #'Ov’ to align with the coordinate system #Ov. In the receiver’s local coordinate
system 1" Ov”, the coordinates of the transmitter and the grid points are as follows:

sin O,
cos O,

cos O,

—sin 19Ta (20)

{ (u”Rna, U//Rna) = (URnas URna ) TRna 1)

(u";,0";) = (ui,vi)tRpa

In (21), the rotation mapping matrix is constructed according to the receiver’s local
coordinate system, and its specific expression is

sin ﬂRn a
€0S Urua

oS ORna

— sin URya (22)

IRpa = |:
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where ¥R, is the angle required for clockwise rotation of the receiver’s local coordinate
system 1" Ov" to align with the coordinate system uOwv.

Step (2) Sub-aperture division and low-resolution grid division at initial level:

After the azimuthal alignment of WS is completed, the azimuthal WS is utilized to
the maximum extent. At this time, the projection grid can be divided with the lowest
resolution as possible under the condition of ensuring the coherence of signals, and the
imaging efficiency is improved. In this imaging algorithm, the final imaging result is
obtained through level-by-level recursive fusion of the initial level BP imaging results.
Therefore, the resolution of the initial grid division will be much lower than the final
imaging resolution of the system. However, according to the analysis in Section 3.2, a
grid division of too low a resolution will lead to WS aliasing of sub-aperture data, so it is
necessary to set a reasonable initial back projection grid division width according to the
length of sub-aperture division and the WS distribution range after rotation alignment.

First, according to the requirements of imaging accuracy and efficiency, the echo

data of each bistatic radar pair is divided into Ks(gl)j = 2C at the initial level, and then the
distribution range of WS is calculated according to the spatial configuration parameters of
bistatic radar pair after rotation and alignment. Assume that the WS distribution range of
the first bistatic radar pair after rotation and alignment are as follows:

kun (i 7) € (KR (fo, ), K (i, )|

. (23)

Ken(fir ) € [ (fo, ), K52 (i, 7) |
where ky, (fi, T) and kou (fi, T) represent the coordinates of the WS sampling points in the u
and v directions after rotation mapping.

Second, because the data of different bistatic radar pairs need to be back-projected into
the same Cartesian coordinate system in the following steps, it needs to be comprehensively
determined by the distribution range of all bistatic radar pairs when calculating the grid
division width. The width of the grid in the u and v directions can be divided as follows:

max _ : min
d jmax [ (fi, )] — | min [k (ft:T )H
(24)
max _ : min
do=21/| max (5, 0]~ ain [k, )|

Step (3) BP of sub-aperture data at initial level:

The sub-aperture data of each bistatic radar are back projected to GCCS one by one
(0)
K

sub

and imaged separately. The kth (k =12,..., ) sub-aperture back projection imaging
result obtained by the nth(n = 1,2,..., N) bistatic radar pair at the initial level (g = 0) can

be expressed as

(k-Ta) /K9 2n(fcn+ 5 )/c 5 . Iy
I irYi) = n\Jt,s ' - Ryp, 25
(k) (M ) /(k 1)- Ta]/K /2” (fcn*Ban> /c <ft T) P |: JEf (nje) R (T):| ft T (25

[ sub

Transform the above imaging results into wavenumber domain, that is

—+o00 —+oo
L1 gy (ku, o) / / L oy (i, 0;) - expl—j(kuntt; + konv;)|dudo; (26)

where (ky, k) is the coordinate of the WS in the coordinate system uOv.

Step (4) Multi-level regional attention strategqy and phase compensation of sub-images:

This step can be divided into two aspects: multi-level regional attention strategy and
second-order phase compensation. For the multi-level regional attention strategy, normally,
there are some differences between the gray values of the target and the background region
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in SAR images. The gray values of the target region are stably distributed in the high range,
while the background region usually contains noise and clutter, and its gray values are
usually unstably distributed in the lower range. Therefore, it can be considered that the
target region satisfies the condition of the MSER, which makes the algorithm pay more
attention to the MSER at each fusion level in the fusion process [46—48]. As shown in
Figure 7, SAR imaging of a ship on the sea is analyzed as an example to introduce the
specific steps.

[AR

- J

Figure 7. Schematic diagram of image segmentation method based on MSER.

First, for the sub-image obtained at a certain fusion level, the distribution range of
its gray value is measured, and M equally spaced threshold values Ah are set in this gray
value distribution range. Two adjacent threshold values satisfy the following relationship

hm+1:hm+Ah1m:1/2/---/M_1 (27)

Then, based on each threshold, the image is binarized, that is, the pixels with gray
values below the threshold are set to 0, and the pixels with gray values above the threshold
are set to 1. At this time, M binary images can be obtained. In each binary image, the region
with a gray value of 1 is called the extremal region, and the extremal regions divided by
different thresholds satisfy A,y C Appm—1 S, ..., C Ap.

In the imaging results obtained at each fusion level, the target area is usually bright,
which is in great contrast with the background area, and the gray level of the target area
will remain stable in a certain range. According to this characteristic, the change rate of the
areas of two adjacent extremal regions is counted and the areas with stable gray levels in a
certain range are selected as suspected target regions according to the following criteria:

N = |S(Ahm+l) _S(Ahm)|
" S(Apm)

<um=12,...,.M (28)

where S(-) represents the area of extremal regions, 1, represents the change rate of the
extremal region area when the threshold value is h;,;, and y represents the maximum value

of the change rate of the extremal region area. At the gth(¢ =0,1,...,G — 1) fusion level,
(8)

the number of sub-images included is k;i’ = 26-8. Because the difference between sub-
images corresponding to adjacent sub-apertures is small, to further reduce redundant calcu-
lation, only G — g sub-images need to be selected at intervals from all sub-images for image
segmentation at each fusion level. Then, the coordinates and gray values of the segmented
pixels are transferred to the next level for fusion. Specifically, firstly, all the sub-images
obtained at each fusion level are numbered according to the time sequence of acquisition;
secondly, the sub-images numbered ROUND [ZG_g /(G—g)- ng], ng=12,...,G—gare
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5]
QU o |

avi

Ry

_ i

1

p(7) =

selected for segmentation, where ROUND|:| expresses rounding operation. The extremal

regions segmented in the selected sub-images are denoted as Agg ) (i=1,2,...G—g). Toen-
sure the accuracy of the final imaging result, the pixel points that have appeared in each
extreme value area are merged to obtain a pixel point set and transmitted to the next fusion
level, that is,
— @) ; _
A8 =JA®,i=12,...G-g (29)

Then, suppose that the merged pixel set A(8) contains K; pixels, and each pixel can
be expressed as py; (xxi, yki), ki = 1,2, ..., K;, where (x;, yx;) represents the coordinates of
pixel py;. Count the number of times each pixel appears according to the following criteria:

1, i (e, yii) € A®) i =1,2,...
o = Pri(Xkis Yii) € A, (30)

0, i (Xkis Yii) & Al{g),i =12,...

G—g
Ny =Y cki (31)
i—1

The empirical threshold N is set to determine whether to keep the pixel, that is, when

N,x > N, the pixel is kept. Otherwise, the gray value of the pixel is set to zero. Finally,

p
after traversing all the pixels in the set A(8), the pixels whose gray value is not 0 are
transferred to the next fusion level.

For the second-order phase compensation, it needs to be carried out in each sub-
K(g)

sub
nth(n =1,2,...,N) bistatic radar pair at the gth(g = 0,1,...,G — 1) fusion level is taken
as an example for analysis. Ks(il): = 2078 is the total number of equivalent sub-apertures at
the current fusion level.

First, according to the POSP, the stationary phase point equations of this sub-aperture

can be constructed and solved as follows:

image at each recursive fusion level. Here, the kth (k =12,..., ) sub-aperture of the

_ up —ur(T) | Ui — Uy (1)
71. kf(n,k)R”Pi(T) - ku(n,k)ui} =0 ku(n,k) = kf(n,k) . |: RTP{(T) RRnPi(T)
~ v; —or(T) v — VR (T) (32)
R, p — = _ . i VT i~ YRn
kf(n,k)Rup, (T) kv(n,k)vz} 0 koni)y = K k) { R (1) + Rrnr, () ]

where R;;p (T) is the instantaneous range history in the coordinate system 1#Ov, and its
specific expression is

Rrp,(T )+RRnp( )

33
— 2+ [or(1) — o + 22(1) + 1/ [ra () — )% + [0Ra (7) — 0% + 23, (7) o

where Rtp, (7) and Rg,p,(T) represent the instantaneous distances from the imaging grid
point P; at the current fusion level to the transmitter and receiver, respectively. Combined
with the analysis in Section 3.2, the aliasing phenomenon caused by the motion of the radar
platform can be avoided by setting an appropriate grid division width at the initial level.
According to (32), it is necessary to compensate the terms related to u; and v; to realize the
compression of WS, and then solve the problem of WS aliasing.

Then, the influence of u; and v; on the WS can be divided into two aspects: the
influence on the WS of the transmitter and receiver. According to (19), the WS components
of the transmitter after rotation mapping in the transmitter’s local coordinate system u'Ov’
can be obtained as follows:
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ne
kl;f k) = Kenj) - [ (T)]
(nk) f(nk) R'tp.(T)

v —v'r(t )}

(34)
A P— I L )
o(nk) f(nk) R'1p.(7)

where R/TP,- (7) represents the instantaneous distance between P;(u';, v';) and the transmitter
in the transmitter’s local coordinate system, and its specific expression is

Ry, (1) = 3/ [w'2(x) — i + [o'n (1) — /2 + B () 3)
Assuming that ¢/(7) is the squint angle of the transmitter relative to the grid point in
the transmitter’s local coordinate system, (34) can be written as

Kl o=k -sin®;(t
{ (k) = Kf(nk) i(7) 36)

K5 = ks - cos8'3(T)

Under far-field conditions, the scene width and synthetic aperture length are much
smaller than the slope distance of the radar platforms, so it can be deduced that sin ¢';(7) ~
®';(7) and cos ¢';(T) ~ 1. Therefore, (36) can be approximately expressed as

T
{k/u(n,k) ~ Kfug) - 9'i(T)

(37)

k’3<n,k> ~ k(ni)

It can be seen from (37) that the WS coordinate k’ z(n,k) is only related to the frequency

of the transmitted signal and is not affected by the distance between the point target and

the center of the imaging scene. However, the coordinate k/};(n,k) is affected by both the

aperture length of the transmitter and the width of the imaging scene. Further, expand (35)
as follows:

Ripp () =/ [wn(0)]2 = 20/ (v)u's + u’? + o' (v) — o' + 22 (1) (38)

At the same time, by solving the stationary phase point equations in the transmitter’s
local coordinate system of the current fusion level, one can obtain

) T T u'i —u'r(7)
du': [kf(fl,k) Ryp, () — k/u(n,k)”,i:| =0 k/u(n,k) =ktnp)y—mr 7o Riup (7)
| = 9)
J T T v —v'p(T
ov'; {kf(”zk) R'yp,(T) = klv(n,k)vll} 0 k/v(n,k) = kf(n,k)}{/nl"(l;—())

It can be seen from (39) that when the point target deviates from the center of the
scene, the reason why the WS is aliased is that the coordinate k’ E(n,k) of the stationary phase
point contains the term u'/Ryp (), which varies with the variable u'. Therefore, if the
second-order term u'? about u’ is compensated in (39), the WS can be compressed and
aliasing can be avoided. The second-order phase compensation factor is constructed as
follows. It is assumed that the (39) is updated as follows after phase compensation

Rrp (1) =/ [w'r (OF — 2u'n(0)u; + [o'2(7) — 0/ + 23(7) (40)
It can be deduced that
/ 5 u/Z
Rip(t) =R1p(7)+ |14+ —"— (41)

[ﬁ’TPi (T )}
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Usually, because the distance from the transmitter to the grid point is much larger
than the scene, that is R’; p(T) > ', (41) can be expanded by the first-order Taylor and
obtain [42]

2
Rip.(T) ~ R'1p (T) + ——— 42
1, (T) P, (T) 2R75(7) (42)

Further, the wavenumber variable k¢, 1 is replaced by the center wavenumber

ke(nky = 2fe(nx)/ ¢ corresponding to the center frequency of the signal. Replace the slope

distance of the whole sub-aperture with the slope distance corresponding to the current

sub-aperture center time T = (2k— 1)1,/ 2K§§l)]. At this time, the second-order phase

compensation factor in the transmitter’s local coordinate system can be approximately
expressed as

12
H'S = exp | — ko —t— on 43
T(nk) P | = J%e(nk) 2Ri1p (1) || (zsz(lg))T (43)

sub

After that, the compensation factor needs to be rotated and mapped back to the
Cartesian coordinate system 1Ov to realize the phase compensation of the sub-aperture
image. The rotation mapping process can be expressed as

@) @) —1

Hy = Hpp  a (44)
where rfal represents the inverse of the rotation mapping matrix ry, in (20). Similar to the
derivation in the transmitter’s local coordinate system, the second-order phase compensa-
tion factor in the nth receiver’s local coordinate system can be expressed as

"2
g'e exp | —ik fvuil . (45)
R(n,k) P|—J c(nk) ZRHRnpl(T) — (2;{1;5
where
RN”R"Pi(T) = \/[”//Rn(f)}z = 2u" Ry (T)"i + [0 Ru(T) — v”i]z + Z%{n(T) (46)

Rotate the phase compensation factor in (45) to the #Ov coordinate system, and obtain
the phase compensation factor of the nth receiver as follows:

— ) -
Hl({g&,k) - H//I(f(n,k) ’ rRr}a 47)

where rﬁﬁa represents the inverse of the rotation mapping matrix rg,, in (22).

Finally, the second-order phase compensation factors of the transmitter and the nth
receiver are applied to all pixels obtained after segmentation in Step (3), and the sub-
aperture imaging result after phase compensation can be expressed as

I((f,)k)(”i' vi) = I((ﬁ,)k)(”i' vi) 'H%,k) .HI({gn)(n,k) (48)

After the second-order phase compensation, the WS of the point target is compressed
and is no longer affected by the width of the scene.

Step (5) Recursive coherent fusion.

First, the sub-aperture images of all fusion levels are up-sampled twice, and this
process can be expressed as

I((i)k) (141‘, Ui) 2xupsampling I((i)k) (ui/ Ui) (49)
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Second, to ensure the coherence of the imaging results after the second-order phase
compensation, it is necessary to multiply the imaging results after up-sampling by conjugate

phase compensation factors [H (&) } and [Hl({g& ,k)} , and the compensation result is

T(nk)
(8) _ g © 1° [u© 1°
P8 (i, 0) = 55 (w00 - [HE 0] [Hi0) (50)

where [-]" represents conjugate operation. From level 1 to level (G — 1), the sub-images
at each fusion level can be represented as a coherent superposition of corresponding two
adjacent sub-images in the last fusion level, that is

K(gh_l)
SU. 1 1
1) (u;,07) = k_zl (18 (i) + 1550 (w0 | ,g =1,2,..,G=1 (1)
where the symbol ) indicates coherent superposition. After the recursive fusion of G levels
sub-images, the imaging result of a single bistatic radar pair in the Cartesian coordinate
system uOv is obtained, and it needs to be further rotated and mapped to the GCCS xOy of
distributed radar imaging. This process can be expressed as follows:

Ln(xi,yi) = Ln(u;,0;) -1y (52)

where rl;nla represents the inverse of the rotation mapping matrix ry,, in (18).
Finally, the imaging results of each bistatic radar pair are coherently fused to obtain
the imaging results of MuA-SAR. This process can be expressed as

N
I(x,y) = ; L(xi, i) (53)

4.2. Computational Complexity Analysis

In the proposed algorithm, it is assumed that the MuA-SAR system contains N re-
ceivers, the full aperture length of each bistatic radar pair is L4, the dimension of the
original echo data are L,; x Ly¢, and the size of the imaging result obtained after recursive
fusion is also Ly, X Lyg. The echo data are divided into K, sub-apertures to complete
imaging processing, respectively, and the size of the sub-image obtained after sub-aperture
imaging processing is (L, /Ksyp) X Lrg. The total number of fusion levels involved in the
coherent fusion process is G = log,Ks,,. The computational load in the proposed algorithm
is mainly generated by the following three aspects:

(a)  BP imaging process at the initial level.

In the process of BP imaging, the size of the echo data received by the full aperture
is Lz X Lyg, and the length of each sub-aperture is Ly, /K;,;. At a range direction, it is
necessary to complete the back projection of L 4,/ K, echo data to the GCCS. The number
of operations required in this process is Loz - Lyg - Lay /Kgyp-

(b)  The upsampling operation in coherent fusion process from level Oth to the level (G —1).

In coherent fusion process from level g to level (g + 1), 2678 sub-images need to
complete a two-times upsampling operation, and the number of pixels to be upsampled in
each sub-image is Lyg X [Lsz/ (2°7¢)]. Therefore, the maximum number of operations that
need to be upsampled in the coherent fusion process between these two fusion levels is

2678 X Lyg X |Laz/ (2678) | = Lig - Lz (54)
Because the image segmentation method based on MSER is introduced into this

imaging algorithm to segment the suspected target regions in the sub-images, not all pixels
need to be upsampled. Assuming that at the gth level, the ratio of the number of pixels
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contained in the segmented extremal regions to the number of all pixels in the image is
mi(i=1,2,...,G—g), and set m = max{my,my, .. .,mG_g}, that is, the pixels with m in
all pixels are segmented and upsampled at most. Therefore, the maximum number of
operations required for upsampling in the process of sub-images coherent fusion from level
Otolevel (G—1)is

G-1
G+1)G
me,ngazx(G—g):%

g=0

sm- Lrg Ly (55)

(c)  The image segmentation process based on MSER from level 0 to level (G — 1).

At the gth level, G — g sub-images need to be selected to segment the suspected target
regions by MSER method, and the number of pixels in each sub-image in this fusion level
is Lyg X Lgz/ 26-8. At each fusion level, firstly, the bin sort algorithm is needed to sort the
gray values of all pixels in each sub-image selected for image segmentation at this fusion
level, and the maximum number of operations required is

m‘Lrg‘Laz' (G_g)
26-8

m x (L,g % Laz /zc—g) x (G—g) = (56)

Then, it also needs to use the union-find algorithm to store the list and area of the con-
nection area. At each fusion level, the process requires a maximum number of operations.
m X Lyg X Lqz /2678 x log, {log2 (m X Lyg X LaZ/ZG*g)] x (G—g)

_ m'Lrg'Luz'(G_g) .10 10 m'Lyg'ng (57)

Therefore, the maximum number of operations required for the MSER-based image
segmentation process from level 0 to level (G — 1) is

tmLig Loz (G—g) m-Lrg-Laz- (G—g) M- Lyg - Loz
g;o i + oz -log, [1og2(2Gg)] (58)

To summarize, the total number of operations required by this algorithm to complete
an imaging process is

G-1)G
Loz - Lyg - Lan/Ksup + % M- Lyg - Loz
+G’lm'Lrg'Laz'(G—g)+m'Lrg'Luz'(G—g)_lo o M- Lrg - Loz (59)
g:O 2G_g 2G_g g2 gz 2G—g

Assuming that L4, = Lsz; = Lrg = L, and g and G in (59) are constants, the algorithm
complexity of the proposed imaging algorithm is

0 (L3 /KM,) e (m 2. 1og21<suh) + o(m - LZ) (60)

Especially when the number of sub-apertures reaches K, = L4, = L, the computa-
tional complexity of this algorithm is mainly affected by the valid pixel ratio m(0 < m < 1).
It can be seen from (60) that the computational complexity of the proposed algorithm is
between O(L?) and O(L? - log,L), which is lower than that of the FFBP algorithm.

5. Simulation Experiments

In this section, to verify the performance and efficiency of the proposed imaging
algorithm, the point target scene, and the two-dimensional (2D) surface target scene are
processed by the BP algorithm, FFBP algorithm, and the proposed algorithm, respectively,
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and the imaging results and processing time are compared. Then, the 2D surface target
scene with different effective target pixel ratios is set to compare and verify the efficiency
improvement in the algorithm proposed for different scenes.

5.1. Point Target Simulation

The arrangement of point targets is shown in Figure 8. 49 point targets are evenly
distributed in 7 rows and 7 columns in a scene with a size of 140 m x 140 m, and the distance
between two adjacent point targets in the horizontal and vertical directions is 20 m. Set the
MuA-SAR system with one transmitter and two receivers to simulate the echo data. Use the
BP algorithm, FFBP algorithm, and the proposed algorithm in this section for simulation,
respectively, where the full aperture is divided into 64 sub-apertures, and the number
of sub-images fusion levels is 6 in FFBP and the proposed algorithm. The simulation
parameters are shown in Table 2. The hardware platform of the simulation experiment is a
workstation with Intel(R) Xeon(R) Gold 6130 2.10 GHz CPU, NVIDIA TITAN RTX 24 G
GPU, and 256 G memory, and the simulation software is MATLAB R2023A.

20 m

20 m
e e o o o o

140 m

°

°
o__P-Uo
®

°

°

°

140 m

Figure 8. Target distribution map of point target scene.

Table 2. Radar signal and geometric configuration parameters of simulation experiment.

Radar Signal Parameters Geometric Configuration Parameters
Parameters Value Parameters Value
Carrier frequency 9.6 GHz Initial position of T (7.32,13.32, 5.00) km
Bandwidth 200 MHz Velocity vector of T (24.85, —147.93,0.00) m/s
Sampling rate 220 MHz Initial position of Ry (2.50, 15.00, 5.00) km
Pulse repetition 1024 Hz Velocity vector of R (0.00, —150.00, 0.00) m/s
frequency
Pulse time width 4 ps Initial position of R; (2.67,14.99,4.73) km
Synthetic aperture time 4s Velocity vector of Ry (—4.03, —149.95, 0.00) m/s

Figure 9a—c show the imaging results of the point target using the BP algorithm, FFBP
algorithm, and proposed UCFFBP algorithm, respectively. By comparison, the imaging
effects of the three algorithms are close, and the proposed algorithm eliminates more
sidelobe information than the other two algorithms. As shown in Figure 8, two point
targets, P; and P, located at the center and edge of the scene, are selected to show their
profiles along the azimuth direction using different algorithms. The profile results are
shown in Figure 9d—f. Further, the peak sidelobe ratio (PSLR), integrated sidelobe level
ratio (ISLR) along the azimuth and range direction, and the resolution unit area (Sce);) of
the two point targets are measured and listed in Figure 9 and Table 3 [15,49].



Remote Sens. 2023, 15, 5183

19 of 25

»(m)

-60

S

cell

-40 -20 0 20 40 60

x(m)

(a) BP imaging result

=0.47 m?

y(m)

=0.33m’

S

cell

x(m)

(b) FFBP imaging result

0671 BP: -14.70 dB
0.5 11 FFBP: -14.58 dB

Amplitude

—BP
——FFBP
UCFFBP | |

54 3 2 -

(d) Azimuth profile of the imaging result of Py

1 T T

1

Azimuth(m)

09+
0.8
07fm==mmmmm— ===
! PSL
8 0611 BP: -13.65 dB
=1 1
2 FFBP: -13.34 dB
%051 53.54 d
<4f-=========-=-
03+

0 b—

021
0.1r

e
-2 -1

-3

Range

—BP
—— FFBP
UCFFBP
P
ISLR,, '
1 BP: -11.65 dB |
| FFBP: -12.37dB |
1 1
| e e e e e e e e e 1
\,
V\)V‘/‘kv“w
1

0

2 3
(m)

(f) Range profile of the imaging result of Py

S.., = 0.45 m?

cell

x(m)

(c) Proposed UFFBP imaging result

Amplitude

—BP ]
——FFBP
UCFFBP | |
1 ISLR,,
1 BP: -13.06 dB

1
1
3 1
| FFBP: -13.44dB |
1 1

55 56 57 58 59

Azimuth(m)
(e) Azimuth profile of the imaging result of P,

60 61 62 63 64 65

1 T T

09

0.8

Amplitude

—BP
——FFBP
UCFFBP | |
VISLR,
1 BP:-11.67 dB )

| FFBP: -13.06 dB
1

| \w“v\@,\ ]

57 58 59

60 61 62 63
Range(m)

(g) Range profile of the imaging result of P,

Figure 9. Comparison of point target imaging performance. (a) BP algorithm result, (b) FFBP
algorithm result, (c) imaging result of the proposed UCFFBP algorithm, (d) profile of the imaging
result of P along the azimuth direction, (e) profile of the imaging result of P, along the azimuth
direction, (f) profile of the imaging result of P; along the range direction, (g) profile of the imaging
result of P, along the range direction.
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Table 3. Comparison of imaging performance of different algorithms.

. Measured . .

Algorithm Parameters Point Target Py Point Target P,

Seell (M?) 0.47 0.47
BP algorithm PSLR,,/PSLR; (dB) —14.70/-13.65 —14.88/—-13.60
ISLRaz/ISLRyg (dB) —13.02/-11.65 —13.06/—11.67

Seell (M?) 0.32 0.33
FFBP PSLRaz/PSLRyg (dB) —14.58/—-13.34 —15.84/-13.87
ISLR,,/ISLR;g (dB) -12.91/-12.37 —13.44/-13.06

Seell (M?) 0.45 0.43
Proposed algorithm PSLRaz/PSLRyg (dB) —13.64/—-16.03 —13.73/—-17.06
ISLR, /ISLRyg (dB) —14.57/—17.40 —13.84/—17.08

Then, in the same size scene, 49 point targets are randomly generated and set. The BP
algorithm, FFBP algorithm, and the proposed algorithm are used for imaging processing.
The repeated experiments are carried out for six times and the imaging processing time is
recorded. The six groups’ results and average values are compared in Table 4.

According to the comparison of imaging results and processing time in Figure 9,
and Tables 3 and 4, several conclusions can be drawn about point target imaging. First,
for the point Py, compared with BP algorithm, the S of the proposed algorithm is
0.02 m? smaller than BP, and their focusing performance is similar. Compared with FFBP
algorithm, the S of the proposed algorithm losses 0.13 m?. However, because there
is no phase error in BP-based method, the phase error of the proposed algorithm is also
small. Second, the PSLR,, ISLRaz, PSLR;g, and ISLRyg of the proposed algorithm are better
than BP algorithm 1.06 dB, 1.55 dB, 2.38 dB, and 5.75 dB , respectively. Compared with
FFBP algorithm, the PSLR, of the proposed algorithm loses 0.94 dB. The ISLR,;, PSLRyg,
and ISLRg improve 1.66 dB, 2.69 dB, and 5.03 dB, respectively. The proposed algorithm
has a good focusing effect on both the center and the edge of the scene, and has shorter
sidelobe tail than BP algorithm and FFBP algorithm in azimuth, which is the advantage
brought by introducing multi-level regional attention strategy based on the MSER image
segmentation in the recursive fusion process. Finally, when the focusing performance is
close to BP algorithm, the processing efficiency of the proposed algorithm is improved
by about 56.6%, and when the phase error is smaller than FFBP algorithm, the processing
efficiency of the proposed algorithm is still improved by about 40.2%.

Table 4. Comparison of processing times of different algorithms.

Group BP Algorithm FFBP Algorithm Proposed Algorithm
1 51.5 38.3 23.4
2 50.8 37.9 22.9
3 529 38.2 22.3
4 54.5 37.8 22.6
5 52.1 38.7 224
6 53.2 37.6 23.0
Average Value 52.5 38.1 22.8

5.2. 2D Surface Target Simulation

To verify the imaging performance and efficiency of the proposed algorithm for a 2D
surface target, a 1.2 km x 1.2 km SAR image of a bay scene is selected as the original scene.
First, the size of the original scene is 800 x 800 pixels. Second, the MuA-SAR system is
simulated to generate echoes, and the simulation conditions and parameters are the same
as those of point target simulation in Section 5.1. Then, the BP algorithm, FFBP algorithm,
and the proposed algorithm are used for imaging processing, respectively. The processing
time of the three methods are: BP algorithm, 1322.26 s; FFBP algorithm, 443.84 s; and the
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proposed algorithm, 293.47 s. Compared with the BP and FFBP algorithm, the efficiency
of the proposed algorithm is improved by about 77.8% and 33.9%. The imaging results
of the three algorithms are illustrated in Figure 10a—c. Two areas in the imaging results
of different algorithms, area A and area B, are selected for enlarged display. Compared
with the imaging results, it can be found that the imaging performance of the proposed
algorithm is similar to that of the BP algorithm and FFBP algorithm, and the proposed
algorithm can retain more target contour information and suppress background noise.

To further verify the efficiency improvement in the proposed method for different 2D
surface targets, different surface target scenes with valid pixel ratios ranging from 0.1 to
0.9 are set at intervals of 0.1, and the above three imaging algorithms are used for imaging
processing. The processing time is recorded, and the results are shown in Figure 11. It
can be seen from Figure 11 that the imaging efficiency of the proposed method is greatly
improved compared with the BP algorithm and FFBP algorithm for 2D surface targets with
different valid pixels and the efficiency improvement effect is gradually weakened with the
increase in valid pixels.
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Figure 10. Comparison of 2D surface target imaging performance. (a) BP algorithm result, (b) FFBP
algorithm result, (c) imaging result of the proposed UCFFBP algorithm.



Remote Sens. 2023, 15, 5183

22 of 25

1800

—e—BP
—&— FFBP
1500 Proposed algorithm| 4

P P ——— ]

1200 B

900 B

600 A B

300 1

Imaging processing time(s)

0

0 01 02 03 04 05 06 07 08 09 1
The proportion of effective pixelsto al pixels

Figure 11. Comparison of processing time of 2D surface targets with different valid pixel ratios.

6. Discussion

Firstly, there is a phase difference between multiple bistatic radar pairs in the MuA-
SAR system. In the existing methods, only the local coordinate system is established
for analysis and processing, and the phase difference will lead to a serious decline in
focusing performance. In the proposed method, the GCCS is established, and the coherent
processing of data by different bistatic radars is realized by rotating WS alignment and
phase compensation, which improves processing efficiency.

Secondly, there are differences among sub-images at different fusion levels of each
platform. In the proposed method, a multi-level regional attention strategy based on MSER
segmentation is implemented in some sub-images at each recursive fusion level, and the
suspected target regions are segmented and merged. Under the condition of ensuring
that the target pixel is not lost, the number of pixels that need recursive fusion is reduced,
and the processing efficiency is further improved.

Thirdly, the segmentation method based on MSER is adopted in the multi-level re-
gional attention strategy, and its segmentation accuracy has certain limitations. To ensure
that the pixels in the suspected target regions are not missed, the lowest segmentation
threshold in MSER is usually lower, which will result in some redundant pixels being
retained. However, MSER segmentation is a threshold-based method, and its efficiency is
much higher than that based on edge detection and clustering. Therefore, compared with
the improvement in imaging processing efficiency, it is acceptable to lose the accuracy of
some segmentation areas.

Finally, the requirements of the application of coherent processing of multi-static SAR
are complex and are influenced by many factors, mainly including platform motion errors,
time and frequency synchronization, and target scattering characteristics. These problems
are solved in the existing work [50-52]. This paper mainly solves the fast-imaging problem
of MuA-SAR. In the subsequent research, to improve the usability of coherent processing
of multi-static SAR, many studies should be performed in the future, including geometric
configuration design, and so on.

7. Conclusions

In this paper, a UCFFBP algorithm with multi-level regional attention strategy is
proposed for MuA-SAR fast imaging. On the one hand, the GCCS is established, and echo
data from different bistatic radar pairs can be processed uniformly and coherently, which
avoids redundant operation and error accumulation. On the other hand, a multi-level
regional attention strategy based on MSER image segmentation is proposed, and only
the pixels in the suspected target regions at each fusion level are paid more attention for
coherent fusion, which further improves processing efficiency. Simulation experimental
data verify that the efficiency of the proposed algorithm can be improved by more than
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50% and 30% compared with the BP and FFBP algorithms. The UCFFBP algorithm can not
only ensure the imaging quality, but also improve the efficiency of imaging processing.
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MEFT matrix Fourier transform
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