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Along-Track Swarm SAR: Echo Modeling and
Sub-Aperture Collaboration Imaging Based on
Sparse Constraints

Nan Jiang“, Dong Feng

Abstract—This article proposes an along-track swarm synthetic
aperture radar (ATS-SAR) system to accomplish the high frame
rate and enhance imaging resolution simultaneously. Unlike the
current along-track multistatic SAR (Multi-SAR), each platform
of the proposed ATS-SAR only collects part of the aperture data.
Then, the bistatic pair acquisitions of ATS-SAR are transformed
into virtual monostatic subapertures, and a large aperture is com-
bined in a short time. Considering the practical motion state differ-
ence of each individual platform, various ATS-SAR echo models are
thoroughly investigated and established. Furthermore, a subaper-
ture collaboration imaging algorithm for ATS-SAR (SACIm-ATS)
based on sparse constraints is also proposed. An effective phase
compensation function is designed to improve echo sparsity by
homogenizing the ATS-SAR echo. Then, the compressed sensing
method can be utilized to accurately estimate more azimuth data,
obtaining a higher azimuth resolution. Simulations and a real
measured experiment are carried out to verify the effectiveness of
the proposed ATS-SAR and the SACIm-ATS algorithm. Compared
with the state-of-the-art imaging algorithms, the proposed SACIm-
ATS algorithm can significantly enhance the ATS-SAR imaging
performance.

Index Terms—Along-track swarm SAR, compressed sensing,
echo modeling, multistatic SAR (Multi-SAR), subaperture
collaboration imaging.

I. INTRODUCTION

INCE it was first proposed in the 1960s, conventional

monostatic SAR (Mono-SAR) has received much research
in the sectors of civilian and national security [1], [2], [3]. With
the advent of compressed sensing (CS) technology in recent
decades, the prior information of imaging scene sparsity has
been widely considered and fully utilized [4], [5]. The related
SAR imaging algorithms based on sparse constraints have been
rapidly investigated [6], [7], [8], so that the sparse targets such
as ships and space targets can be well imaged with fewer data.
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However, Mono-SAR has three inherent limitations. First,
due to the minimum antenna area constraint, high resolution,
and wide swath cannot be satisfied simultaneously with single-
channel antenna [9]. Second, interferometric SAR (InSAR)
imaging requires that Mono-SAR fly twice, reducing the per-
formance of InSAR imaging [10]. Third, high resolution and
high frame rate are inherently contradictory for Mono-SAR,
resulting in a long data collection time. Therefore, multistatic
SAR (Multi-SAR) was proposed in the early 1990s [11], [12].
The transmitters and receivers are separated in Multi-SAR,
achieving better concealment and flexibility [13]. However, the
primary purpose of almost all Multi-SAR is to address the first
and second inherent limitations of Mono-SAR. All platforms
must collect the complete synthetic aperture data to ensure high
azimuth resolution, leading to a long data collection time and a
low frame rate.

With the rapid development of unmanned aerial vehicles
(UAV) swarm [14], [15], Fang initially proposed a prelimi-
nary concept of a high frame rate UAV swarm SAR in or-
der to tackle the third inherent problem of Mono-SAR [16].
The one-transmitter-/N-receiver high frame rate UAV swarm
SAR is separated into N bistatic pairs and is equivalent to
N virtual Mono-SAR on the angle bisector of the target’s
view. Small subapertures are captured concurrently via mul-
tiple platforms in a short period of time, merging a larger
synthetic aperture to improve azimuth resolution. Due to its
short data acquisition time, the SAR system is more concealed
and has a preferable anti-interference ability. Therefore, this
UAV swarm SAR can be regarded as an enhanced configuration
of the existing SAR system. Almost all the application back-
grounds of the existing SAR system apply to it, especially in the
case of long data collection time. However, it exposes several
problems.

1) It does not inspire the most efficient mode of UAV swarm
SAR. After the bistatic-monostatic transformation, the
length of the combined equivalent aperture will be less
than that of the UAV swarm SAR’s total running distance.
Thus, it moves longer but obtains a low-quality azimuth
resolution. It could be more efficient, especially for the
sparse targets.

2) The practical motion state of each individual platform
is ignored. It assumes that all drones are flying at the
same speed, but this is only the case in a perfect forma-
tion. The velocity difference of platforms will result in
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different sampling intervals in different virtual subaper-
tures, forming a nonuniform sampling aperture signal.

Meanwhile, it may cause certain gaps between virtual sub-
apertures, resulting in missing Doppler data. A lack of Doppler
data will result in azimuth aliasing and a substantial degradation
in imaging performance.

In order to address the third inherent limitation of Mono-SAR
and solve the problems of the high frame rate UAV swarm SAR,
anovel along-track swarm SAR (ATS-SAR) concept is proposed
in this article. First, the proposed ATS-SAR can maintain a high-
quality azimuth resolution even with short runs. Meanwhile,
the proposed ATS-SAR considers a more general case: each
platform moves at a different speed. It is common in practice,
for example, when the ATS-SAR comprises of several platform
types and some of those platforms need to move at various speeds
to minimize interference and detection. The main difference
between ATS-SAR and current along-track Multi-SAR [17],
[18], [19] is that: instead of acquiring the complete aperture data,
every platform of ATS-SAR only collects part of the aperture
data to combine a large synthetic aperture. More concretely,
in the ideal formation case, /N platforms of ATS-SAR move
together with the same velocity, forming /V-segment virtual sub-
apertures. Thus, compared with the conventional Mono-SAR,
the data collection time of ATS-SAR is significantly reduced.
Furthermore, since fewer data are required for imaging in the
sparse case, the data collection time can be further reduced [20].
It is worth mentioning that the proposed ATS-SAR is not re-
stricted to the case of UAV swarms. Also covered are the airborne
and spaceborne swarm SARs.

If the full aperture of ATS-SAR is utilized for imaging, the
optimal azimuth resolution can be obtained. However, due to
the motion state difference of ATS-SAR’s platforms, the ef-
fective aperture data of the combined aperture will be much
less than that of the full aperture. Therefore, motivated by
the Mono-SAR data recovery imaging algorithm, we try to
collaboratively estimate the complete aperture data from the
subapertures in ATS-SAR. In 2018, Qian proposed an Azimuth
Missing Data Imaging Algorithm (AMDIA) based on sparse
constraints for Mono-SAR [21]. The AMDIA reconstructs a
phase-compensated complete echo at the Doppler domain based
on the generalized orthogonal matching pursuit (gOMP) al-
gorithm [22]. Then, the reconstructed signal transfers to the
2-D time domain after a phase compensation step to obtain the
estimated complete echo. Finally, the conventional SAR imaging
algorithms can obtain an accurate image with the estimated
complete echo. Thanks to the low computational burden and
robustness of the echo signal-to-noise ratio (SNR), the AMDIA
has been developed rapidly in recent years. Liu extended it
into spaceborne azimuth interrupted FMCW SAR and obtained
an obvious imaging performance improvement [23], [24]. Wu
provided an improved AMDIA via sparsity adaptive segmented
orthogonal matching pursuit (StOMP) algorithm [25]. Com-
pared with [21], it no longer needs to clarify the imaging sparsity,
improving the imaging performance without the prior sparsity
information. Aiming at the dechirped Azimuth Missing Data
SAR (AMD-SAR) imaging problem, we proposed an improved
AMDIA based on 2-D frequency domain recovery [26]. It has
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two advantages. First, the computational complexity of proposed
algorithm is reduced since just the range gate signal where
the target is located needs to be recovered. Additionally, it is
possible to improve imaging performance by reducing the signal
reconstruction errors.

If all platforms of ATS-SAR move with identical velocities,
the ATS-SAR echo can be regarded as a uniform sampling
Mono-SAR AMD echo. However, the velocity difference com-
plicates the echo model. The azimuth sampling interval of each
platform becomes nonuniform. Since the state-of-art AMDIA
(SOA-AMDIA) can only address the uniform sampling situ-
ation, it cannot be directly applied to ATS-SAR imaging in
complex formation cases. Therefore, the ideal and complex
formation ATS-SAR cases are carefully investigated. The more
realistic ATS-SAR echo models are established. Moreover, mo-
tivated by the SOA-AMDIA, a virtual Sub-Apertures Collabora-
tion Imaging algorithm for ATS-SAR (SACIm-ATS) algorithm
based on the sparse constraints is proposed. First, the ATS-SAR
echo is homogenized by analyzing the greatest common divisor
of all platforms’ velocities. The effective azimuth samples are
projected onto the positions corresponding to the homogenized
uniform sampling echo. Indeed, the homogenized uniform sam-
pling echo is incomplete. Furthermore, a phase compensation
function (PCF) is designed based on the newly constructed echo
to ensure a sparsity representation at the Doppler domain. To
eliminate the potential error effects of different CS methods,
the gOMP algorithm [22] is also chosen to collaboratively
estimate the complete aperture data in SACIm-ATS, as in the
SOA-AMDIA [21], [23], [24], [26], [27], [28]. Finally, the
ATS-SAR imaging scene can be well-focused with the estimated
full aperture even in the complex formation cases.

The main innovations and contributions of the article are as
follows:

1) We first propose ATS-SAR in this article to address the
third inherent limitation of Mono-SAR and solve the
problems of the SOA UAV swarm SAR. Moreover, the
proposed ATS-SAR considers the practical motion state
of each individual platform. Multiple complex ATS-SAR
echo models are first established.

2) We first propose a subaperture collaboration imaging al-
gorithm, SACIm-ATS, to address the ATS-SAR imaging
problem. The greatest common divisor of each platform’s
velocity is applied to homogenize the nonuniform ATS-
SAR echo, and an effective PCF is designed to improve
estimation accuracy of the full aperture data. The SOA-
AMDIA can be regarded as a particular case of the pro-
posed SACIm-ATS when the velocities of all platforms
are identical. Hence, the proposed SACIm-ATS extends
the applicable scope of the SOA-AMDIA.

3) To validate the effectiveness of the proposed SACIm-ATS
in the real scene, an artificial ATS-SAR experiment is gen-
erated from a real measured Mono-SAR data. Compared
with the SOA imaging algorithms, the proposed SACIm-
ATS algorithm can significantly enhance the ATS-SAR
imaging performance.

The article is organized as follows: in Section II, the echo

models of the ATS-SAR are described and analyzed in detail. In
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Fig. 1. Geometric configuration of ATS-SAR.

Section I1I, the proposed SACIm-ATS is introduced and derived.
In Section 1V, the simulations are designed, and the results
are analyzed in detail. In Section V, an artificial ATS-SAR
experiment based on the real Mono-SAR data is carried out and
the results are illustrated and analyzed. Finally, Section VI gives
the conclusion.

II. ATS-SAR ECHO MODELING

Suppose an N (N > 2) platforms ATS-SAR consists of one
transmitter and N receivers. The geometric configuration is
shown in Fig. 1. The slant range between the nth receiver and the
sparse target P (X, Yp) is denoted by R,. . The moving velocity
of the nth platform is represented by v,,. The received ATS-SAR
echo geometric model is demonstrated in Fig. 2. y,, denotes the
initial position of the nth platform, and L, denotes the length
of full aperture.

In the ideal formation case, all platforms simultaneously move
with the same velocity v. Considering the balance between data
collection time and effective data amount, the moving distance
of each platform equals Ly, /2 N, and the interval between the
adjacent platforms equals Ly, /N. The data collection time ¢ s 4
and the pulse repetition frequency (PRF) F|, are identical. Thus,
the azimuth samples number Mg = tga F}, of each platform
are equivalent. The transmitted chirp signal s;(¢) is written as

s¢(t) = Prw,(t) exp (j27 fot) exp (jﬂ'KrtQ) (1

where t represents the elapsed time of the chirp signal, often
known as fast time. K., f., B¢, and w,. represent the chirp rate,
carrier frequency, chirp signal’s amplitude, and range window-
ing function, respectively. After decarrier processing, the nth
echo s, is expressed as

Sry, (t,n) = Br, Wy (t - Rt(n)—’_Rrﬂ(n)) wq (1)

e (_j%fc <th<71> + Ry, (n)))

2

where 7) stands for the time along with the synthetic aperture,
often known as slow time. The azimuth windowing function is
shown by w,, while c stands for light speed and ng represents
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random noise. In the following derivation, the back-scattered
coefficient 3, can be neglected. The slant range between the
transmitter and P (X, Yp) is denoted by R;(n). Thus, the total
slant range is written as

Ry (n) + R, (n) = \/Ro? + (i + vin — Yo)?

+ \/‘RO2 + (yn + v — 3/0)2 3)

where Ry denotes the shortest slant range of P(X, Yp). y,, and
y; denote the initial azimuth coordinate of the nth platform and
the transmitter, respectively. v; represents the moving velocity
of the transmitter and v,, stands for the moving velocity of the
nth platform.

Assuming the initial interval I,, between the nth received
platform and the transmitted platform equals y,, — v, then the
Taylor approximation expansion of (3) becomes

((vn —ve)m+ In)2
4Ry

o et 1/2) + (00 + 1) /2= Vo)
Ry ’

Ry () + R, (1) =~ 2Ry +

“4)

The ATS-SAR can be interpreted as the combination of mul-
tiple bistatic pairs. Using the displaced phase center antenna
(DPCA) technology, the ATS-SAR creates IV equivalent phase
centers, which can also be considered /V virtual Mono-SAR [29],
[30]. The initial azimuth coordinate and velocity of the nth
virtual Mono-SAR are equal to ¥yir, = yi + I/2 and vy, =
(v, + v¢)/2, respectively. Hence, the azimuth sampling interval
of the nth virtual Mono-SAR dy;.. = Vyir, /F,. The length
of the nth virtual aperture L., = Vyir, tsa. The virtual slant
range R, (1) can be expressed as

Rvirn (77) = \/R02 + (yvirn + Vyir, 1 — YO)2

(yvirn + Uvirnn - YO)2

=~ 5
Ro + >Ry &)
By comparing (4) and (5), a phase error Ay is generated by
2m
Ap = —=((Be (n) + Ry, (1)) = 2Ruir,, (1))
_ I.)2
— T(-((,Un Ut) Ui + TL) (6)

22 Ro

where A denotes wavelength. In the far-field assumption situ-
ation, since v,, — v; and I,, are far less than R, the defocus
effect of Ag can be ignored. Moreover, according to the Tay-
lor approximation expansion principle, the higher the order of
expansion, the smaller the error between them. Therefore, the
second-order expansion is accurate enough in the far-field case.
However, if the ATS-SAR works in the near-field case, the phase
error A cannot be ignored. Hence, Ay should be compensated
to complete the bistatic-monostatic transformation. The far-field
and near-field standards of the ATS-SAR are derived in detail in
the Appendix. Furthermore, the applicability of the expansion
item is also discussed in the Appendix.
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Echo geometric model of the ATS-SAR. The rectangles with different colors represent different echoes of different platforms.
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After the bistatic—-monostatic transformation, the nth virtual
subaperture echo s, can be expressed as

sui (1) =, (1= 22D i

X exp <_j47rfchirn (77)>

c

2
X exp (j?rKr (t — 72]%“2" (77)) ) +ng. (7)

Next, S, should be directly combined in sequence and the
combined echo s, is expressed as

®)

where |- | denotes the combination operation. The size of S¢p
is M x N Mg 4, where My, represents the number of the range
samples.

However, since the motion state of each platform may be
different, not all azimuth data in s.,,; are effective for ATS-
SAR imaging. The effective signal s. y consisting of the effective
azimuth data may be distinct from s.,,;. Thus, the ATS-SAR
echo models should be examined further in the parts that follow.
Moreover, for reasons of clearness, we skipped the derivation of
multiple input multiple output (MIMO) ATS-SAR since it can
be easily extended from the single input multiple output (SIMO)
case.

Semb = I_Svirl yor ey Suir, .- 31)1’7'NJ

A. Ideal Formation Case: Yyir,, — Yvir, = Lvir, ,

The motion state of ATS-SAR is considered ideal when
Yviry, — Yviry, 1 = Lvir, 1,0 =2,3,..., N happens. In the
ideal formation case, S, are closely connected in turn. The
virtual echo geometric model is shown in Fig. 3.

In this case, s.y is identical to s.,,5. However, in ATS-SAR,
the received effective signal s. is not space-time equivalent.
Therefore, the first step is to reconstruct a space-time equivalent
signal s, using s.y. Since the ATS-SAR only collects part of
azimuth data, some azimuth positions in s, s do not have valid
data. Thus, the ATS-SAR echo model s, is established and a
position-finding step is defined. The azimuth samples of s, are

" m Subaperture 1
M Subaperture 2
W Subaperture 3
W Subaperture 4

Subaperture 5

Ly,

Virtual echo geometry model of the ideal formation case. The rectangles with different colors represent different virtual subapertures.

determined in s, ¢ by multiplying a position-finding matrix A ¢,
which can be expressed as

Spf = Seprf. (9)

Obviously, s, is regarded as the ATS-SAR echo filled with only
S.,and the data before and after s,y are zero-padding, as Fig. 3
shown. The sizes of s,,; and sy are equal to Mg X Mpp and
Mp x N Mg 4,respectively, where M p - represents the azimuth
samples number of s, ¢. The position-finding matrix A, s can be
expressed as

Ay =1[0 Inwng, O]

where I/, , is an identity matrix and its size equals N Mg 4.
Obviously, A, is designed to obtain a longer signal s, us-
ing a shorter signal s.y. Hence, the column number of A,y
is larger than its row number. The 2-D size of A, equals
NDMga x Mpp. Assuming the zero matrices before and after
S.y are generated by virtual subaperture 1 and virtual sub-
aperture [V, respectively. Thus, the size of the former and the
latter zero matrix in A,y equal NMgsa X (Yvir, — Y1)/ dvir,
and NMSA X (Lfa - (ym'rN + LvirN))/dvirN-

Overall, the ATS-SAR echo model s, is obtained in the ideal
formation case. It is an azimuth uniform sampling signal. The
fast time of s,y is still . The slow time axis 7,y becomes an
axis of length Mpp, where Mprp = 2N Mg 4.

(10)

B. Complex Formation Cases: Yyir,, — Yvir, , 7 Luvir, ,

In fact, it is difficult to ensure that the speed of each radar
platform is same, namely Yuir, — Yvir, , 7 Lvir, ,. In the
meantime, assuming that L,,;, difference is constrained to fall
inside a certain range L, € (0, L;,/N). Next, the ATS-SAR
echo models are then investigated in further detail under multiple
challenging situations.

1) Complex Formation Case 1: Yyir, — Yvir, 1 > Lyir, ;-
In this case, the virtual subaperture echoes are no longer tightly
connected anymore. The virtual echo geometric model is demon-
strated in Fig. 4. Observing Fig. 4 reveals that s.; = Scpnp.
The position-finding steps for ideal formation and complex
formation case 1 are comparable. The ATS-SAR echo s, for
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Fig. 4.  Virtual echo geometric model in the case of complex formation case 1. The rectangles with different colors represent different virtual subapertures.
Full Aperture » Wl Subaperture 1
W Subaperture 2
Wvirl Wvir2 Wvir3 Wvird Wvirs M Subaperture 3
____________ -___ T _l | Subaperture 4
— { —| Subaperture 5

1 V2 3 V4 Vs L " U Overlapping part
Fig. 5.  Virtual echo geometric model in the case of complex formation case 2. The rectangles with different colors represent different virtual subapertures.

complex formation case 1 can be obtained by

an

Assume the gap between yy,,, and y,;,, , is created by the
(n — 1)th virtual subaperture, while the beginning and ending
gaps are caused by the first and Nth virtual subapertures, re-
spectively. Thus, the position-finding matrix A, s; is expressed
as

Spf = sefxpfl‘

A1 =0 Inue, 0] (12)

The size of the zero matrices in (12) is identical to that in the
ideal formation case. Compared with (10), since there are gaps
between the virtual subapertures, as Fig. 4 shown, the identity
matrix I ., of (10) should be unfolded and filled with some
zero matrices. Thus, the deformed matrix I NMs 4 1SN0t asquare
matrix anymore and is demonstrated as

Py 0

TNy, = P, (13)

0 Yy
where 1), = Iy, . The size of each zero matrix is related to
the gap size, which is equal to NMgsa X (Yvir, — (Yvir, , +
L'Uirn—l ))/dvirn—l'

Therefore, the ATS-SAR echo model s, is an azimuth
nonuniform sampling signal when the complex formation case
1 happens. The number of the azimuth samples Mpg can be
calculated by

Yo N+1
Mpp =252+ ) Muir, (14)
VT n—>2
where M,;,, , is expressed as
VA Yoirn — Yoirny 15)
dvirn—l
and Yyiry,, = Lya.

2) Complex Formation Case 2: Ly, | — Lyir, < Yyir, —
Yoiry, 1 < Luir, .- Whensituation Ly, — Lyir, < Yuvir, —
Yuir,_, < Luir, , Occurs, the initial azimuth position of the nth
virtual Mono-SAR 1is smaller than the stop azimuth position
of the (n — 1)th virtual Mono-SAR. Hence, the overlapping
azimuth data are inevitable, as shown in Fig. 5. Obviously, part
data of virtual subaperture 3 overlaps the data of virtual subaper-
ture 4, which indicates that the Ly, — Lyir, < Yvir, — Yoirs <
L'uirg .

We assume that the overlapping data are redundantly collected
by the previous virtual subaperture. Thus, to remove the redun-
dant data, an operator 2{n} is defined to determine and select
the value of n which satisfies the complex formation case 2. This
step can be expressed as

n = {Lvirn,l - Lvirn < Yvir,, = Yvir, 1 < Lm’rn,l} .
(16)
n satisfying (16) is selected and put into a set Z o 1,. The elements
number of Z oy, is equal to Nor. Obviously, in the complex
formation case 2, the effective signal s.; in ATS-SAR is no
longer identical to s.,,,5- The effective data selection step is then

revised as

Sef = scmbTefQ (17

where the deformed identity matrix fe f2 can be defined as

Ief2 = I(:vbef2(n))|nezm
& denotes the empty set and

befg(n) £ ((n — 2) Msa + M'Uirn—l + ].) : (n — ].) Mga.
(19)
When complex formation case 2 occurs, the size of s becomes
Mp X Mgpa. Mgprs denotes azimuth samples number of s,
which can be obtained by

=o. (18)

Mpgpz = (N = No) Msa+ Y Myir, . (20)
neZor
The related position-finding step is expressed as
Spf = Sefxpfz (21)
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where _/pr 2 1s different from _/pr r1 due to the change in quantity
of the effective azimuth samples, that is

Apr2 = |0 I(N*NOL)MSA 0:| (22)
The row number of _/pr r2 equals Mg po. Thus, the row numbers

of the beginning and the ending zero matrices are equal to M g 2.
The column numbers of them are equal to (Yyir, — Y1)/ dvir,

and (Lfqa — (Yviry + Luviry ))/dviry - respectively. Moreover,
the deformed matrix I'(n_n,,)ars, 18 illustrated as
¥y 0
f(NfNOL)JWSA = 12;2 (23)
0 W]
where Jn,l should be expressed as
Qiﬂbvn—lzIMEFQ, TLEZOL (24)
Q/Jn—l = IMSA7 else.

Obviously, I (N—Nor)Mg, 18 NOt @ square matrix. Additionally,
the sizes of zero matrices in (23) depend on the different situ-
ations. No zero matrix is filled in between ,,_; and v,, when

n € Zor, and the size of the zero matrix between v,,_; and ¢,
equals Mo X (Myir, , — Mga) under the else conditions.

Therefore, in this situation, ATS-SAR echo s,y is also an
azimuth nonuniform sampling signal. The calculation formula
of M pp is the same as (14).

3) Complex Formation Case 3: 0 < Yyir, — Yvir, ; <
Lvirn,l - LUiTn'. When 0< Yvir, = Yvir,_1 < Lvirn,l -
Lyir, occurs, ATS-SAR echo s, becomes more complicated.
The physical meaning of complex formation case 3 is that
the stop azimuth coordinate of the nth virtual Mono-SAR is
even smaller than that of the (n — 1)th virtual Mono-SAR.
It also indicates that the nth virtual subaperture will be
entirely enclosed within the (n — 1)th virtual subaperture. This
phenomenon can be observed more clearly in Fig. 6. The virtual
subaperture 4 in red is contained by subaperture 3 in blue,
which implies that the 0 < Yyir, — Yvirs < Lvirs — Luir,-
Thus, Q{n} is also utilized to erase the redundant data, that is

- Lm’rn} .

Then, the selected n is put into a set Zyr, and the elements
number of Z;1, equals Ny 1. The effective data selection step

n =} {O < Yvir, = Yvir, 1 < Lvirn,l (25)

Virtual echo geometric model in the case of complex formation case 3. The rectangles with different colors represent different virtual subapertures.

is demonstrated as

Sef = scmbjef& (26)
Compared with (18), the form of fe r3 is revised as
Tops 2 I(,[(n— 1) Msa+1:nMsa))l,cz,, = 2. 27)

Since the nth virtual subdata aperture’s data are erased, the
number of the virtual Mono-SAR equals N — Ny . Accord-
ingly, the size of s,y changes to Mg x (N — Ny )Msa.

Then, the ATS-SAR echo s, can be expressed as

spr = SerBpss (28)
where _/NXp r3 is revised as
Aprs =10 f(N—NUL)NISA o). (29)

The row number of ./Nprg equals (N — Nyp)Mga.
Then, the sizes of the former and latter zero matrices
in (29 equal (N — Nyr)Msa X (Yvir, — Y1)/ dvir,
and (N - NUL)MSA X (Lfa _ (yvirN + L’UiTN))/d’UiTN?
respectively. The deformed matrix I'(n_p, ), 18 illustrated
as

Py 0

TN Ny Msa = ¥, (30)

0 YN_Ny,
where 1,, = Ipr,,. The size of the zero matrix between the
adjacent 1, equals (N — Nyr)Msa X (Yvir, — Yvir, , +
Lvirnfl ))/dvirnq .
In complex formation case 3, ATS-SAR echo model s, is
still an azimuth nonuniform sampling signal. The number of the
azimuth samples M p can be calculated by

y N+1 y y
vir 2 : ViTy IV,
MPF — 1 + n n—1
dvirl n—2 dUirn—l
yviT,,LJrl - Yvir, yvir”Jrl - Yvir,
+ > y - y . (3D
neZur VT 1 VT

Finally, it is worth mentioning that the complex formation case
1, 2, and 3 may occur in the ATS-SAR at the same time.

C. Other Formation Cases

Despite the fact that the following conditions will not arise in
the ATS-SAR described in this work, they are discussed in this
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part nonetheless. First, Yyir,, — Yuvir, , 1S always larger than O
since y,, is always larger than y,,_1. Thus, yyir, — Yvir, , <0
will not be analyzed in the proposed ATS-SAR. Furthermore,
due to Ly, € (0,Lsq/N), the maximum L,;, is less than
Yvirnys — Yuir,- There is no overlapping data between the nth
virtual subaperture and the (n + 2)th virtual subaperture. There-
fore, it is no longer analyzed

III. PROPOSED ATS-SAR COLLABORATION
IMAGING ALGORITHM

Obviously, compared with the full aperture, the Doppler
bandwidth of ATS-SAR echo is limited whether in the ideal
or complex formation cases. To simultaneously obtain a high
azimuth resolution and a high frame rate, the SACIm-ATS is
proposed in this article. At first, the 2-D time domain ATS-SAR
echo s, can be expressed as

2R, ¢ (n
spf (t,Mps) = wy (t - pfcpf)> we, (Mpy)
« oxp <_J47chRpf (npf))
c

2Rf<nf>)> . (32

c

X exp <j7rKT (t —

The slant range R, ¢ can be demonstrated as

Ryy (npg) = \/RO2 + (Y1 + Oppiipy — Y0)2 (33)

where v, represents the velocity of virtual Mono-SAR, and
Upf = vy in the ideal formation case. In the complex formation
cases, Uy is related to slow time 77,7, that is

|

Yviry, 41

Yvirg

n=1
}, n=2,...,N.
(34)

Upf = Vpiry, Tpf € (0

Yviry

? Vyiry

Upf = Vuir,, Npf €

Vyir, 1 Vvirp

The interval Jp + between the adjacent azimuth samples can be
illustrated by pr = vps/F,. With no doubt, the nonuniform
C’ipf is not conducive to the estimation of full aperture data.

Concerning this, the greatest common divisor velocity is
calculated and utilized to design a denser azimuth uniform
sampling echo s,,,,. A new interval parameter dy;r is Obtained
by dpir = Toir /F,. Assume that M 4 represents the number of
azimuth samples in s,,,. Hence, M4 = Ly, /EM»T and the size
of syum equals Mp X M 4.
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Next, all azimuth data of s,y should be located to the correct
azimuth positions in S,,. This step can be expressed as (35),
which is shown at the bottom of this page.

Since sy, is substantially more dense than s, 7, there are gaps
Agy, = dyir, /Emr between samples when the data on s,y are
mapped to Sy, .

Currently, an uniform sampling signal s,,,, is successfully ob-
tained from s,y with the identical phase information. Assuming
M and My 7 denote the number of zero and nonzero azimuth
samples in s,,,, respectively. Pz represents the position set
of the nonzero azimuth samples in s,,,. To extend Doppler
bandwidth and obtain a higher resolution imaging result for
ATS-SAR, the real values of zero samples in s, are estimated
from the nonzero samples, so as to obtain the complete echo s,,.

Actually, s,, can be regarded as a complete echo, which is
collected by a virtual Mono-SAR with velocity v, that is

2R, (1u)
C

_j47rfcRu (M)
c

Su (ﬁﬁu) = Wy (t -

xexp<
2R, (1

2
X exp <j7rK,. (t — Uu)) ) +mno (36)

where the slant range R, can be expressed as

) Wa (Nu)

)

c

Yp)?

Ru (nu) - \/R()2 + (yl + 61)737"77u - (37)

1) 1s identical to 7,y , thus 1,,,,, is replaced by n,, in the following
derivation for the sake of clarity. The relationship between s,,
and sy, can be illustrated as

Sum = SuAm (38)

where A, is a diagonal matrix which can be written as

Am :diag[)\l,...,kma,...,ANIA], meg = 1,2,...,MA
(39)
and
)‘ma, :]., mQEPNZ
{Ama =0, else (40

Obviously, s,, does not meet the requirement for sparsity in the
2-D time domain. However, motivated by the motion compen-
sation step of the Polar Format algorithm, the echo signal can
be much sparser in the Doppler domain by multiplying the echo
signal and a PCF in the range frequency domain. The PCF 0,,.

. . . Yvirg _ . . Yvirg
Sum (., 1:Ag;: . 1) = Sp¢ (., 1: T
n
. Yvirp . . Yvirp g — .
Sum (., s Agy + = — 1) = Spf (-,
vir vir ne
. Yoiry . _ . Yviry
Sum (., T Ag]\/‘ : end) = Spf (.7 m

Sum (3, else) =0

f 1) , n=1
Yui oy
X doir, 1 = duirn 1 — 1) , N = 2, 7ZV 1 (35)
s end n=N.

3



JIANG et al.: ALONG-TRACK SWARM SAR: ECHO MODELING AND SUB-APERTURE COLLABORATION IMAGING

is designed as

T f 2 j c r c M
JKJ:7)eXp{J47T(f +J;)Rp (n )}

apc (f'rv nu) = exp (

(41)

where f, denotes the range frequency. R, is the instantaneous

distance between a phase compensation point and the moving
virtual Mono-SAR, which is expressed as

Rpe (M) = \/Rapc + (Y1 + TvirNu — }/pc)Q

where the phase compensation point’s shortest instantaneous
distance and azimuth position are denoted by R . and Y.,
respectively.

In order to successfully exploit the CS-based method, a small
size signal sy, (t,7,) should be obtained by deleting all zero
column vectors from s,,,,,, which can be expressed as

(42)

Syum = Sumfy (43)
where Ty is a deforming identity matrix and defined as
I, 2 I(ma)l,,spy, =2 (44)

The size of sy equals Mg x Myz. Accordingly, the small
sized PCF 6, can also be obtained by removing zero column
vectors of 8,,,,c, which can be expressed as

Oype = Ope A1, (45)

Then, the phase compensated small size signal S,,. can be
obtained by

S ype — S yum eypc (46)

while the phase compensated complete echo S, can be obtained
by

Spe = Su0,e. (47)

SACIm-ATS’s primary purpose is to recover a sparse azimuth-
frequency signal S).(t, f,) from sy,.(t,1,) using the gOMP
method, where f, represents the azimuth frequency. The s,
matrix must be divided into Mp signal vectors correspond-
ing to each range cell because the gOMP is a 1-D recon-
struction approach. The gth signal vector can be expressed as
Sype(tes M) 1 < ¢ < Mg.

Obviously, sypc(tq, ) is thought of as the compressed sig-
nal vector y and S).(¢,, f.) as the full signal vector . The
small size azimuth inverse Fourier transform matrix ® et is
understood to be the sensing matrix A, which can be calculated
as

P arFT = ‘I’AIFTAm/fy (48)

where the azimuth inverse Fourier transform matrix ® sjer con-
sists of a series of row vectors ¢,

7¢ma7"'7¢MA 7MA~
(49)
Obviously, the sizes of ®arrr and ®yarrr equal My X My and
My x My z, respectively.

17 me = 1,2,

Parrr = [0, .-
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Fig. 7. Flowchart of the proposed SACIm-ATS algorithm.

Consequently, the entire signal recovery problem can be
solved using the following formula:

)HSPC(tqvfa)Hl

min
pe(ty,fa

s.t. ||Spc(tqa fa)q)yAIFT - Sypc(tq; 77u)||2 < e (50)

where || - ||; and e denote i-norm and the threshold parame-
ter, respectively. Then, after the combination of all recovered
1-D signals, the estimated phase-compensated complete echo
S'pc(t, fa) is obtained. To generate the estimation value of com-
plete echo 8, (¢,7,), the conjugation of aforementioned PCF

should be compensated, and this step can be expressed as

Su(frﬂ]u) = SpC(frvnu)conj (@pc (frsnu))

where conj(-) denotes the conjugate operation. Therefore, due
to the accuracy estimation of full aperture data, the imaging per-
formance of ATS-SAR can be significantly improved. In order
to clearly demonstrate the ATS-SAR echo modeling step and
the logic of the proposed SACIm-ATS algorithm, the algorithm
flowchart is shown in Fig. 7.

Note that, if ATS-SAR contains a large number of aircrafts
and their flight velocities are significantly different, the proposed
algorithm may generate a large number of oversampling points,
leading to an inaccurate estimated complete echo and incor-
rect imaging result. Hence, the proposed SACIm-ATS is more
suitable for the small-scale ATS-SAR. Moreover, SACIm-ATS
is literally a generalization of the SOA-AMDIA and embraces
it as a special case when all platforms moving with the same
velocities.

(G

IV. SIMULATION VALIDATION AND ANALYSIS

First, a one-input-five-output ATS-SAR is conducted to vali-
date the effectiveness of the proposed SACIm-ATS. In this SIMO
ATS-SAR, only platform 2 transmits the signal. Target 1 (-5,
—5), Target 2 (5, —5), Target 3 (—5, 5), and Target 4 (5, 5) are
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TABLE I
KEY PARAMETERS FOR SIMULATION

Parameters Value

fe: Central frequency 10 GHz

R.: Shortest central slant range 50 km

B: Signal frequency bandwidth 150 MHz

fs: Range sampling rate 180 MHz

F,: Pulse repetition frequency 100 Hz

Ly,: Length of full aperture 1000 m

Yuir,, . Initial azimuth positions of virtual 100/ 200/ 300/
platforms 400/ 500 m

Range (m)
Range (m)

Range (m)
Range (m)

0
Azimuth (m) Azimuth (m)

(©) (d)

Fig. 8.  When ideal formation case occurs, the imaging result obtained by
(a) the BPA with the full echo, (b) the BPA with the ATS-SAR echo, (c) the
SOA-AMDIA with the ATS-SAR echo, (d) the proposed SACIm-ATS with the
ATS-SAR echo.

placed in the imaging scene. The related simulation parameters
can be checked in Table 1.

A. ATS-SAR Imaging in Ideal Formation Case

First, we assume that vyir, = Vyiry, = Vyirs = Uyir, =
Vyirs = 100 m/s to ensure the ATS-SAR is working in the ideal
formation case. Fig. 8(a) shows imaging result obtained by the
traditional Back-Projection Algorithm (BPA) with full aperture
data, which is regarded as the ideal imaging result [31]. The
rest of the subfigures of Fig. 8 demonstrate the imaging results
obtained by BPA, SOA-AMDIA, and the proposed SACIm-ATS,
with the ATS-SAR echo.

Due to the loss of azimuth data, Fig. 8(b) has a worse az-
imuth resolution than the ideal imaging result. In contrast, the
SOA-AMDIA and the proposed SACIm-ATS can obtain better
imaging results. Since the SOA-AMDIA is a particular case
of the proposed SACIm-ATS in the ideal formation case, the
imaging results of Fig. 8(c) and (d) are identical. Furthermore,
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TABLE II
IMAGING PERFORMANCE PARAMETERS COMPARISON IN THE IDEAL
FORMATION CASE

Imaging Algorithms IRW (m) PSLR (dB) MVSL (dB)
BPA (Full Echo) 0.67 -11.51 -19.84
BPA (ATS-SAR Echo) 1.30 -12.98 -14.96
SOA-AMDIA 0.77 -12.40 -21.01
Proposed SACIm-ATS 0.77 -12.40 -21.01

since the SOA-AMDIA and the proposed SACIm-ATS algo-
rithm aim at reconstructing the complete aperture data, there
must be reconstruction errors between the real complete aperture
data and the reconstructed one. The reconstruction error will
result in slight phase error of the azimuth samples, affecting the
final imaging result, such as the asymmetry.

The azimuth impulse response width (IRW) and the peak
side-lobe ratio (PSLR) are measured for quantitative evalua-
tion of imaging results. Since the high side-lobes generated
by AMD-SAR might appear anywhere along the azimuth, the
integrated side-lobe ratio (ISLR) may not accurately reflect the
true image quality. Thus, a revised ISLR parameter named mean
value of side-lobe (MVSL) is defined in this article, which can
be expressed as

Q .
- [silo(q)|
MVSL = mean ( E 101g fma (silo)| (52)

q=1

where silo(q) denotes the value of the gth side-lobe, @) repre-
sents the side-lobes number, and max(silo) is the value of the
maximum side-lobe.

Then, the mean IRW, mean PSLR, and mean MVSL of four
targets are demonstrated in Table I1. The ideal values are marked
in blue and the best values are marked in red. By observing
Table II, SACIm-ATS dramatically improves the imaging per-
formance of the ATS-SAR. The azimuth IRW can be advanced
from 1.30 to 0.77 m, almost identical to the ideal imaging result.
Additionally, the MVSL is greatly reduced, implying that the
azimuth side lobes are generally significantly suppressed.

Next, to illustrate the superiority of the proposed algorithm
for ATS-SAR, the imaging performance under various complex
formation motion situations is investigated and analyzed.

B. ATS-SAR Imaging When Complex Formation Case 1 Exists

In this situation, let that vy;,, = 80 m/s, vy, = 100 m/s,
Vyirg = 80 M/S, Vyir, = 80 m/s, vy, = 100 m/s. Hence, the
ATS-SAR echo s, is an azimuth nonuniform sampling signal.
The imaging results obtained by different imaging algorithms
are shown in Fig. 9.

Compared with the imaging result obtained by the traditional
BPA with ATS-SAR echo, the SOA-AMDIA can still improve
the imaging performance, as Fig. 9(b) and (c) shown, respec-
tively. The side-lobes along the azimuth direction are decreased
and the azimuth IRW is obviously improved. Moreover, the
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Fig. 9.  When complex formation case 1 occurs, the imaging result obtained
by (a) the BPA with the full echo, (b) the BPA with the ATS-SAR echo, (c) the
SOA-AMDIA with the ATS-SAR echo, (d) the proposed SACIm-ATS with the
ATS-SAR echo.

TABLE III
IMAGING PERFORMANCE PARAMETERS COMPARISON WHEN COMPLEX
FORMATION CASE 1 EXISTS

Imaging Algorithms IRW (m) PSLR (dB) MYVSL (dB)
BPA (Full Echo) 0.67 -11.51 -19.84
BPA (ATS-SAR Echo) 1.31 -10.24 -15.92
SOA-AMDIA 091 -8.86 -17.62
Proposed SACIm-ATS 0.77 -11.90 -20.94

proposed SACIm-ATS obtains the best imaging result under the
condition of the nonuniform sampling ATS-SAR echo.

For a clearer illustration of the imaging performance differ-
ences among various imaging methods, Table III compares the
relevant imaging performance characteristics. The ideal values
are marked in blue and the best values are marked in red either.
By observing Table III, the best azimuth IRW, PSLR, and MVSL
are all obtained by the proposed SACIm-ATS. Compared with
the SOA-AMDIA, the azimuth IRW can be increased 0.14 m
using SACIm-ATS. The PSLR and MVSL are reduced 3.04 dB
and 3.32 dB, respectively.

C. ATS-SAR Imaging When Complex Formation Case 1 and 2
Simultaneously Exist

Then, the echo configuration of ATS-SAR is further compli-
cated. Assume that the complex formation case 1 and 2 simul-
taneously exist. In this case, let that v,;,, = 80 m/s, vy, =
100 m/s, vyir, = 120 m/s, Uy, = 60 M/, Vyir, = 100 m/s,
which indicates that L., = 80 m, Ly, = 100 m, Ly, =
120 m, Ly;r, = 60m, Ly, = 100m. Clearly, Lyiy, — Lyir, <
Yuviry — Yvirs < Luviry OCcurs between virtual subapertures 3 and
4, whereas other virtual subapertures are separated by gaps. The
dyir, difference is more significant when complex formation
cases 1 and 2 occur simultaneously. The imaging results are
demonstrated in Fig. 10.
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Fig. 10. When complex formation case 1 and 2 simultaneously exist, the

imaging result obtained by (a) the BPA with the full echo, (b) the BPA with the
ATS-SAR echo, (c) the SOA-AMDIA with the ATS-SAR echo, (d) the proposed
SACIm-ATS with the ATS-SAR echo.

TABLE IV
IMAGING PERFORMANCE PARAMETERS COMPARISON WHEN COMPLEX
FORMATION CASES 1 AND 2 SIMULTANEOUSLY EXIST

Imaging Algorithms IRW (m) PSLR (dB) MVSL (dB)
BPA (Full Echo) 0.67 -11.51 -19.84
BPA (ATS-SAR Echo) 1.29 -9.61 -13.67
SOA-AMDIA 0.81 -8.44 -13.45
Proposed SACIm-ATS 0.77 -11.96 -20.75

Comparing Fig. 10(c) with 9(c), the imaging results obtained
by the SOA-AMDIA are deteriorating. Although the azimuth
IRW obtained by the SOA-AMDIA is still superior to that
obtained without any processing, it produces the worst side-
lobes, resulting in the PSLR and MV SL being unacceptable. The
proposed SACIm-ATS still focuses well, as shown in Fig. 10(d).
It almost achieves an identical imaging performance to the BPA
with full echo.

Table IV illustrates the comparison of the calculated azimuth
IRW, PSLR, and MVSL. The azimuth IRW obtained by the
SOA-AMDIA can still reach 0.81 m. However, its PSLR and
MVSL are inadequate, only reaching —8.44 dB and —13.45 dB,
indicating that the SOA imaging algorithm will no longer be
excellent in this nonuniform sampling case. Conversely, the
proposed SACIm-ATS can obtain an exceptional azimuth IRW
along with the optimal PSLR and MVSL, which are 3.52 dB and
7.30 dB greater than the SOA-AMDIA, respectively. Thus, it is
evident that the proposed SACIm-ATS algorithm is superior.

D. ATS-SAR Imaging When Complex Formation Case 1, 2,
and 3 Simultaneously Exist

When complex formation case 1, 2, and 3 simultaneously
exist, the echo configuration of ATS-SAR will be more com-
plicated. In this case, assume that vy, = 80 m/s, Vyir, =
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Fig. 11.  When complex formation cases 1, 2, and 3 simultaneously exist, the
imaging result obtained by (a) the BPA with the full echo, (b) the BPA with the
ATS-SAR echo, (c) the SOA-AMDIA with the ATS-SAR echo, (d) the proposed
SACIm-ATS with the ATS-SAR echo.

TABLE V
IMAGING PERFORMANCE PARAMETERS COMPARISON WHEN COMPLEX
FORMATION CASES 1, 2, AND 3 SIMULTANEOUSLY EXIST

Imaging Algorithms IRW (m) PSLR (dB) MVSL (dB)
BPA (Full Echo) 0.67 -11.51 -19.84
BPA (ATS-SAR Echo) 1.26 -8.04 -12.87
SOA-AMDIA 1.45 -2.62 -7.80
Proposed SACIm-ATS 0.77 -12.11 -20.24

100 m/s, vyir, = 120 m/s, vyip, = 180 m/s, vyir, = 60 m/s.
Some azimuth data from virtual subapertures 3 and 4 over-
lap (Lvirg - Lvir4 < Yviry — Yvirs < Lvirg )a and virtual sub-
aperture 5 is completely enclosed by virtual subaperture 4
(0 < Yvirs — Yoiry < Lyir, — Lyiry). The difference of dyiy,,
becomes extremely worse. The imaging results obtained by four
different imaging algorithms are illustrated in Fig. 11.

By observing Fig. 11(c), the SOA-AMDIA will no longer be
able to obtain an accurate imaging result. There are multiple
false targets in the final image. Moreover, a well-focused imag-
ing result can still be obtained by the proposed SACIm-ATS
algorithm, as shown in Fig. 11(d). Comparing with Figs. 8(d),
9(d), 10(d), and 11(d), the imaging performance of the proposed
SACIm-ATS is not affected by the motion state of ATS-SAR.
Thus, the effectiveness of the proposed SACIm-ATS has been
fully verified. The SACIm-ATS can achieve an outstanding
imaging performance for ATS-SAR, even in highly complex
formation cases.

By observing Table V, the SOA-AMDIA is completely failed
in the complex ATS-SAR echo situation. The azimuth IRW
equals 1.45 m, even twice worse than that of the imaging
result obtained by the BPA with full echo. On the contrary,
compared with the imaging result obtained by the BPA with
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the ATS-SAR echo, the proposed SACIm-ATS algorithm can
improve the azimuth IRW, PSLR, and MVSL by 39%, 51%, and
57%, respectively, reaching 0.77 m, —12.11 dB, and —20.24 dB,
respectively. It implies that the proposed SACIm-ATS has a
considerable advantage for the ATS-SAR imaging.

E. ATS-SAR Imaging Performance Effects of Different
Echo SNRs

In order to further investigate the effectiveness of the proposed
SACIm-ATS algorithm in the noisy environment, a series of
simulations are designed in different echo SNR cases. The
formation type of the ATS-SAR is identical to Section IV-D. The
ATS-SAR imaging results obtained by the proposed SACIm-
ATS algorithm in different echo SNR cases are demonstrated
in Fig. 12. By observing Fig. 12(a), (b), and (c), the proposed
SACIm-ATS algorithm obtains almost the same as that of the
noise-free case shown in Fig. 11(d). When the echo SNR is equal
to —5 and —10 dB, Target 2 (5, —5)’s azimuth IRW decreases
and PSLR increases, as shown in Fig. 12(d) and (e). Meanwhile,
by observing subfigures Fig. 12(f), (g), and (h), the worse echo
SNR results in a rapid increase in the side lobes. Multiple false
targets appear in the imaging scene, affecting the accuracy of
the final images. Currently, the IRW and PSLR will not be
enough to judge the quality of the imaging results. Therefore,
two performance evaluation parameters, image entropy (IE) and
image contrast (IC) are introduced. IE is expressed by

ZZ |Img |Img(£l; k)| (53)
=1 k=1
where
L K
S=>" |img(l k) (54)

=1 k=1

Img(l, k) denotes the value of image and the size of image is
L x K. IC can be expressed as

std (Img(l, k))

~ mean (Img(l, k)) (53)

where std(-) and mean(-) represent the standard deviation and
the mean value of the image. When IE is smaller or IC is larger,
the quality of the image is superior.

The IC and IE results of ATS-SAR images obtained by the pro-
posed SACIm-ATS algorithm in different SNR cases are shown
in Fig. 13(a) and (b), respectively. All results are calculated by
100 times Monte-Carlo trails. Obviously, a better echo SNR
environment ensures the imaging performance of the proposed
SACIm-ATS algorithm. The median IC and median IE can reach
9.47 x 1072 and 2.27, respectively, when echo SNR = 5 dB,
which are very close to the ideal results. When the echo SNR
< 0 dB, both IE and IC results degrade remarkably. Moreover,
although the maximum IE and IC are relatively close to the
optimal results when echo SNR € (—20, —5) dB, their stability
drops significantly. However, compared with the Fig. 11(c), even
in a strong noisy environment, the proposed SACIm-ATS algo-
rithm is able to provide superior imaging performance. When
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ATS-SAR imaging results obtained by the proposed SACIm-ATS algorithm when echo (a) SNR = 10 dB; (b) SNR = 5 dB; (c) SNR = 0 dB; (d) SNR

= —5dB; (e) SNR = —10 dB; (f) SNR = —15 dB; (g) SNR = —20 dB; (h) SNR = —25 dB.
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Fig. 13. (a) IC results of the ATS-SAR images obtained by the proposed
SACIm-ATS algorithm in different SNR cases, where the red dotted line rep-
resents the IC result obtained by BPA with full echo without noise. Marker
(D denotes the maximum value, (2) denotes the 75% percentile value, (3)
denotes the median value, (4) denotes the 25% percentile value, and (5) denotes
the minimum value. (b) IE results of the ATS-SAR images obtained by the
proposed SACIm-ATS algorithm in different SNR cases, where the red dotted
line represents the IE result obtained by BPA with full echo without noise.

TABLE VI
KEY PARAMETERS FOR MMW-SAR EXPERIMENT

Parameters Value

fe: Central frequency 77 GHz
B: Signal frequency bandwidth 2.56 GHz
fs: Range sampling rate 10 MHz
F,: Pulse repetition frequency 100 Hz
Mp: Number of range samples 1024

M 4: Number of azimuth samples 1639
Ummw: Velocity of MMW-radar 2.13 cm/s
dmmw: Azimuth sampling interval 0.11 cm

the echo SNR drops to —25 dB, the best imaging result obtained
by the proposed SACIm-ATS algorithm is still far inferior to the
ideal result, indicating that the proposed algorithm is invalid.

V. ATS-SAR EXPERIMENT VALIDATION AND ANALYSIS

Obviously, no ATS-SAR measured data are currently avail-
able. To further verify the effectiveness of the proposed algo-
rithm in the real scenarios, an artificial ATS-SAR data are gener-
ated from a real measured monostatic 77 GHz MilliMeter-Wave
SAR (Mono-MMW-SAR) data [32]. The utilized MMW-radar
and the imaging scenario are illustrated in Fig. 14(a) and (b),
respectively. The related experimental parameters are demon-
strated in Table VI.

In order to effectively simulate the ATS-SAR data from the
Mono-MMW-SAR data, the azimuth data are resampled, which
is shown in Fig. 15. Specifically, four equivalent subapertures
are extracted from the original Mono-SAR data, and regarded
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Fig. 14.  (a) 77 GHz MMW-radar for the real measured Mono-SAR experi-
ment. The length of electric track equals 1.57 m and the height of the MM W-radar
equals 1.40 m. (b) Imaging scenario, which consists of five triangle reflectors.
They are Target 1 (10.24, —0.18), Target 2 (10.24, 0.18), Target 3 (10, 0), Target
4 (9.83, —0.19), and Target 5 (9.85, 0.16).

Original Mono-SAR data
Wvirl Wvir2 Wir3 Yvird

,.,. '—»
Equivalent subaperture 1
.

Equivalent subaperture 2
Equivalent subaperture 3
Equivalent subaperture 4

Fig. 15. Resampling the real measured Mono-SAR data to generate the ATS-
SAR data. The generated ATS-SAR data consist of four equivalent subapertures,
where dyir1 = dmmw, dvir2 = 5dmmaw, dvirs = 10dmmw, and dyira =

Admmaw-

as four received echoes of an ATS-SAR system. The speeds of
the four equivalent SAR platforms are: vyir1 = Vmmaws Vvira =
5Ummws Vvirs = 10Ummw, and Vg4 = 4Vpmme. Hence, com-
plex formation cases 1, 2, 3 simultaneously exist. The imaging
results obtained by the aforementioned four different imaging
algorithms, BPA with full echo, BPA with ATS-SAR echo,
SOA-AMDIA with ATS-SAR echo, and the proposed
SACIm-ATS algorithm, are demonstrated in Fig. 16(a)—(d),
respectively.

First, five targets can be imaged using BPA with the full
original Mono-MMW-SAR echo, as shown in Fig. 16(a). Tar-
gets 1 and 2 have lower energies since they are further away
and somewhat obscured by the other targets in front of them.
Then, by observing Fig. 16(b) and (c) can receive the same
conclusion as Section IV. Due to the part of Doppler missing,
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Fig. 16. Imaging result obtained by (a) the BPA with the full original Mono-
MMW-SAR echo, (b) the BPA with the artificial ATS-SAR echo, (c) the SOA-
AMDIA with the artificial ATS-SAR echo, (d) the proposed SACIm-ATS with
the artificial ATS-SAR echo.

TABLE VII
IE AND IC RESULTS CORRESPONDING TO THE MEASURED DATA IMAGES

Imaging Algorithms IE IC

BPA (Full Echo) 1.729 0.095
BPA (ATS-SAR Echo) 3.352 0.090
SOA-AMDIA 3.910 0.086
Proposed SACIm-ATS 1.782 0.095

significant azimuth aliasing occurs if BPA is used directly with
the ATS-SAR echo. Additionally, due to the nonuniform azimuth
sampling intervals of the ATS-SAR echo, the SOA-AMDIA
cannot reconstruct the ideal imaging result either. Compared
with the BPA and the SOA-AMDIA, the proposed SACIm-ATS
significantly enhances the imaging quality, obtaining five well-
focused targets, as shown in Fig. 16(d). To effectively quantify
and compare the imaging performance of the subfigures in
Fig. 16, Table VII concludes the IE and IC results corresponding
to the measured data images. We also mark the ideal values in
blue and the best results in red.

Obviously, compared with the SOA-AMDIA, the proposed
SACIm-ATS algorithm achieves the optimal imaging quality,
whose IE and IC are equal to 1.782 and 0.095, respectively. They
are very close to the ideal value, which are equal to 1.729 and
0.095. Therefore, the effectiveness of the proposed SACIm-ATS
has also been verified in the real scenario. Its superiority is fully
demonstrated.

VI. CONCLUSION

In this article, a new concept ATS-SAR was proposed and
investigated. ATS-SAR aims to reduce data collection time while
obtaining azimuth high resolution. First, considering the practi-
cal motion state difference of each individual platform, multiple
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ATS-SAR echo models are established. Then, a correspond-
ing ATS-SAR collaboration imaging algorithm, SACIm-ATS,
was developed based on the sparse constraints. The proposed
algorithm can accurately estimate the full Doppler bandwidth
from the ATS-SAR echo. The simulations and an artificial real
measured ATS-SAR experiment demonstrated that the imaging
performance of the proposed algorithm is not affected by the
platform’s velocity difference of ATS-SAR. Compared to the
SOA imaging method, the proposed SACIm-ATS yields nearly
identical imaging results to those of perfect pictures.

Moreover, several directions may be further explored since
ATS-SAR is a new concept. 1) Extend ATS-SAR to the form
of arbitrary orbit formation. In the case of arbitrary trajectory
formation, the arbitrary swarm SAR will have greater degrees of
freedom, stronger flexibility and concealment. 2) Use ATS-SAR
to image moving targets. ATS-SAR has outstanding advantages
in imaging moving targets. First, due to its short data acquisition
time, the motion changes of moving targets are small in a short
time, and the motion of the moving targets is easier to model.
At the same time, the ATS-SAR can increase the dimensions
of observing moving targets. Thus, it can more accurately es-
timate the multidimensional motion speed of moving targets.
3) ATS-SAR can be further upgraded to MIMO mode, allowing
different radar to emit different optimized waveforms [33], [34].
It can increase the observation dimensions by obtaining high
resolution and combining the advantages of different waveforms
to obtain more information in the imaging scene.

APPENDIX

In this appendix, the applicability of the Taylor approximation
expansion is derived. First, v is defined as
v E (vy —v)n+ I (56)

to facilitate the following derivation. Then, the slant range differ-

ence between the bistatic and monostatic SAR can be expressed
as

> "°

R, +R, —2R,;, =-— — .

et B = IR, Gary * siamg O
(57)

Therefore, the phase error Ay is expressed as
27
Ap = - (R:+ R, —2Ry;,)

N 2 oyt 7 58)

S %R, 3mER  w6nR;

1) Far-field Standard: Obviously, if the second-order expan-
sion satisfies |72 /21 Ry| < 7/2, the ATS-SAR can be seen as
working in the far-field case. Thus, the far-field standard of v can
be obtained, that is, v < /A Ry. In this case, the second-order
expansion of Ay can be ignored. When the moving velocity of
individual platform is not much different, the interval /,, can be
regarded as [,, =~ v < v/ARy.
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2) Applicability of Expansion Item: The azimuth resolution
pq can be calculated by
AR
2L fa '
In the ATS-SAR, the complete synthetic aperture length L,

is obvious larger than max [,,. Therefore, (59) can be further
expressed as

pa = 0.886

(59)

ARy AR
o ~ 0.886 > 0.886 ¥ —————.
p * 2L¢q * 2max I,
Next, the applicability of the expansion item can be derived
based on (60).
Firstly, in the far-field case, the azimuth resolution require-
ments corresponding to the second-order expansion is that

VAR
2

(60)

pa > 0.886 %

(61)

since max I,, = v/ARy.

Second, when the second-order expansion Ay does not meet
the azimuth focus condition, it should be compensated. Then,
the focus effect of Ay’s third-order expansion should to be
analyzed. The applicable scope of I,, can be obtained, that is

ayt

T A
T < L~y < 2Ry
329AR3| = 2 =200\ R,

Therefore, the azimuth resolution requirements of the third-
order expansion is that

(62)

V3R
Pa > 0.886 x ~— 0.

(63)

It implies that when p,, satisfies (63), the third-order expansion
can be ignored after the second-order phase compensation.

Third, if the second- and third order do not meet the azimuth
focus condition, the analysis of A should be expanded to fourth
order. The applicable scope of I,, is obtained by

6
my s of 2A
<-—=1I,~v<2 —. 64
‘256AR8 ) 7S 20\ R ©4)

Next, the resolution limits of the fourth-order expansion can be
expressed as
1 6 )\.SRO

pa>0.886>kZ 5

When p,, satisfies (65), the fourth-order expansion can be ig-
nored after the second- and third-order phase compensation. In
fact, the second- or third-order expansion of Ay can already
handle most ATS-SAR imaging requirements. Finally, for a
higher resolution requirement, Ay should preserve higher order
terms and be phase compensated.

(65)
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