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ABSTRACT: In spaceborne multi-input multi-output synthetic aperture radar (MIMO SAR) ground moving target indication (GMTTI), the
unknown radial acceleration of a target induces severe Doppler spectral broadening, while mismatched conventional reconstruction filters
lead to significant image defocusing. To address these challenges, this paper proposes a novel focused imaging method that seamlessly
integrates radial acceleration estimation with reconstruction filter design. This method first adaptively suppresses static background clutter
by utilizing the extended multi-channel clutter suppression interferometer (M-CSI) technique. On this basis, the frequency-domain cross-
correlation characteristics of time-domain sub-aperture signals recovered via inverse reconstruction filtering are exploited to estimate the
target radial acceleration deeply buried in residual clutter. Furthermore, a ratio factor resistant to amplitude interference is constructed to
search for the radial velocity. Finally, a reconstruction filter for maneuvering targets is designed using the obtained motion parameters,
completing the unambiguous recovery of the original Doppler spectrum and pulse-compression focusing. Simulation results demonstrate
that the proposed method can estimate the target maneuvering parameters, thereby thoroughly resolving the defocusing and artifact issues.

1. INTRODUCTION

paceborne synthetic aperture radar (SAR) has all-weather,
Sday—and—night, robust imaging capabilities, and plays
an irreplaceable role in Earth observation [1]. With the
ever-increasing demand for Earth observation, traditional
single-channel SAR systems face an inherent bottleneck of a
contradiction between high spatial resolution and wide swath
(HRWS). To address this issue, multi-channel architectures
have been widely introduced. By configuring multiple receiv-
ing sub-apertures in the azimuth direction and employing a
relatively low pulse repetition frequency (PRF), the unam-
biguous swath coverage is effectively expanded [2-4]. In
recent years, multiple-input multiple-output (MIMO) SAR
technology has further extended the system’s spatial degrees of
freedom by transmitting multiple orthogonal waveforms. This
not only significantly enhances HRWS imaging performance
but also provides a superior physical foundation for ground
moving target indication (GMTI) and clutter suppression
techniques [5-7].

In spaceborne MIMO SAR systems, the echo signals of
ground maneuvering targets are usually deeply buried in strong
surface clutter. Moreover, influenced by the target’s kine-
matic state, its Doppler spectrum suffers from complex dis-
tortions. Traditional clutter suppression techniques, such as
the displaced phase center antenna (DPCA) [8] and space-time
adaptive processing (STAP) [9, 10], often face stringent con-
straints regarding system array conditions or massive computa-
tional complexity, presenting numerous limitations in practical
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engineering applications. As an effective alternative, the multi-
channel clutter suppression interferometer (M-CSI) has been
applied to clutter suppression tasks in spatial multi-channel
SAR because it avoids the estimation of high-dimensional co-
variance matrices. However, due to azimuth Doppler spec-
trum aliasing caused by low PRF of spaceborne systems, a re-
construction filter for stationary targets must first be used to
perform unambiguous spectrum reconstruction on the azimuth-
undersampled data before the M-CSI algorithm can be effec-
tively applied to interferometric cancellation.

It is worth noting that existing M-CSI-based parameter esti-
mation and imaging methods, such as those in [11], are estab-
lished under the ideal assumption of a target undergoing uni-
form linear motion primarily focusing on extraction and com-
pensation of radial velocity. However, in practical observa-
tion scenarios, a non-cooperative ground maneuvering target
inevitably exhibits complex maneuvering behaviors. The pres-
ence of the target’s radial acceleration directly alters the az-
imuth Doppler rate of the echo signal, leading to severe spectral
broadening and distortion in the azimuth direction. This causes
the target to suffer from severe azimuth defocusing, energy dis-
persion, and even artifacts in the final SAR image. To achieve
well-focused, artifact-free imaging of maneuvering targets, it
is necessary to design a reconstruction filter for maneuvering
targets under nonuniform sampling conditions. However, the
design of such a filter necessitates prior knowledge of the tar-
get’s motion parameters, specifically its radial acceleration and
radial velocity. To accurately estimate the motion parameters
of the maneuvering target, advanced long-time coherent inte-
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gration algorithms, such as generalized Radon—Fourier trans-
form (GRFT) [12, 13], have been proposed. Although GRFT
can jointly estimate velocity and acceleration by compensat-
ing for range curvature and Doppler frequency migration, its
reliance on a multi-dimensional traversal search incurs a pro-
hibitive computational burden, severely limiting its practical
efficiency. Recently, a cascaded framework [14] designed for
airborne platforms employs a clutter-suppression strategy simi-
lar to M-CSI; nevertheless, its acceleration-estimation step still
inherently relies on a search-based strategy.

To address the inadequate consideration of target accelera-
tion characteristics in existing studies, this paper extends the
conventional ground target motion model to encompass com-
plex maneuvering scenarios. Furthermore, this paper proposes
a highly efficient, search-free radial acceleration estimation al-
gorithm and a novel reconstruction filter for maneuvering tar-
gets tailored specifically for undersampled and non-uniformly
sampled spaceborne MIMO SAR systems. Specifically, based
on establishing two-way slant-range and multi-channel signal-
echo models for maneuvering target, this paper first systemati-
cally derives a reconstruction filter for maneuvering targets ap-
plicable to complex maneuvering scenarios. In the signal pre-
processing stage, an extended M-CSI algorithm is used to ef-
fectively filter out stationary environmental clutter while pre-
serving the effective energy of maneuvering target. To resolve
the destruction of the original spectral characteristics of the ma-
neuvering target caused by the interferometric phase, this paper
recovers observation signals of each channel via an inverse re-
construction filter for stationary targets and proposes to divide
the complete synthetic aperture time into early and late sub-
apertures. By utilizing the frequency-domain cross-correlation
delay of the sub-aperture signals, the radial acceleration of the
target is precisely inverted and solved. Based on the obtained
acceleration estimation, a ratio factor independent of the chan-
nel signal amplitude is constructed, enabling an accurate esti-
mation of the maneuvering target’s radial velocity via a traver-
sal search. Finally, using the complete set of acquired maneu-
vering parameters, a reconstruction filter for maneuvering tar-
gets is designed to achieve high-quality pulse-compression fo-
cused imaging.

2. MANEUVERING TARGET SIGNAL MODEL

Assume that the geometric configuration of the spaceborne
MIMO SAR system observing a ground maneuvering target is
illustrated in Fig. 1. The radar platform undergoes level flight
at a constant velocity v along the y-axis (azimuth direction).
The antenna array is configured with N, and N, receiving sub-
apertures in elevation and azimuth directions, respectively. On
the transmitter side, two azimuth antennas (denoted as T'x1 and
Tx2, corresponding to the red and blue indicators in the fig-
ure, respectively) synchronously transmit short-time shift or-
thogonal (STSO) waveform 1 and waveform 2 [5]. The motion
state of the maneuvering target P within the scene can be de-
composed into a radial motion component (comprising the ra-
dial velocity v, and radial acceleration a,.) and an along-track
motion component (comprising the along-track velocity v, and
along-track acceleration a,). Given that the operational veloc-
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FIGURE 1. Geometric configuration of the spaceborne MIMO SAR
system.

ity of the spaceborne platform is substantially higher than the
along-track velocity of typical ground targets, the relative im-
pact of the along-track motion component on signal modulation
is extremely small; hence, it is neglected in the subsequent the-
oretical derivations. Meanwhile, it is reasonably assumed that
the radial motion parameters of the target remain constant in a
complete synthetic aperture time.

To exploit enhanced spatial degrees of freedom in the az-
imuth direction, the receiver of a MIMO-SAR system must re-
liably separate the mixed short-term shift-orthogonal (STSO)
waveforms. The specific separation scheme is determined by
the transmission time delay between the two waveforms. When
the delay is less than half of the pulse duration, the wave-
forms preserve strong time-domain orthogonality and can be
efficiently extracted using time-domain filtering. However, if
the delay exceeds this threshold and time-domain orthogonal-
ity is compromised, the digital beamforming (DBF) technique
applied to the elevation receiving array becomes essential to
guaranteeing lossless waveform separation in the spatial do-
main [5]. To highlight the core algorithmic mechanism, the
subsequent theoretical analysis in this paper is established on
the assumption that the waveforms have been completely sep-
arated, focusing primarily on the azimuth Doppler modulation
characteristics of the echo signals.

Based on the aforementioned geometric topology, the scat-
tering echo paths of the maneuvering target for the two STSO
waveforms exhibit spatial differences. Specifically, the instan-
taneous two-way slant range histories experienced by wave-
form 1 and waveform 2 can be precisely modeled, respectively,
as:

R1(tm)=+/(Ro+vptm+0.5a,12,)2+ (vt )2
+/ (Ro+ vt +0.5a,12,)2 + (vt + Az, )2 (1)
Ro(tm)=+/(Ro+rtm+0.5a,12)2+ (vt + (N, — 1)d,)?
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Jr\/(Ro + 0t +0.50,2,)2 4 (vt + Ay, )2 (2)

where Ry is the closest slant range; t¢,, is the slow time;
Azx,, = (n, — 1)d, denotes the distance between the n,th
receiving sub-channel and 7'z1 in the azimuth direction; and
d,, 1s the azimuth sub-channel spacing.

Furthermore, constrained by the requirement for wide-swath
observation, spaceborne MIMO SAR systems typically employ
a low PRF. This azimuth undersampling scheme inevitably
leads to severe aliasing in the Doppler spectra acquired by each
receiving sub-channel, thereby significantly restricting the ef-
fective execution of subsequent target detection and imaging
algorithms. Consequently, achieving precise and unambigu-
ous reconstruction of the Doppler spectrum is an indispensable
core procedure in the entire signal preprocessing pipeline. To
address this issue, existing studies, such as [11] and [15], have
respectively presented the design schemes of the reconstruction
filter for stationary targets in ideal static scenes and the recon-
struction filter for moving targets undergoing conventional uni-
form linear motion. To overcome limitations of the aforemen-
tioned models when dealing with complex maneuvering targets,
the following section will derive, in detail, the reconstruction
filter for maneuvering targets.

Applying the Taylor expansion to the two-way slant range of
waveform 1 yields:

Az? 9, Ry+vAzx a,Ro+v? 9
Ri(tm)~2Ro+ 237;“* - i "t — Ry 'm A3)
Rearranging the above equation yields:
Az2 5 02 Azn. \>
m)= 2 4+ 20rtm rlm T 5 m =
Ri(tm)=2Ro+ 1R +20,tm +art +R0<t + % >
Az} (2a —

2 2
Axy
— 2R+ V) 4 ot (tm%)

4aR0 Ro
“4)
where a = a, Rg + v°.
The baseband azimuth echo signal is mainly determined by
the two-way slant-range history. Neglecting the amplitude en-
velope, the generic analytical model of the received signal can

be written as:

_ j27TR1(tm)> )

STzl ng (tm) = eXp < 2

where X is the wavelength of the carrier signal.

Therefore, the maneuvering target echo of waveform 1 re-
ceived by the n,th receiving sub-channel in the azimuth direc-
tion can be expressed as:

—747 R, —j4mv,t,,
STzl,na(tm) = exp ( J 2\ 0) eXp ( J A\ >

<j7TACL‘?Lu (v? — Qa))
ex

QGARO
vAZy, 2
2a

(4

(6)

—j27a
exp "R
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Similarly, the maneuvering target echo of waveform 2 re-
ceived by the n,th receiving sub-channel in the azimuth direc-
tion can be expressed as:

7j47TRO 7j47rvrtm
5Tm2,na(tm):exp f €Xp f

ex jm(Ax,, + Ary,)?(v? — 2a)
P 20\ Ry

(tm+ L(Ax”a +Azy,) >2>
2a
I
I
I
I

""+ waveform 1

(7

—j27ma
exp R

d,/2

——a

I
N

a

waveform 2

----+

N

a

FIGURE 2. Schematic diagram of the effective phase center distribu-
tion.

As clearly depicted in Fig. 2, the spacing between adjacent
equivalent phase centers is d, /2, consistent with the theoretical
derivation in (6) and (7). While waveform 1 and waveform
2 each provide N, phase centers, one phase center coincides,
resulting in a total of 2/N,—1 unique equivalent phase centers
for the system. Letting M = 2N, — 1, the maneuvering target
signal received by the mth (1 < m < M) equivalent receiving
channel can be expressed as:

_ —jdr Ry jrAz? (v? — 2a)
hm(tm)—eXp< 3 )exr)< SNy
VAL, 2
2a

—j4mvt,, —j27a
exp s — exp R tym+
®)

where Ax,, = (m — 1)d,.
Meanwhile, the stationary target echo of the traditional
single-channel SAR can be expressed as:

- —j47rR0> (—j27T’U2 2)
A(tm) = exp [ 20 ) ex £ 9
(tm) p( 3 P\, ©)

By comparing (8) and (9), the maneuvering target echo sig-
nal of the MIMO SAR system couples four additional modula-
tion components compared to the stationary target echo signal
of the traditional single-channel SAR: 1) a constant phase, 2) a
time-varying phase history dependent on the radial velocity, 3)
a scaling factor that induces broadening or compression of the
Doppler bandwidth, and 4) a time delay parameter correspond-
ing to the spatial path difference.
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Transforming (8) into the Doppler domain yields:

1 < jrAz2, (v — 2a))

Hn(fa) = 3 exp 20\ Ry
JTUAL, 20, _
exp(a <fa+ 3 )>H(fa)

where o = a/v?, and H(f,) is the Fourier transform of h(t,,).

To achieve wide-swath imaging, the PRF employed by
MIMO SAR systems is typically lower than the Doppler
bandwidths of both stationary and maneuvering targets [16],
which inevitably leads to azimuth aliasing. Consequently, (10)
can be further expressed as:

1 Z ex jrAz2 (v? — 2a)
« P 2a\Ry

<j7rvanm <fbi + 2?)) H (fi)

where f,; = fp + iPRF, f, € [-PRF/2,PRF/2] and i €
[—(M = 1)/2,(M - 1)/2].

The vector form of the azimuth received signal can be ex-
pressed as:

(10)

(11)

H(f)) = ~R(W)H(f) (12)
where
H(fy) = [Hi(fo), Ha(fs), - - Har(fo)]" (13)
R(fb) = [Timin (fb)7 s P (fb)] (14)
iTAx?(v? — 2a
ri(fo) = {exp <]211()\Ro2)>
exp (]TWQAJC1 <sz' 4 2§T>> e,
. o (15)
exp (]ﬂ'AxM(v — 2a))
2&)\R0
exp (jﬂ'vAxM (fbi N 2%)) }T
a A
T
H(fy) =[H (fo+imnPRF) ..., H (fb-l—imaXPRF)} (16)

In the above equations, imin = —(M — 1)/2, ipax = (M —
1)/2, and [-]7 denotes the matrix transpose. Building upon this
formulation, « R~ (f,) characterizes the reconstruction filter
for maneuvering targets. The precise construction of this fil-
ter is premised on acquiring the target’s radial velocity and ra-
dial acceleration. Once the accurate motion parameters are ob-
tained and this reconstruction filter is derived, left-multiplying
(12) by aR~1(f3) can effectively resolve the aliasing caused
by azimuth undersampling, thereby achieving an unambigu-
ous reconstruction of the true Doppler spectrum. To address
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the challenge that characteristics of the maneuvering target are
severely obscured by strong background clutter in practical de-
tection scenarios, the next section of this paper focuses on how
to estimate these two core maneuvering parameters in such a
complex interferometric environment.

3. CLUTTER SUPPRESSION AND MANEUVERING
TARGET PARAMETER ESTIMATION

The flowchart of the proposed algorithm is illustrated in Fig. 3,
which consists of three main components: clutter suppression,
radial acceleration estimation, and radial velocity estimation.
These three parts are detailed below.

Signal of Channel A Signal of Channel B

Vbl Vol

Reconstruction filter Reconstruction filter
for stationary targets for stationary targets

M-CSI (Eq. 17)

,

Inverse
reconstruction filter

Acceleration a,
estimation (Eq. 24) v
l« Velocity estimation
Hy, (Eq, 28)
v
Restore Doppler
spectrum of the
maneuvering target
(Eq, 27)
a Reconstruction filter v
"L for maneuvering <«— '

targets (Eq. 12)

Imaging

FIGURE 3. Flowchart of the proposed method.

3.1. Clutter Suppression for MIMO SAR

The prerequisite for extracting maneuvering target parame-
ters is eliminating background interference from strong surface
clutter. Considering that the conventional M-CSI cannot ef-
fectively accommodate the azimuth undersampling (low PRF)
characteristics of spaceborne MIMO SAR, the M equivalent
spatial receiving channels provided by the system are sequen-
tially regrouped into two observation sub-arrays: equivalent
Channel A, composed of the first IV, channels from waveform
1, and equivalent Channel B, composed of the last N, channels
from waveform 2. In the specific processing pipeline, signals
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of these two sub-arrays must first pass through the reconstruc-
tion filter for stationary targets [15] to complete the preprocess-
ing for spectrum unaliasing and subsequently enter the dual-
channel interferometric cancellation model. This joint mecha-
nism can not only effectively suppress clutter components but
also preserve the true signal energy of the maneuvering target
losslessly to the maximal extent.

Based on the geometric relationship shown in Fig. 1, since
the two orthogonal waveforms are transmitted synchronously,
the relative time delay of their echo signals at the receiver pri-
marily depends on the one-way propagation stage from the
transmitter to the illuminated target. Under the assumption that
the far-field condition is satisfied (i.e., the red and blue rays
representing the transmitted waveforms in Fig. 1 can be re-
garded as parallel), the spatial path difference generated be-
tween Channel A and Channel B can be approximately ex-
pressed as (N, — 1)d, sin 8. Consequently, the interferometric
phase difference between the two equivalent channels derived
from this is ¢. = —27(N, — 1)d, sin§/\.

Let z4(l, k) and zp(!, k;) denote complex signals of the cor-
responding pixels in the images acquired by the two equiva-
lent receiving channels, respectively, where [ and k represent
indices of the range and azimuth bins, respectively. Utilizing
the interferometric phase difference between the two equivalent
channels to perform pixel-by-pixel compensation on the image
of Channel B, and subsequently subtracting the compensated
images of the two channels yields:

zout(l,k):zA(l,k;)exp(j;bc)—zg(l,k)exp( j¢°) (17)

Ideally, the components obtained at this stage contain only
maneuvering target information, and the residual maneuvering

signal can be expressed as:
_ Joe
Zout (L, k) =s4(l, k) exp 5 —sgp(l,k)exp

J¢c) (18)

where s4 (I, k) and sp (I, k) denote the maneuvering target sig-
nals in Channels and B, respectively. They satisfy the following
relationship: sg(l, k) = sa(l, k)eI?t, where ¢; represents the
interferometric phase difference of the maneuvering target sig-
nal between the two channels. Therefore, (18) can be further
expressed as:

Zout (I, k) = sa(l, k) exp <J¢t> <2j sin ¢°;¢t> (19)

Through the aforementioned operations, the system can ef-
fectively suppress ground clutter, thereby significantly improv-
ing the signal-to-clutter ratio (SCR) of the observed region.
This processing not only allows the weak energy of the maneu-
vering target, originally deeply buried in the clutter environ-
ment, to emerge clearly, but also fundamentally eliminates the
severe corruption of the Doppler spectrum distribution caused
by background residuals. Consequently, it establishes a vital
data foundation and prerequisite for the subsequent estimation
of radial acceleration a, and radial velocity v,..
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3.2. Radial Acceleration Estimation of Maneuvering Target

After clutter suppression, obscured maneuvering target signals
emerge. By passing maneuvering target signals through the in-
verse reconstruction filter for stationary targets [15], maneuver-
ing target signals can be obtained as:

—j47rRo> (—ijac% )
Sp,(tm) =exp| ——— |exp| ————*
() = exp (L5 Yexp (5
—727(2v,. Ry + vAzy,,)
tm 20
exp( "Ro (20)

—i2m(a, R 2
exp( Jﬂ(a O—H})t2

) e (1)

where ¢, can be regarded as constant over the entire syn-
thetic aperture time. For convenience of subsequent discus-
2v, Ro+vAzy,,

)\RO > and g(tm) =

. —inAz? .
exp (—34;1?,0) exp ( j,\}Azo " ) exp (] %), then (20) can be
expressed as:

Sn, (tm) = g(tm) exp(—j2mv,

where t,, € (—T4/2,Ta/2).
Dividing s, (t,) into two sub-apertures, each spanning a
duration of T, /2 can be expressed as:

T, . 1,
m_z €xXp _]27T’Uq tm—z
T 2
exp (—j?ﬂKq (tm — a) )
4
T2
2r K, | 1o, +
exp( j & q(tm+16>>:|

o KTq
exp ]27rvq4 exp | j27 5 tm

T, . T,
T exp(—j2mvg | tm + T
exp — Z

[g (tm + > exp(—j2mvgtm)

aTRo+v2

sion, let v4 = VR

>Kq:

tm)exp(—j2m K, t2)  (21)

searlu(y, ) = g (t

) exp(—j2mgt) 22)

Jj2nK, (tm +

(23)

T2
oK, (2, + -2
o (e (4 32 ))
K, T,
exp( jomu,—~ >exp (—j27r ! atm)
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where t,,, € (=T4/4,T,/4). g(tm) and exp (j2mv,T,/4) are signal of Channel A from the canceled data, based on which the

both constant terms, which have no impact on the frequency target radial velocity is subsequently estimated.
shift of the Fourier transforms of 5% (t,,,) and s°(t,,,). In previous related research [15], to counter the spectrum
The relationship between the early and late sub-aperture sig- aliasing induced by low PRF undersampling in the azimuth di-
nals in the frequency domain is given by: rection, the mathematical process of resolving Doppler ambi-
Siirly( f) = Sfite( f— K,T,) (24) guity and achieving spectrum reconstruction relying on the re-

construction filter for stationary targets can be characterized as:
By performing cross-correlation on S£"( ) and S ( f),

a discrete correlation peak is initially detected. To overcome Qi ... Qin, | [H
the limitation of grid quantization errors, a parabolic sub-pixel . . . . _
) ) : . : . : | =1a (25)
interpolation method [17] is subsequently applied to extract : ‘ :
i i carl i QN - Qn,n,| [HY
the highly precise lag amount KT, of S5V (f) relative to a alNa Na

Sffffe (f). Based on this signal’s time-frequency evolution char-
acteristic, the target’s radial acceleration parameter can be ef-
fectively and accurately inverted. The prior information of the
radial acceleration not only fundamentally eliminates the un-
known broadening effect in the Doppler frequency domain, but
also establishes a crucial data foundation for subsequent esti-
mation of the radial velocity and the systematic synthesis of the
reconstruction filter for maneuvering targets.

where the coefficient matrix on the left represents the recon-
struction filter for stationary targets. This reconstruction pro-
cess is equivalent to sequentially applying IV, independent lin-
ear filtering components (),,, to the undersampled data cap-
tured by each receiving channel, and subsequently performing
coherent accumulation on the outputs. Furthermore, a single re-
construction filter @), is essentially a filter bank jointly com-
posed of N, sub-bandpass filters Q,,,,,,. The variable H"
characterizes the total echo signal, which contains a mixture of

3.3. Radial Velocity Estimation of Maneuvering Target environmental clutter and maneuvering-target echoes. Mean-
Following clutter suppression processing, introducing the in- while, I, denotes the output spectrum component mapped
terferometric phase alters the original signal structures of Chan- through the aforementioned system. It should be emphasized
nels A and B, rendering direct extraction of the original maneu- that since the reconstruction filter for stationary targets is used
vering target echoes from both channels extremely difficult. To to process all echo signals at this stage, the maneuvering-target
this end, this section details how to use the reconstruction filter signal component in [ 4 is not an ideal unambiguous spectrum.
for stationary targets to restore the effective maneuvering target Combining (17) and (25) yields (26).
Qu .. Qin,  —Quexp(—=¢ea) ... —Qin,exp(—da) H,
SN : : : Co| = Lout (26)
Qn,a - Qn.N, —Qnaexp(—éen,) ... —Qn.n, exp(—den,)| |Han,

Qu(l — Harexp(=¢c1)) ... Qin, (1 — Han, exp(—¢c1)) Hy
T = lout (27)

Qn.1(1 = Harexp(—¢en,)) --- @n,n,(1— Han, exp(—¢en, )| | Hn,

Given that the coefficient matrix in (26) is rank-deficient, a dial velocity, and radial acceleration. Considering that the tar-
unique analytical solution (i.e., Hi, ..., Han,) cannot be di- get slant range can be directly extracted from the residual data
rectly obtained; thus, additional constraint equations must be after clutter suppression and that the radial acceleration has al-
introduced to achieve the precise reconstruction of the maneu- ready been estimated in the previous stage, obtaining H 4, sub-
vering target’s original spectrum. In-depth analysis reveals that sequently only requires a traversal search over the target radial
the profile of the observed spectrum H,,, not only undergoes a velocity. Substituting it into (26) yields (27).
frequency-domain shift due to the radial velocity v,., but is also The coefficient matrix in (27) satisfies full-rank property,
modulated by the radial acceleration a,., leading to severe spec- thereby allowing the unique analytical solution for the maneu-
tral broadening. Furthermore, this frequency-domain response vering target signal in Channel A (i.e.,H, ..., Hy,) to be di-
is tightly coupled with the target’s inherent scattering signal in- rectly obtained. On this basis, relying on the currently traversed
tensity. radial velocity parameter and the previously obtained radial ac-

To overcome the predicament of the aforementioned param- celeration estimate, a matching reconstruction filter for maneu-
eter coupling, a ratio factor Hy,, = H,, +n,/Hp, resistant vering targets is constructed. Subsequently, the preliminarily
to amplitude interference is constructed. Since the echo ampli- inverted maneuvering target signal is passed through this fil-
tudes of the same physical target remain consistent across all ter and subjected to pulse compression. To achieve the opti-
equivalent azimuth channels, this ratio factor successfully elim- mal estimation of parameters, an evaluation criterion based on
inates the influence of signal intensity, and its value is jointly the signal energy concentration after pulse compression is con-

determined solely by the target’s instantaneous slant range, ra-
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result.

structed, which can be mathematically expressed as:

| E(y)rect[t,, /T)dt,,
J E(0,)dty,

U= (28)

where E(0,) denotes the azimuth accumulated signal energy
after pulse compression, and rect[t,, /T represents a window
function with a span of 7'. Leveraging this optimization mech-
anism, the algorithm identifies the global peak of energy con-
centration and selects its corresponding radial velocity v, and
original spectrum (i.e., Hy, ..., Hy,) as the optimal output.
Then, the original spectrum is passed through the reconstruc-
tion filter for maneuvering targets, which is designed based on
the estimated radial acceleration and radial velocity, to obtain
an unambiguous spectrum of the target. Subsequently, high-
precision focused imaging is achieved via pulse compression.
Upon completion of the focused imaging procedure, we an-
alyze the azimuth computational complexity of the proposed
framework. Let K, L, and N denote the number of azimuth
samples and search grids for radial acceleration and radial ve-
locity, respectively, with the number of complex multiplica-
tions and additions used as the metric and lower-order terms
ignored. The conventional GRFT relies on a two-dimensional
traversal search, resulting in a complexity of O(LN K). In con-
trast, our proposed method decouples the estimation process:
radial acceleration is solved analytically via fast Fourier trans-
forms (FFTs) with O(K log K) complexity, leaving only a one-
dimensional search for velocity requiring O(N K log K). Con-
sequently, the overall complexity is significantly reduced to
O(NK log K). Since L > log K in practice, the proposed al-
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gorithm successfully avoids the prohibitive multi-dimensional
computational burden.

4. SIMULATION RESULTS AND ANALYSIS

To verify the effectiveness of the proposed method, simulated
data are processed using the system parameters listed in Table 1.
To approximate a realistic scenario, stationary point targets are
distributed within the imaging scene, and their radar cross sec-
tions (RCS) are set to random values with a variance of 1. Ad-
ditionally, a maneuvering target with a radial velocity of 2 m/s
and a radial acceleration of 2.5 m/s? is positioned at the center
of the scene.

TABLE 1. Parameters of the MIMO SAR system.

Parameters Values
Central carrier frequency 5.3GHz
Platform velocity 7100 m/s
The nearest slant range 850 km
Signal bandwidth 25MHz
Pulse width 10 ps
PRF 850Hz
Length of the azimuth antennas 4.8m
Adjacent subchannel spacing 1.6m
Number of transmitting channels 2
Number of receiving 3
subchannels in azimuth
Doppler bandwidth 1350Hz
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FIGURE 5. Performance verification and comparison of the proposed method. (a) Radial acceleration error versus SCR and (b) Radial velocity error

versus SCR.

Figure 4 illustrates the simulation results at an SCR of 13 dB.
Fig. 4(a) shows the imaging result of the Channel A signal after
passing through the reconstruction filter for stationary targets
when the SCR is 13 dB. The scene contains clutter and a mov-
ing target, where the moving target signal is completely sub-
merged in the clutter. Fig. 4(b) illustrates the clutter suppres-
sion result. The clutter is effectively suppressed. Although the
moving target information is preserved in the image, its imaged
position is incorrect, and artifacts induced by the mismatched
reconstruction filter, along with defocusing caused by the ac-
celeration, are present. Fig. 4(c) shows the profile plot of the
clutter suppression effect within the imaging range; it can be ob-
served that the maneuvering target is imaged at an incorrect po-
sition, accompanied by defocusing and artifact problems. Sub-
sequently, the maneuvering target signal is extracted from the
clutter-suppressed components, passed through the inverse re-
construction filter for stationary targets, and then subjected to
radial acceleration estimation. The frequency offset between
the two sub-apertures is displayed in Fig. 4(d), which indicates
that SE7¥(f) lags behind S.**(f) by 578.0851 Hz. Based
on this value, the acceleration is calculated to be 2.50196 m/s2,
which differs from the actual value of the maneuvering target
by only 0.00196 m/s2. Then, the estimated radial acceleration
is fed into the radial-velocity estimation algorithm combined
with the reconstruction filter for stationary targets. This algo-
rithm accurately estimates the moving target’s radial velocity
of 2 m/s, and this result is demonstrated in Fig. 4(e). Finally, a
reconstruction filter for maneuvering targets is designed using
the estimated radial acceleration and radial velocity, and pulse-
compression imaging is performed to yield Fig. 4(f). By com-
paring Fig. 4(c) with Fig. 4(f), it is revealed that due to the ac-
curate velocity estimation, the target can be accurately imaged;
moreover, owing to the designed reconstruction filter for ma-
neuvering targets, artifacts are eliminated, and the defocusing
problem is resolved. The energy concentration after pulse com-
pression in Fig. 4(f) is relatively degraded. This is attributed
to that under low-SCR conditions, system channel errors limit
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the M-CSI-based clutter suppression performance, resulting in
residual clutter in /,,;. Furthermore, the slight estimation er-
ror in radial acceleration reduces the matching degree between
the maneuvering target signal and the ratio factor, ultimately
leading to degrading energy concentration.

To evaluate the robustness of the proposed method, 50 inde-
pendent Monte Carlo trials are conducted under different clutter
realizations while holding the motion parameters of the maneu-
vering target constant (specifically, a radial velocity of 2 m/s
and a radial acceleration of 2.5 m/s?). The SCR of the echo sig-
nals ranges from 4 dB to 20 dB with an increment of 1 dB. Root-
mean-square error (RMSE) is adopted to measure the error per-
formance of radial acceleration and radial velocity estimation.
The GRFT algorithm is selected as the baseline. Both algo-
rithms perform parameter estimation after applying the clut-
ter suppression method proposed in this paper. For both algo-
rithms, the radial-velocity search range spans from 0 to 4 m/s
with a step size of 0.01 m/s. Furthermore, the radial accelera-
tion search range for the GRFT algorithm is set from 0 to 4 m/s?
with a step size of 0.01 m/s.

Figure 5 presents the performance verification and compar-
ison of the proposed method. Fig. 5(a) illustrates the varia-
tion trends of radial acceleration estimation errors for both al-
gorithms with respect to the SCR. It can be observed that the
error of the GRFT algorithm remains essentially constant at
0.06 m/s? across the entire SCR range, which is constrained by
the algorithm’s inherent limitations. In contrast, the error of the
proposed method continuously decreases as the SCR increases.
At 6 dB, its error falls below that of the GRFT for the first time
and continues to decline thereafter, maintaining a minimum er-
ror of approximately 0.01 m/s?. This demonstrates that the pro-
posed radial acceleration estimation algorithm outperforms the
GRFT in terms of estimation accuracy. Furthermore, while the
GRFT algorithm requires a computationally expensive traver-
sal search among candidate values, the proposed acceleration
estimation method is completely search-free. Fig. 5(b) presents
radial velocity estimation errors of the two algorithms. Simi-
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TABLE 2. Comparison of computational efficiency.

. Number of Average Time Total Simulation
Algorithm ) ) .
Search Points Per Trial (s) Time (s)
GRFT 401 x 401 195.488 9774.400
Proposed 401 29.301 1465.050

larly restricted by inherent algorithmic limitations, the radial-
velocity estimation error of the GRFT algorithm stabilizes at
approximately 0.02 m/s. For the proposed method, the estima-
tion error gradually decreases as the SCR increases. Notably,
the RMSE curve drops sharply around 5 dB; as the SCR rises to
6 dB, the error is slightly above 0.1 m/s, which approaches the
performance of the GRFT algorithm. Thereafter, the decline
becomes more gradual, ultimately reaching and maintaining its
minimum value at 13 dB, which remains lower than the error of
the GRFT.

Under low-SCR conditions, the initial clutter suppression
step inevitably leaves a relatively large amount of residual
clutter. Unlike the GRFT baseline, which leverages a two-
dimensional global coherent integration to maximize process-
ing gain and naturally suppress random residuals, the proposed
method is inherently limited by its cascaded architecture and
algebraic reconstruction mechanism. First, the parameter es-
timation is sequential; thus, any slight deviation in the initial
radial acceleration estimate due to strong clutter directly prop-
agates into the subsequent radial velocity search. Second, the
algorithm reconstructs the original spectrum by solving a sys-
tem of linear equations parameterized by the ratio factor. In this
linear system, residual clutter acts as a significant perturbation
in the observation vector. During matrix inversion and recon-
struction, this structured noise is inherently amplified, severely
degrading the matching degree and distorting the recovered tar-
get spectrum. Finally, the optimal velocity is determined by
evaluating the energy concentration within a temporal window
after pulse compression. Under severe clutter interference, a
mismatched velocity candidate may inadvertently smear the
residual noise, causing a high accumulation of spurious energy
within the window. This results in a deceptively high metric
score without forming a sharply focused, sinc-like mainlobe,
ultimately misleading the peak search and causing larger esti-
mation errors. Once the initial SCR improves and the residual
clutter is sufficiently small, the error propagation is mitigated,
the linear reconstruction stabilizes, and the proposed algorithm
achieves highly accurate radial velocity estimation.

Finally, the computational efficiency is evaluated by analyz-
ing the execution time required for simulation experiments. All
experiments were performed on a computing platform equipped
with an Intel Core i7-10510U CPU @ 1.80 GHz and 8 GB
RAM, using MATLAB R2023b. The detailed execution times
are listed in Table 2. To achieve high estimation accuracy,
the conventional GRFT requires a dense 2-D joint grid search
(401x401) over the acceleration and velocity parameter space.
In contrast, the proposed algorithm uses only 401 search points
for velocity estimation due to its inherently decoupled param-
eter estimation structure. Consequently, the average execu-

tion time per trial is drastically reduced from 195.488s to
29.301s. This represents an approximately 6.7-fold improve-
ment in computational efficiency, reducing the total simulation
time for the 50 Monte Carlo trials from about 2.72 hours to
merely 0.41 hours.

5. CONCLUSION

In this paper, aiming at the challenges of strong clutter inter-
ference and unknown motion parameters faced by spaceborne
MIMO SAR systems when observing a ground maneuvering
target, a comprehensive method integrating clutter suppression,
maneuvering parameter estimation, and focused imaging is pro-
posed. First, the signal model incorporating target radial ve-
locity and radial acceleration is refined, and the corresponding
reconstruction filter for maneuvering targets is derived. Sec-
ond, the effective suppression of static background clutter is
achieved by utilizing the extended M-CSI algorithm. On this
basis, the radial acceleration deeply buried in the residual sig-
nals is accurately extracted via inverse reconstruction filter-
ing and sub-aperture frequency-domain cross-correlation tech-
niques. Subsequently, a ratio factor resistant to amplitude inter-
ference is constructed to achieve precise estimation of the radial
velocity. Simulation results quantitatively validate the superi-
ority and robustness of the proposed method. Specifically, the
proposed search-free radial acceleration estimation achieves a
minimum RMSE of approximately 0.01 m/s?, outperforming
the 0.06 m/s2 limit of the GRFT baseline. Furthermore, the ra-
dial velocity estimation error continuously decreases with an in-
creasing SCR, ultimately dropping below the GRFT’s 0.02 m/s
error bound at an SCR of 13 dB. In single-trial validations at an
SCR of 13 dB, the absolute estimation error for acceleration was
as low as 0.00196m/s%. Consequently, the proposed method
thoroughly eliminates defocusing and image artifact phenom-
ena induced by radial acceleration, demonstrating highly pre-
cise and favorable imaging performance. Despite these advan-
tages, the proposed cascaded architecture and algebraic recon-
struction mechanism exhibit sensitivity in extreme low-SCR
environments. Specifically, severe residual clutter can cause
sequential error propagation, amplify structured noise during
linear matrix inversion, and mislead the energy-concentration-
based selection metric. Therefore, future work will focus on
enhancing algorithmic robustness under such challenging con-
ditions. Potential methodological improvements include inte-
grating advanced sparse decomposition techniques for superior
initial clutter-target separation, developing joint-optimization
frameworks to mitigate cascaded error propagation, and in-
troducing mainlobe-shape-constrained evaluation metrics (e.g.,
image contrast or entropy) to prevent spurious energy accumu-
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lation during velocity selection. Furthermore, the current study
is established on the assumption of ideal waveform separation.
In practical spaceborne MIMO SAR systems, imperfect echo
separation can introduce residual interference and estimation
bias. Therefore, comprehensively analyzing the influence of
echo separation errors and developing robust parameter esti-
mation strategies under non-ideal separation conditions will be
a critical focus of our future research.
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