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Abstract—Increasing the synthetic aperture radar (SAR) imag-
ing frame rate is vital for obtaining continuous SAR images and
dynamic scene monitoring, which multistatic SAR can achieve.
Multiple source synchronization errors in multistatic SAR enable
the image to produce positional offset and target defocus, which
deteriorate the image quality. In order to obtain highly precise mul-
tistatic SAR images, synchronization errors must be compensated
for. However, geometry errors are unavoidable during platform
movement, which introduce Doppler frequency errors and range
cell migration just like synchronization errors. Therefore, these
two errors will jointly affect the imaging quality when coupled
together, which will increase the difficulty of compensation. Aiming
to resolve the issue of obtaining imaging results when the two errors
exist simultaneously, this article proposes a decoupled estimation
and compensation method for geometry and synchronization error.
At first, the coupling relationship between geometry error and
synchronization error on echo delay and Doppler frequency is
analyzed. Next, the decoupled estimation problem with geometry
and synchronization error is transformed into a constrained op-
timization problem. Then, the differential evolutionary algorithm
is employed to address the optimization problem. Finally, the es-
timated values are utilized to compensate for the echoes to obtain
high-resolution imaging results, which are verified by the simula-
tion results. The experimental results convincingly demonstrate the
improvement of the proposed method in imaging frame rate and
error decoupling ability.

Index Terms—Differential evolution (DE) algorithm, error
decoupling, geometry error, multistatic synthetic aperture radar
(SAR), synchronization error.

I. INTRODUCTION

SYNTHETIC aperture radar (SAR) is an all-weather, all-
day, high-resolution imaging radar with a high azimuthal

resolution based on aperture synthesis [1], [2], [3], [4], [5],
which is widely used in both military and civil fields [6], [7].
The increased frame rate of SAR imaging enables continuous
dynamic imaging of the ground scene of interest for surveillance
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Fig. 1. Concatenation of the spatial spectra of the echoes from each receiver.

purposes [8], [9], [10], [11], especially in imaging a moving
target. However, improving the imaging frame rate implies a
short synthetic aperture length, which makes it challenging to
obtain azimuthal high resolution for airborne platforms. The
platform motion speed or carrier frequency can be increased
to improve azimuthal high resolution and imaging frame rate
simultaneously. However, monostatic high-frame rate SAR re-
quires high operating carrier frequencies, such as THz band, due
to the platform speed limitation [9], [12].

To resolve this problem, a high frame rate SAR imaging
approach under a microwave band is proposed by [13], which
divides the subapertures to enable multiple unmanned aerial
vehicles (UAV) to realize the imaging of each subaperture in a
short time separately, eventually fusing all subimages to realize
azimuthal high-resolution imaging. Thus, a larger aperture is
synthesized with a shorter flight time, improving the imaging
frame rate while achieving azimuthal high-resolution imaging
[14]. As shown in Fig. 1, based on multistatic SAR, it is fea-
sible to utilize the distribution of subapertures corresponding
to different transceiver combinations on the spatial spectrum to
equate monostatic large aperture observation.

However, the separated platforms in a multistatic SAR system
will inevitably cause specific errors in the clock calibration and
frequency source between platforms, leading to the introduction
of time-frequency synchronization error in the echo, which can
bring about problems such as target position drift, main lobe
widening, and side lobe lifting in the imaging results [15], [16],
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[17]. Traditional methods of compensating synchronization er-
rors by direct waveform will increase system complexity and
limit configurations, which brings difficulties to compensating
the synchronization error [18]. In addition, the synchronization
error is coupled with the geometry error, making it challenging
to compensate for both concurrently.

Numerous researchers have proposed various methods to es-
timate the geometry error or synchronization error, respectively
[19], [20], [21], [22]. Aiming at the geometry error caused by
the inaccuracy of aerial position, [23] estimates the residual
motion errors (RME) by dividing multiple subapertures, and the
motion error of the subapertures is modeled as a linear error for
estimation compensation. Li et al. [24] considered all errors as
spatial variants and the Doppler phase was extracted to estimate
the actual motion trajectory and compensate for the echo. To
address the instability of UAV flying for a long time, Luomei
and Xu [25] divided the motion trajectory of the UAV into uneven
segments, with each segment considered to be linear and stable,
then compensated the geometry error for each segment to obtain
the focused image separately, which were finally stitched to-
gether to form a complete image. Against synchronization error,
a time-frequency synchronization error solution is proposed in
[26] for distributed SAR from the waveform design point of
view by using waveforms composed of two linear frequency
modulation (FM) signals with different frequencies to achieve
unidirectional telesynchronization. Li et al. [27] eliminated the
slope due to distance traveling by trapezoidal transformation fol-
lowed by iterative estimation of the remaining slope to estimate
the linear time synchronization error. Wang et al. [28] coarsely
compensated the time and frequency synchronization error by
direct wave and then built an optimization model based on the
image entropy to search for and compensate for the residual
synchronization error without compensating the geometric error.
However, the aforementioned approaches are used to estimate
and compensate for synchronization error or geometry error
individually. When these two errors are coupled, the estimation
methods for individual errors are not applicable, so they can only
be estimated separately.

Aiming at this challenge, this article proposes a geometry and
synchronization error decoupled estimation and compensation
method for multistatic SAR imaging. The echo characteristics of
multistatic SAR, including the range cell migration and Doppler
parameters, as well as the impacts of geometry error and syn-
chronization error on them, are analyzed initially. On this basis,
the constrained optimization problem for estimating the error is
derived based on the coupling of the two errors. First of all, the
effects of the existence of geometry error and synchronization
error on the echo characteristics are investigated to deduce the
expressions for components of the theoretical value, geometry
error, and synchronization error in the actual Doppler frequency
and time delay to obtain the coupling relationship between ge-
ometry error and synchronization error. Afterwards, according
to the actual values of Doppler frequency and time delay and
the expressions of each component, the decoupling model of
geometry error and synchronization error is established and
optimized by utilizing the differential evolution (DE) algorithm
to search for the optimal solutions of these two types of errors,

Fig. 2. Multistatic SAR configuration.

which is aimed at realizing the practical decoupling estimation of
geometry error and synchronization error. Eventually, the phase
factors are constructed to compensate the echo depending on the
optimization results of geometry and synchronization error. The
back-projection (BP) algorithm is used to obtain well-focused
imaging results, followed by the fusion of all the subimages to
obtain azimuthal high-resolution imaging results with frame rate
enhancement.

The rest of this article is organized as follows. In Section II,
the characteristics of Doppler frequency and time delay are
analyzed based on the ones-transmitter-multireceiver multistatic
SAR model to obtain the coupling relationship between the
synchronization error and geometry error. The optimization
model and its solution method for error decoupling are proposed
in Section III. Section IV presents and analyzes the simulation
results. Finally, Section V concludes this article.

II. SIGNAL MODEL AND CHARACTERISTIC

In this section, a multistatic SAR echo model coupled with
geometry error and synchronization error is developed to analyze
the characteristics of the two types of error and their effects on
the echo.

Fig. 2 gives a multistatic SAR model in the one-transmitter-
multireceiver mode, which consists of a formation of Q+ 1
stations, where a blue station transmits echoes with the cen-
ter moment position coordinate rT0 = [xT0, yT0, zT0] and a
flight velocity of vT = [vTx, vTy, vTz], the remaining orange
stations have the same velocity as the transmitting station to
receive echoes. The center moment position coordinate of the
qth receiver is rqR0 = [xq

R0, y
q
R0, z

q
R0], with flight velocity vq

R =
[vqRx, v

q
Ry, v

q
Rz]. The coordinate of any scattering point P in

the center of the scene is rp = [xP , yP , zP ]. In this model, the
reflected waves of the transmitted beam are received simultane-
ously by Q receivers, respectively.

For the synchronization error by to separated platforms, Li
et al. [29] discussed the baseband echo model of point P by
the qth receiving station that incorporated both time and fre-
quency synchronization error. When the movement of platform
introduces geometry error, then the echo is denoted as

sq(τ, η; rp) = rect

(
Δtq(η) + τ −Rq(η; rp)/c

Tr

)〈1〉
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· exp
{
jπKr

[
Δtq(η) + τ − Rq(η; rp)

c

]2}〈2〉

· exp
[
−j2πfc

Rq(η; rp)

c

]〈3〉

· exp[−j2πΔfq(η)η] · exp[−j2πΔfq(η)τ ]〈4〉

· exp [−j2πΔfq(η)Δt0]
〈5〉 (1)

where c is the speed of light, τ and η stand for the fast time
and slow time, severally. rect(·) is rectangular window function,
fc is the carrier frequency, and Kr means the range FM rate.
Rq(η; rp) is the range history between the transmitter and the
q(q = 1, 2, . . ., Q)th receiver. Δtq(η) and Δfq(η) are time and
frequency synchronization errors, respectively, represented as{

Δfq(η) = fcμ
q
0 + fcμ

q
1η + fcμ

q
2η

2 + o(η)

Δtq(η) = Δt0 − μq
0 −

1

2
μq
1η − 1

3
μq
2η

2 + o(η)
(2)

whereΔt0 is the time deviation between two different platforms,
μq
0, μq

1, and μq
2 are the constant, linear, and quadratic frequency

reference errors separately.
In (1), range window 〈1〉 and phase term 〈2〉 represent the

effects of time synchronization error and geometry errors. 〈3〉
is the Doppler phase introduced by actual range history. 〈4〉 and
〈5〉 indicate the effect of frequency synchronization errors on the
Doppler phase; the latter causes a loss of bandwidth along the fast
time dimension for the pulse compression process, however, the
fast time bandwidth loss is usually very marginal compared to the
bandwidth of transmitted signal, and while 〈6〉 is tiny, so both are
negligible. Therefore, ignoring random noise and target back-
scattered coefficients, the pulse-compressed echo model of the
qth receiving station with geometry error and synchronization
error coupling can be expressed as

sqrc(τ, η; rp) = ρr

[
τ −

(
Rq

e(η; rp)

c
−Δtq(η)

)]

· exp
{
−j2πfc

Rq
e(η; rp)

c

}

· exp {−j2πΔfq(η)η} (3)

where ρr(·) is range envelope and Rq
e(η; rp) is actual range

history, which is represented as

Rq
e(η; rp) = Rq

Te(η; rp) +Rq
Re(η; rp)

= ‖rTe(η)− rp‖+ ‖rqRe(η)− rp‖
= ‖rT0 + vT η − rp‖+ ‖rqR0 + vRη − rp‖ (4)

where ‖ · ‖ is the Euclidean norm, rTe(η) and rqRe(η), respec-
tively, denotes the actual trajectories of transmitter and receiver.
Owing to the existence of geometry error, the relationship be-
tween actual trajectories and ideal trajectories rT (η) and rqR(η)
can be expressed as follows:{

rTe(η) = rT(η)Φ(αT)Ψ(βT) +ΔeT
rqRe(η) = rqR(η)Φ(α

q
R)Ψ(βq

R) + ΔeqR
(5)

where ΔeT and ΔeqR are error constant coordinates as well as
Φ(α) and Ψ(β) denote the rotation matrices corresponding to
the error azimuth α and pitch angle β, respectively, which is
denoted as ⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

Φ(α) =

⎡
⎢⎣cosα − sinα 0

sinα cosα 0

0 0 1

⎤
⎥⎦

Ψ(β) =

⎡
⎢⎣1 0 0

0 cosβ − sinβ

0 sinβ cosβ

⎤
⎥⎦

. (6)

The direction of the velocity will change, but the magnitude
will remain the same. A Taylor expansion of the range history
yields the expression

Rq
e(η; rp) =

∥∥rTpe0

∥∥+
∥∥∥rqRpe0

∥∥∥+

∞∑
n=1

1

n!
(knTe + knRe) η

n

(7)

where RTe0 and Rq
Re0 are the actual instantaneous slant ranges

of the transmitter and the qth receiver at the beam center crossing
time, and∥∥rTpe0

∥∥ = ‖rTe0 − rp‖ ,
∥∥∥rqRpe0

∥∥∥ = ‖rqRe0 − rp‖ (8)

k1Te =
vTe · rTpe0∥∥rTpe0

∥∥ , kq1Re =
vq
Re · rqRpe0∥∥∥rqRpe0

∥∥∥ (9)

k2Te =
‖vTe‖2 − k21Te∥∥rTpe0

∥∥ , kq2Re =
‖vq

Re‖2 − k21Re∥∥∥rqRpe0

∥∥∥ (10)

k3Te = − 3
k1Tek2Te∥∥rTpe0

∥∥ , kq3Re = −3
kq1Rek

q
2Re∥∥∥rqRpe0

∥∥∥ . . . (11)

The ideal range history is the same way as (7)–(11), except
that vTe and vq

Re is replaced by vT and vq
R respectively, as well

as rTpe0 and rqRpe0
is replaced by rTp0 and rqRp0

, separately.
Hence, the ideal range history can be expressed as

Rq(η; rp) =
∥∥rTp0

∥∥+
∥∥∥rqRp0

∥∥∥+
∞∑

n=1

1

n!
(knT + knR) η

n.

(12)

From (3), the echo delay is given by (13). Meanwhile, the
Doppler frequency fd(η) is obtained from the Doppler phase
φd(η) of the echo and denoted as (14)

τd(η) =
Rq(η; rp)

c

〈1〉
+

ΔRq
e(η; rp)

c

〈2〉
−Δtq(η)〈3〉 (13)

fd(η) =
dφd(η)

2πdη
= −dRq(η; rp)

λdη

〈1〉
− dΔRq

e(η; rp)

λdη

〈2〉

− fc
(
μq
0 + 2μq

1η + 3μq
2η

2
)〈3〉

. (14)

Term 〈1〉 in (13) and (14) denote the theoretical echo delay
τi(η) and Doppler frequency fdi

(η), respectively. The echo
delay components and Doppler frequency components from
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Fig. 3. Simulation of Doppler frequency for targets at different locations. DC
introduced by (a) geometry error and (b) synchronization error. DFR introduced
by (c) geometry error and (d) synchronization error. Third-order frequency
introduced by (e) geometry error and (f) synchronization error.

geometry are the term 〈2〉, denoted as τg(η) and fdg
(η). In

contrast, τs(η) and fds
(η) denote the two components intro-

duced by synchronization error. From the Doppler frequency,
the Doppler centroid (DC) fq

dce , Doppler frequency rate (DFR)
fq
dre

, and Doppler frequency rate of change (DFC) fq
dte

can be
further obtained as⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

τe(η) =
ΔRq

e(η;rp)
c + μq

0η + 1
2μ

q
1η

2 + 1
3μ

q
2η

3

fq
dce =

(k1Te+kq
1Re)−(k1T+kq

1R)

λ
− fcμ

q
0

fq
dre

=
(k2Te+kq

2Re)−(k2T+kq
2R)

λ
− 2fcμ

q
1

fq
dte

=
(k3Te+kq

3Re)−(k3T+kq
3R)

2λ
− 6fcμ

q
2

(15)

where ΔRq
e(η; rp) = Rq

e(η; rp)−Rq(η; rp).
According to the preceding analysis, this section gives the

characteristics of the geometry error and synchronization error
in the echo delay and the Doppler frequency of each order
parameter, as shown in Fig. 3. For targets at different locations
in the same scene, the variation characteristics of DC, DFR, and
DFC introduced by geometry error are analyzed separately in
Fig. 3(a), (c), and (e). It can be seen that each order parameter
varies with the change in the target position, combined with (15),
it is concluded that DC, DFR, and DFC introduced by geometry
error are spatial variants. In contrast, each order parameter of
the Doppler frequency brought by the synchronization error is
shown in Fig. 3(b), (d), and (f); the difference in target position
does not affect the variation of each order parameter, which can

be observed that the synchronization error is spatial invariant.
Consequently, in this article, the decoupling of the two errors is
realized based on the spatial variance of the geometry error and
the spatial invariance of the synchronization error.

III. PROPOSED METHOD

According to the analysis, the actual Doppler frequency and
time delay at any point in the echo consists of three components:
the theoretical component, the geometry error component, and
the synchronization error component. The theoretical compo-
nent can be calculated based on the system parameters and the
target position. For geometry error and synchronization error
components, the better the estimated results, the nearer the actual
Doppler frequencies and time delay are to the real values. For
a point in the scene, the practical Doppler frequency and time
delay can be calculated based on the energy trajectory of the
echo and the reference time delay.

Therefore, the problem of error estimation can be converted
into an optimization problem, with the objective of finding the
optimal geometry and synchronization errors so as to minimize
the discrepancy between the estimated versus the actual values
of the Doppler frequencies and time delay, which realizes the
decoupling of the geometry and synchronization errors.

Based on this, this article proposes an error estimation method
for imaging that achieves decoupling of the geometry and syn-
chronization errors of the echo from each receiver. The subimag-
ing results after compensating the errors are then coherently
superimposed. The implementation process of the proposed
method can be divided into three parts as follows.

First, the energy trajectories of isolated strong points in each
receiver echo are extracted to calculate the actual values of
Doppler frequency and time delay. Second, an objective function
is established to optimally solve the geometry and synchroniza-
tion error to realize the decoupling, and the BP algorithm is used
to obtain the imaging results of each receiver after compensating
the error by phase factors constructed by the decoupled error
estimations. Finally, the fusion of imaging results from multi-
ple receivers yields a multistatic SAR high-precision imaging
result. The specific implementation process of the algorithm is
described in detail, which is shown in Fig. 4.

A. Time Delay Extraction and Parameter Estimation

Since the geometry error is spatial variant along the range,
multiple energy trajectories need to be extracted to avoid falling
into a local optimum when optimizing the objective function. It is
set to extractK(K ≥ 3) isolated strong-point energy trajectories
in each pair of any transceiver station echo.

1) Range History Inversion: For the k(k = 1, 2, . . .,K) en-
ergy trajectories, multiple strong points on the trajectory are
selected for second-order fitting to obtain the range cell Ek(η)
where the trajectory is located.

Meanwhile, the search range [Ek(η)−Δd/2, Ek(η) +
Δd/2] is set for each azimuthal moment of this trajectory in
the echo, where Δd is a constant, and the range cell with the
strongest energy in the current azimuthal moment Ekm(η) is
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Fig. 4. Flowchart of decoupling compensation method of geometry error and
synchronization error-based on optimization problem.

picked, which is calculated to get the actual delay of the scatter-
ing point Pk(xk, yk) corresponding to this energy trajectory by
the following:

τk(η) = Ekm(η)·dr/c− τr (16)

where dr is the range cell scale and τr is the reference delay.
2) Doppler Parameters Estimation: DFC f̂dt(xk, yk) is es-

timated and compensated for the kth energy trajectory by using
a parameter estimation approach Radon-cubic phase function
(CPF)-Fourier transform (RCFT) in [3]. An FRFT-based pa-
rameter estimation method proposed by [30] is used to estimate
DC f̂dc(xk, yk) and DFR f̂dr(xk, yk). Higher order parameters
can be obtained by the corresponding methods.

B. Decoupling and Estimation of Geometry Error and
Synchronization Error

The effects of geometry and time-frequency synchronization
errors on the Doppler frequency and time delay are analyzed
in (13) and (14), respectively, and the parameter optimization
model is built using these relationships, starting by defining the
unknowns for envelope and phase compensation of the echo into
a solution vector

Λ = [ΔeT ,ΔeqR, αT , α
q
R, βT , β

q
R, μ

q
0, μ

q
1, μ

q
2] . (17)

Denote the target position of the kth extracted energy trajec-
tory as Pk(xk, yk, 0), combined with the reference time delay
and Section III-A, the actual echo delay and Doppler parameters
of each order for this point can be derived, which are expressed
as functions τe(Λ, η;xk, yk), fdc(Λ;xk, yk), fdr(Λ;xk, yk),
fdt(Λ;xk, yk), etc, related to the solution vector Λ and slow
time η. For this energy trajectory, if a variable Λ̂ = Λ exists that
satisfying the relation⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

τe(Λ̂, η;xk, yk) = τ̂e(η;xk, yk) + Δτk
fdc(Λ̂;xk, yk) = f̂dc(xk, yk) + Δfdck
fdr(Λ̂;xk, yk) = f̂dr(xk, yk) + Δfdrk
fdt(Λ̂;xk, yk) = f̂dt(xk, yk) + Δfdtk
. . .

. (18)

Moreover, whenΔRk,Δfdck ,Δfdrk , andΔfdtk all converge
to 0, it implies that the range history and Doppler parameter

estimates of each order in the relation are nearer to the value.
In order to quantitatively measure the accuracy of the individual
estimation solutions, the evaluation functions of the kth energy
trajectory are constructed separately⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

Φτk =
∣∣∣τe(Λ̂, η;xk, yk)− τ̂e(η;xk, yk)

∣∣∣
Φdck =

∣∣∣fdc(Λ̂;xk, yk)− f̂dc(xk, yk)
∣∣∣

Φdrk =
∣∣∣fdr(Λ̂;xk, yk)− f̂dr(xk, yk)

∣∣∣
Φdtk =

∣∣∣fdt(Λ̂;xk, yk)− f̂dt(xk, yk)
∣∣∣

. . .

. (19)

Four evaluation functions containing the same solution vec-
tors are constructed concerning Λ according to the minimum-
maximum criterion

Φk(Λ̂) = max {Φτk ,Φdck ,Φdrk ,Φdtk} . (20)

To accelerate the convergence of the algorithm and avoid
falling into local optimal solutions at the same time, the ex-
tracted multiple energy trajectories are integrated to construct
the build-objective optimization function

Λ̂ = argmin
Λ

max {Φ1(Λ),Φ2(Λ), . . .,ΦK(Λ)} . (21)

Aiming to solve this optimization model, the DE algorithm is
utilized in this article to find the optimal solution. The DE al-
gorithm is a stochastic heuristic search algorithm that randomly
generates the initial population before iteration, constructs vari-
ant individuals through the individual differences of the current
population, and then perturbs the new individuals under random
deviation, with individual fitness as the selection criterion [31].
Accordingly, the DE algorithm has a favorable global optimal
seeking ability by directing the search process to approximate
the global optimal solution. In addition, it can solve the optimal
solution in multidimensional space, making it a multiobjective
optimization algorithm. And the algorithm flow is shown as
Algorithm 1.

After the iteration convergence, the optimal solution of the
optimization model is obtained as follows.

Λ̂ =
[
ΔêT ,ΔêqR, α̂T , α̂

q
R, β̂T , β̂

q
R, μ̂

q
0, μ̂

q
1, μ̂

q
2

]
. (22)

So far, the purpose of decoupling the geometry error and
synchronization error is achieved.

C. Error Compensation and Imaging

After decoupling, geometry error and synchronization error
can be compensated and imaged according to Fig. 5.

1) The optimal solution Λ̂q is utilized to construct phase
factors showing in (23) to compensate for the errors caused by
time and frequency synchronization error in the echo obtained
by receiver q. HT and HF are compensated for time-delayed
and Doppler, respectively⎧⎨

⎩
HF = exp

{
j2πfT (μ̂

q
0 + μ̂q

1η + μ̂q
2η

2)η
}

HT = exp
{
j2π(μ̂q

0η + 1
2 μ̂

q
1η

2 + 1
3 μ̂

q
2η

3)fτ

}
.

(23)

2) The actual trajectory is obtained based on (5) and denoted
as (24), which is utilized to image with the BP algorithm after
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Algorithm 1: Optimal Solution Search Algorithm for De-
coupling Geometry Error and Synchronization Error of
Strong Point Trajectory.

INPUT: population size P , variables D, generations
Gm, crossover factor CR, variation factor F0.

Processing:
Step 1: Generate the randomly initialized population.
The upper bound of the individual variable is: x(u)

j while

the lower bound is: x(l)
j . The initial individual is

represented as:
x0
ji = rji · (x(u)

j − x
(l)
j ) + x

(l)
j , i = 1, 2, . . ., P, j =

1, 2, . . ., D
where rji is the uniform random number between [0,1]
when generating individual x0

ji.
Step 2: Represent the current population.
The current generation is G:
SG = {XG

i |XG
i = (x1,i, x2,i, . . ., xj,i, . . ., xD,i)}

Step 3: Mutation operator.
Calculate adaptive mutation factor:
F = F0 × exp{ 1−G

Gm+1−G},
where F determines the amplification ratio of the
deviation vector.

The mutation vector is generated from the parent
difference vector. Perform the following mutation
operations on each individual:
Vi = XG

v1
+ F ·(XG

v2
−XG

v3
)

where XG
v1
, XG

v2
, and XG

v3
represent three randomly

selected individuals that satisfying i �= v1 �= v2 �= v3.
Step 4: Crossover operator.
Constrain the cross-ratio of parent and mutation vectors.
Generate D random numbers rj(j = 0, 1, . . ., D) in the
range [0,1] and determine whether the test population is
composed of Vi or XG

i based on the following equation:

cj,i =

{
vj,i, rj ≤ CR
xG
j,i, otherwise

Step 5: Selection operator.
Selecting individuals with lower objective function
values val to enter the next generation population:

XG+1
i =

{
Ci, val(Ci) ≤ val(XG

i )
XG

i , otherwise
Step 6: Termination conditions.
If G = Gm or the optimal fitness fbest(G) meets the
accuracy requirements, terminate the generation and
return the individual X corresponding to fbest(G).
Otherwise, make G = G+ 1 and continue with step 2
to enter the next generation.

compensating for the synchronization error{
rTe(η) = rT(η)Φ(α̂T)Ψ(β̂T) +ΔêT
rqRe(η) = rqR(η)Φ(α̂

q
R)Ψ(β̂q

R) + ΔêqR
. (24)

3) For every transceiver platform, 1) and 2) were exploited
to acquire the subimaging results, and the final high-resolution
imaging result is coherently superimposed on all subimaging
results.

Fig. 5. Flowchart for error compensation and imaging.

TABLE I
SIMULATION PARAMETERS

IV. RESULTS

To verify the effectiveness of the proposed method, exper-
iments of point targets and real SAR scenarios are conducted
with multistatic SAR simulation data to realize the decoupling
of the geometry and synchronization errors. The imaging results
of all the receiver echoes are coherently superimposed to obtain
high-precision SAR images and improve the imaging frame rate.
In addition to the process of utilizing BP algorithm imaging with
autofocus method in [32] (BP+AF), two methods are compared
with the proposed approach to demonstrate the superiority of
the latter. 1) Method I: Compensate synchronization error for
distributed SAR [28]. 2) Method II: Calculate the flight trajec-
tory by exploiting the Doppler phase error in [24] to compen-
sate for motion error. The simulation parameters are indicated
in Table I.

A. Point Target Simulation

Point target simulation is first carried out to verify the capa-
bility of the presented approach. In this simulation, 25 stationary
targets are generated in the scene, whose distribution in space is
indicated in Fig. 6, and the platform flight velocity vectors are all
(0, 4, 0) m/s. The process of extracting the energy trajectory of
the isolated strong point is shown in Fig. 7, where several points
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Fig. 6. Spatial distribution of point targets.

Fig. 7. Process of extracting isolated strong-point energy trajectories.

on the energy trajectory are taken and fitted to calculate the
range cell migration momentum at each azimuthal moment. To
obtain an accurate trajectory, strong points can be taken within
a certain range around the fitted line and fitted again. After
extracting the trajectory the proposed method can be utilized
to decouple the error. The imaging result is shown in Fig. 8. It
can be observed that by BP+AF, point O is used as a reference
point to calculate the compensated phase, which has a decent
focus after compensation, but the rest of the points are poorly
focused. Method I implements frequency synchronization and
rough time synchronization by direct wave and establishes an
optimization model based on image entropy, whose optimization
results compensate for the residual time synchronization error,
thus obtaining good focused results of 2-D images. However,
the method only considers the synchronization error between
platforms; the geometry error still exists, while the estimation
results obtained by minimizing the image entropy can only solve
the spatial invariant error when compensating for the geometry
error, and the spatial variant error remains. Method II calculates
the geometry trajectory from the Doppler phase, where the

TABLE II
ESTIMATION ERROR OF SYNCHRONIZATION ERROR AND GEOMETRY ERROR

reference point target O could obtain a better-focusing result.
However, on account of considering synchronization error as a
spatial variant error, it will lead to the out of focus of the points
that are far away from the reference target, such as A, B. For
comparison, the proposed method could effectively decouple
the geometry error and synchronization error and compensate
for them separately. It also solves the problems of side lobe
widening and position drift, obtaining a high-precision imaging
result.

In addition, the estimation error of the geometry error and
synchronization error is shown in Table II.Δfmax,ΔTmax denote
the estimation error of the frequency synchronization error and
time synchronization error, respectively. From the table, it can be
calculated that the phase error satisfies |2πΔfmax| ≤ π/4, and
the enveloping error satisfies |2πΔR/λ| ≤ π/4, which verifies
the validity of the method in this article.

In order to quantitatively assess the imaging quality of the
different methods, the azimuth profiles of point targets at differ-
ent positions are represented in Fig. 9. and the metrics, which
include resolution, peak sidelobe ratio (PSLR), and integrated
sidelobe ratio of these targets are measured separately and shown
in Table III. Among them, the imaging results before geometry
error and synchronization error decoupling are poor. Therefore,
their PSLR, ISLR, and resolution are not listed in the table. From
the metrics, it can be concluded that geometry error that is not
compensated for in Method I can cause the final imaging result
to be defocused, there are few points with good performances in
BP+AF, and there is a significant variation between the focusing
effects of points at different locations. Even though Method II
can focus the partial scene well, the rest of the targets at different
positions have various degrees of defocusing. Even though the
performance of the proposed method in terms of PSLR and ISLR
is slightly worse than the theoretical values, it can focus the target
well in the whole scene.

B. Real SAR Scenario

In addition, this article also proves the effectiveness of the
algorithms by processing the real SAR scenario data, the scene
size is set as 100m × 100m.

1) Case I: The system parameters are listed in Table I, and
the imaging results under different algorithms are shown in
Fig. 10.

Intending to quantitatively describe the performance of the
methods, the imaging quality of different algorithms needs to be
specifically measured, and the three indexes namely, sharpness,
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Fig. 8. Imaging results of point targets with different algorithms. (a) BP+AF. (b) Method I. (c) Method II. (d) Proposed method.

Fig. 9. Azimuth profiles of point targets with different positions. (a) Point B. (b) Point A. (c) Point O.

TABLE III
MEASURED IMAGING METRICS FOR THE THREE SCATTERS IN THE POINT TARGETS SIMULATION
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Fig. 10. Imaging results of different methods for the real SAR scenario I with three receivers. (a) BP+AF. (b) Method I. (c) Method II. (d) Proposed method.

TABLE IV
MEASURED IMAGING METRICS FOR THE SCENARIO I

entropy and contrast of the image are given in Table IV. For ease
of comparison, the metrics are listed in relative values, set to 1
for imaging results without compensation.

In terms of metrics, the proposed method has the highest
contrast and sharpness and the lowest entropy, indicating optimal
image quality, with Method II coming in second. Thus allowing
us to obtain that the imaging results of the BP+AF and Method I
are defocused obviously. From the results of Method I, although
the linear term of geometry error remains after compensating the
synchronization error, it cannot solve the problem of positional
offset because it compensates the residual synchronization er-
ror by minimizing the entropy, and the difference in imaging
position leads to serious defocusing in final imaging. While
Method II focuses marginal parts much worse than the center
reference point, the degree of focusing is also spatial variant.
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Fig. 11. Imaging results of different methods for the real SAR scenario II with eight receivers. (a) BP+AF. (b) Method I. (c) Method II. (d) Proposed method.

In contrast, the proposed method performs well in all three
metrics.

2) Case II: In addition, this article increases the number of
receiver platforms to eight, with the x and z coordinates of the
position at the initial moment of time being invariant, and the
y coordinates are changed to 39, 47, 54, 62, 70, 77, 85, and
93 m. The effectiveness of the algorithms is also proved by
processing real SAR scene data, and the imaging results are
shown in Fig. 11. Similarly, the measurements are in the Table V.

Comparing the imaging results of Scene I, it can be seen that in
Scene II, the imaging results of BP+AF are less satisfactory. The
defocusing of Method I is much more severe due to the number of
receivers increasing. The geometry error results in uncorrected

TABLE V
MEASURED IMAGING METRICS FOR THE SCENARIO II

positional offsets of the targets, which cannot be focused well
in the final imaging. Whereas Method II focuses well in area
B, the center of the scene, areas A and C, far away from area
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B, are still out of focus. In contrast, the proposed method can
have well-focused results for the whole scene, which verifies the
effectiveness of the proposed method.

V. CONCLUSION

In order to realize high-precision multistatic SAR imaging
under the coupling of synchronization error and geometry error,
this article proposes a novel multistatic SAR imaging method
with decoupling of synchronization error and geometry error.
First, the characterization of spatial variation of the two errors is
analyzed. Then a constrained optimization model is established
based on their effects on the Doppler frequency and time delay,
followed by obtaining the optimization results with the DE
algorithm. Finally, the errors are compensated and coherently
superimposed with all subimaging results. Compared with the
traditional method of compensating for only one of the errors,
this method can simultaneously estimate the synchronization
error and geometry error, and good imaging results can be
obtained after using the estimated values for compensation. The
results based on point targets and real SAR scenarios show
that the method has better estimation results than the traditional
step-by-step error compensation method.
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