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Abstract—Azimuth multichannel synthetic aperture radar
(SAR) is a useful approach to solving minimum antenna area
constraint and realizing high resolution and wide swath (HRWS)
imaging by multichannel signal reconstruction. However, channel
phase error will significantly degrade the reconstruction perfor-
mance and leads to azimuth ghost. This article presents an efficient
minimum entropy channel error estimation method based on fine-
focused SAR image. The multichannel SAR images are obtained by
using Range-Doppler imaging algorithm applied for preprocessed
data of each channel. Then, the reconstruction and the residual
range cell migration and residual second range compression com-
pensation are performed to achieve multichannel fine-focused SAR
images. After overlapping these multichannel fine-focused SAR
images and iteratively calibrating the channel phase error, fine-
focused HRWS SAR image can be achieved. Therefore, the SAR
image used in the channel error estimation process can directly
obtain the fine focused HRWS SAR image after minimum en-
tropy iteration without additional imaging operations. Compared
with the minimum entropy method by using the coarse-focused
SAR image based on azimuth deramp, redundant reconstruction,
and imaging operations are avoided. Thus, error estimation and
imaging processing procedures are optimized. Processing efficiency
improvement are analyzed, and simulation and acquired data pro-
cessing verify the effectiveness of the proposed method.

Index Terms—Azimuth multichannel synthetic aperture radar
(SAR), channel phase error estimation, image domain, minimum
entropy.

I. INTRODUCTION

DUE to the limitation of minimum antenna area constraint,
traditional single-channel synthetic aperture radar (SAR)
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[1], [2], [3], [4] systems cannot simultaneously achieve high
resolution and wide swath (HRWS) imaging [4], [5], [6], [7],
[8], [9], [10], [11], [12], [13]. Combined with digital beam-
forming (DBF) technology [13], [14], [15], [16], the proposal of
azimuth channel SAR effectively solves the basic contradiction
between low-azimuth spatial sampling and high azimuth resolu-
tion, which limits the “minimum antenna area” of single-channel
SAR. The azimuth multichannel SAR system works at a lower
azimuth sampling frequency, i.e., pulse repetition frequency
(PRF), and sets up multiple receiving channels along the moving
route of the radar platform. Essentially, the system increases
the azimuth temporal sampling rate (i.e., PRF) of the system
equivalently by increasing the spatial sampling of the system ori-
entation. Since the actual working PRF of the SAR system is less
than the Nyquist sampling frequency of each channel, according
to the sampling theorem, we know that the echoes received by
each channel are undersampled in the azimuth direction, which
is reflected in the multichannel The azimuth spectrum of SAR
data is folded, which will cause serious azimuth ambiguity in the
final imaging result. Therefore, the classical multichannel SAR
imaging processing method needs to reconstruct the multichan-
nel data before imaging the multichannel data. Typical meth-
ods include DBF, space-time adaptive processing [16], [17],
[18], and system function inversion methods [19], [20]. After
reconstruction, the multichannel SAR data can be equivalent to
a single channel, and then various classical time-domain and
frequency-domain imaging algorithms can be used to perform
imaging focusing processing of the SAR data [21], [22], [23],
[24], [25].

However, in practice, channel mismatches inevitably exist due
to phase gain errors, location uncertainty, and timing uncertainty
between channels. The channel mismatch will seriously affect
the reconstruction performance, resulting in the presence of
azimuthal ambiguity (i.e., ghosts) in the SAR images, which will
seriously reduce the SAR image quality. Therefore, estimation
and correction for the mismatch between channels in multichan-
nel SAR becomes a key problem in practical operation. Aiming
at the channel mismatch in azimuth multichannel HRWS SAR,
especially the phase error between channels, most of the existing
methods perform estimation and compensation in the frequency
domain, and some methods use image quality, such as, image
entropy and other image evaluation measures, to iteratively
adjust the channels with channel phase errors.
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The signal subspace (SSP) channel error estimation method
based on multichannel data [26] can be used to estimate the
channel phase error in a distributed small satellite SAR system
or an azimuth multichannel SAR system, but the method does
not consider the spatial variability of the phase error. To improve
this issue, Zhang et al. [27] proposed a two-step correction-based
channel error correction algorithm based on SSP, including
coarse correction and fine correction. The previous step corrects
for range sampling time errors, constant amplitude and phase
errors, and antenna position errors; while fine corrections cor-
rect for residual constant phase errors, baseline measurement
errors, and phase errors for range-varying channels. This kind
of subspace-based method estimates the channel error based on
the orthogonality of the signal subspace and the noise subspace.
Thus, the multichannel SAR system requires redundant spatial
degrees of freedom to construct the noise subspace. That is, the
number of channels is required to be greater than the azimuth
ambiguity number of the SAR data. This feature limits the appli-
cation of such signal subspace-based error estimation methods
in practical processing.

The methods based on image quality evaluation have no
requirement for redundant spatial degrees of freedom, which
means this type of methods have a wider application range in
practice. Sun et al. [28], for the Gaofen-3 dual-channel SAR
data, proposed a channel phase error correction method based
on quality factor, which optimized the image quality factor
through heuristic iterative, and realized the problem of lack of
degrees of freedom. An estimate of the channel error in the case.
However, this scheme is only applicable to the dual-channel SAR
system such as Gaofen-3, and the situation of more channels
is still to be studied. Zhang et al. [29] proposed a channel
error correction method based on weighted minimum entropy
(WME) and local maximum likelihood (LML). This method
uses the WME method to estimate the phase error of the coarsely
focused image and uses the LML to estimate the range variant
phase error. However, the image evaluated by the entropy value
of this method is a two-dimensional (2-D) coarsely focused
SAR image based on the azimuth deramp, and the coarsely
focused image used cannot directly obtain the ambiguity-free
SAR image. Thus, an additional imaging processing is required.

This article presents an efficient minimum entropy channel
error estimation method based on fine-focused SAR image.
First, the multichannel data are aligned in the azimuth direc-
tion by preprocessing operation. The multichannel SAR images
are obtained by using Range-Doppler imaging algorithm with
correcting range cell migration (RCM) in the frequency domain
[30], [31], [32]. Then, the reconstruction factor multiplying
and the residual RCM and residual second range compression
(rSRC) compensation are performed to achieve multichannel
fine-focused SAR images. After overlapping these multichannel
fine-focused SAR images and iteratively calibrating the channel
phase error by minimizing the fine-focused entropy, fine-focused
HRWS SAR Image can be achieved. Thus, the SAR images used
in the channel error estimation process can directly produces
the fine focused HRWS SAR image after minimum entropy
iteration, without additional imaging operations. The channel
phase error estimation and imaging processing procedures are

Fig. 1. Imaging geometry of azimuth multichannel SAR.

optimized. Compared with the minimum entropy method based
on the coarse-focused SAR image in [29], redundant reconstruc-
tion and imaging operations are avoided, which promotes the
efficiency of signal processing. Processing efficiency improve-
ment are quantitatively analyzed in this article.

The rest of this article is organized as follow. The signal
model and preprocessing are introduced in Section II. In Sec-
tion III, the proposed method is presented in detail, including
multichannel SAR imaging and reconstruction in Section III-A
and fine-focused SAR entropy definition and procedure of the
proposed method. In Section IV, computational complexity of
the proposed method is analyzed, and the improvement in com-
putational complexity is evaluated compared with the traditional
ME. Section V shows the processing and analysis results of sim-
ulated and acquired multichannel SAR data. Finally, Section VI
concludes this article.

II. SIGNAL MODEL AND PREPROCESSING

Fig. 1 shows a typical imaging geometric model of an azimuth
multichannel SAR system. As shown in Fig. 1, the antennas of
the multichannel SAR system are distributed along the direction
of the radar trajectory. The antenna channel located at the center
of the antenna array transmits a chirp signal (LFM, or chirp
signal), and all antenna channels can receive the echo signal
of the scene. According to the principle of equivalent phase
center, the radar echo of the separate transmitting and receiving
antennas is equivalent to the radar at the center of the transmitting
antenna and the receiving antenna after the equivalent phase
center error compensation.

In the system shown in Fig. 1, the internal of adjacent two
channels is d. According to this principle, the internal of two
adjacent equivalent phase centers (shown as black dots in Fig. 1)
is d/2. The distance between mth channel and the reference
channel is dm = (m− (M + 1)/2)d/2, where m = 1,2, …,M,
M denotes the number of channels. The multichannel SAR
platform flies along the radar trajectory at a speed v. For the
convenience of formula derivation, the radar works in the side-
looking mode. P is the central point of the imaging scene. The
range fast time and azimuth slow time are represented by tr and
ta, respectively.
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Fig. 2. The Processing flowchart for the ambiguity-free HRWS SAR image.

Fig. 3. Processing flowchart of the proposed method.

SAR radar records data in the 2-D time domain of fast time
and slow time. For strip imaging, the route should be the azimuth
axis, the vertical axis should be the distance axis, and the center
line of the strip scene parallel to the route should be used as
the reference line, whose distance is Rb =

√
h2 + y2. With the

movement of the radar platform, the instantaneous slope distance
equation from any scattering point in the scene to the mth channel
is expressed as

Rm(ta) =

√
R2

b + (x− vta − dm)2. (1)

Then, the expression of the range time domain-azimuth time
domain of the echo signal of the mth channel is as follows:

sm(tr, ta)

= h(tr)g(ta − x+dm
v

)w(dm)

exp

(
jπγ

(
tr − 2Rm(ta)

c

)2
)
exp

(
−j

4π

λ
Rm(ta)

)
(2)

where γ denotes the chirp rate of the transmitted signal, c is
the light speed, and λ denotes the wavelength of carrier signal.
h(tr) and g(ta)are the window functions in the range fast time
and azimuth slow time, respectively, w(dm) is the weight of mth
channel antenna.

Assuming that the azimuth ambiguity number is N = 2I+1
(I is a positive integer), then the 2-D spectral expression
Sm(fr, fa) of the range frequency domain-azimuth frequency
domain of the echo signal of the mth channel is

Sm (fr, fa) =

I∑
i=−I

ζm exp (jΔϑm) exp (−j2πfrΔτm)

· S ′
0 (fr, fa + i · fp) exp (j2πdm (fa + i · fp) /v) (3)

S ′
0 (fr, fa + i · fp)

=

∫∫
σ (x, y)H (fr)G (fa + i · fp) exp

(
−j

2πRbf
2
r

γ

)

exp

(
−j

2π (fa + i · fp)x
v

)
exp (jΦ(fr, fa + i · fp;Rb)) dxdy

(3a)

Φ(fr, fa + i · fp;Rb)

= −4πRb

√(
fr + fc

c

)2

−
(
fa + i · fp

2v

)2

(3b)

where fr denotes range frequency and fa azimuth frequency. i is
the serial number of the ambiguous orientation, fp denotes PRF,
ζm is amplitude error of mth channel, Δϑm is phase error of mth
channel, and Δτm is range sampling time error of mth channel.
S ′

0(fr, fa + i · fp) denotes the 2-D spectrum expression of
reference channel with the ith ambiguity component. H(fr)
and G(fa) the corresponding frequency domain expression of
h(tr)and g(ta) , respectively. Carry out the second-order Taylor
expansion of (3b) and omit the higher-order terms to get

Φ(fr, fa + i · fp;Rb) ≈
β0 (fa; i) + β1 (fa; i) fr + β2 (fa; i) f

2
r + o

(
f2
2

)
(4)

β0 (fa; i) = −2πRb

v

√
f2
aM − (fa + i · fp)2 (4a)

β1 (fa; i) = −4πRb

c

(
1 +

1

2
(fa + i · fp/faM )2

)
(4b)

β2 (fa; i) = πRb
2λ((fa + i · fp) /faM )2

c2
(
1− ((fa + i · fp) /faM )2

)3/2 . (4c)



7876 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 15, 2022

In the following formula derivation, we will use (4) approxi-
mation instead of (3b). The amplitude error and range sampling
time error can be handled by the method in [27]. Thus, these two
types of error are not considered in the following derivation. In
this article, we focus on the estimation of channel phase error.

The minimum entropy error estimation method proposed in
this article evaluates the image entropy value of the SAR image
imaged in the azimuth time domain. For subsequent processing
in the azimuth time image domain, we first need to preprocess
in the azimuth frequency domain, i.e., multiply by the following
preprocessing function:

H1 (fa) = exp

(
−j2πfa

dm
v

)
(5)

dm/v represents the time delay in azimuth caused by the
different receiving channel along fight route. H1(fa) is a linear
phase in azimuth frequency domain, resulting a time delay dm/v
for the mth channel data in azimuth. After compensating H1(fa)
for (3), the multichannel SAR data achieves “alignment” in the
azimuth time domain. The advantages of preprocessing the data
will be analyzed in later sections.

After formula (3) is compensated by formula (5), the follow-
ing expression is obtained after formal simplification:

Sm (fr, fa) =
I∑

i=−I

exp (jΔϑm) · φi,mS ′
0,i (6)

where

φi,m= exp

(
j2π

dm
v

(i · fp)
)
. (6a)

To simplify the following expressions, we use notations S ′
0,i

to substitute for S ′
0(fr, fa + i · fp) , φi,m is the phase term to

construct multichannel steering vector.
We can find that after the preprocessing of (5), the phase term

of the steering vector of the multichannel SAR data is not related
to the azimuth frequency domain, but only related to the channel
and azimuth ambiguity. Then, if the multichannel SAR data is
transformed into the azimuth time domain, the steering vector of
the entire azimuth time domain will be a constant vector related
to the number of channels and ambiguous numbers, which will
greatly simplify the construction of the azimuth time domain
steering vector and facilitate subsequent key operations such as
image reconstruction are performed in the image domain of the
azimuth time domain.

III. PROCESSING METHOD

A. Multichannel SAR Imaging and Reconstruction

In the method proposed in this article, the imaging processing
operation of multichannel SAR data adopts the range Doppler
(RD) algorithm of frequency domain RCM.

Since the data of each channel is undersampled in the azimuth
direction, i.e., there is azimuth ambiguity, the RCMs of the
ambiguous components of different ambiguous numbers are dif-
ferent, and these ambiguous components overlap in the azimuth
frequency domain, so in this section the imaging processing is

to correct RCM of the baseband frequency (i.e., the case of i =
0), and its RCM correction and range compression function can
be expressed as

Hrmc (fa,fr) = exp

(
j
4πRb

c

(
1 +

1

2
(fa/faM )2

)
fr

)
(7)

H2 (fa,fr) = exp
(
jπRbf

2
rK (fa)

)
(7a)

where K = 1/γ − β2.
After (6) is compensated for baseband RCM correction

(RCMC) by (7) and range compression by (7a), the 2-D fre-
quency domain expression is as follows:

Sc,m (fr, fa) =

I∑
i=−I

exp (jΔϑm)φi,mS ′
1,i (8)

where

S ′
1,i = S ′

0,i ·Hrmc (fa,fr)H2 (fa,fr)

= ∫ ∫ σ (x, y)H (fr)Gi · exp
(
−j2π (fa + i · fp) x

v

)

exp

(
−j

2πRb

v

√
f2
aM − (fa + i · fp)2

)

exp

(
−j

(
4πRb

2 (i · fp) fa + (i · fp)2
2cf2

aM

)
fr

)

exp
(
j (β2 (fa)− β2 (fa + i · fp)) f2

r

)
dxdy. (9)

The next operation is to perform azimuth matched filtering.
The azimuth matched filter function can be expressed as

Href = exp

(
j
2πRb

v

√
f2
aM − f2

a

)
. (10)

Multiply (8) by (10), and then perform the inverse Fourier
transform of the azimuth to transform it into the azimuth time
domain. After azimuth matched filtering, the expression of the
signal of the mth channel is transformed into the 2-D time
domain, and the expression of the 2-D time domain Fc,m(tr, ta)
is

Fc,m (tr, ta)

=

I∑
i=−I

exp (jΔϑm) · exp
(
j2πi · fp dm

v

)
·

F ′
i (tr, ta) (11)

F ′
i (tr,ta) = IFT2 {S ′

2,i} (12)

S ′
2,i = S ′

1,i ·Href

= ∫ ∫ σ (x, y)H (fr)Gi · φmct,i

exp
(
−j2π (fa + i · fp) x

v

)

exp

(
−j4πRb · 2 (i · fp) fa + (i · fp)2

2cf2
aM

· fr
)

exp
(
j (β2 (fa)− β2 (fa + i · fp)) f2

r

)
dxdy (13)
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where F ′
i(tr,ta) denotes the imaging results of the ith Doppler

ambiguity component by using RD algorithm. IFT2 represents
the operator of 2-D inverse Fourier transform.

In order to facilitate further formula derivation, the images of
all M channels are written as the following image set:

Fc =
[
Fc,1 · · · Fc,m · · · Fc,M

]T
. (14)

For the sake of brevity, the multichannel image set Fc can be
matrixed as

Fc = ΓAF′ (tr, ta) (15)

Γ = diag[
exp (jϑ1) · · · exp (jϑm) · · · exp (jϑM )

]
(16)

F′ (tr, ta) =
[
F ′
−I · · · F ′

i · · · F ′
I

]T
(17)

A =
[
a−I · · · ai · · · aI

]
(18)

ai =
[
κ1,i · · · κm,i · · · κM,i

]T
(19)

κm,i = exp

(
j2π (i · fp) dm

v

)
(20)

where Γ represents a diagonal matrix of channel phase error
terms, diag[x] represents the operator that rewrites the vector x
into a diagonal matrix with the vector x as the diagonal elements.
exp(jΔϑm) is phase error term of mth channel relative to the
reference channel. If channel 1 is the reference channelΔϑ1 is 0.
F′(tr, ta) consists of (2I+1) imaging results of ambiguity com-
ponent. Matrix A is the steering vector matrix for multichannel
SAR in the image domain, and due to the preprocessing in the
previous section. The steering vector matrix in the multichannel
image domain is a constant related to the number of channels
and the number of ambiguities for the entire image.

Then, the system function method in [20] is used to re-
construct a high-resolution wide image without ambiguity by
inverting the system function (i.e., the steering vector matrix).
A matrix inversion can be done. The inverse filter matrix for
image reconstruction can be obtained by the following formula
and can be written in the form of (2I+1) row vectors:

P = A−1

=
[
pT
−I · · · pT

i · · · pT
I

]T
(21)

where the size of vector pi is 1×M. pi is the reconstruction
factor vector to extract the image of the ith ambiguity. Multiply
vector pi for multichannel SAR images set Fc, the image of the
ith ambiguity component can be achieved

Ii (tr, ta) = piFc

= piΓAF′. (22)

However, it is noticed that the SAR image represented by
Ii(tr, ta) has residual RCM in case of i �= 0. Thus, Ii(tr, ta)
is not fine-focused unless the residual RCM is corrected [12].

Except for residual RCM correction (rRCMC), a time shift
operation is required to construct a full Doppler spectrum. The
compensation function of rRCMC and time shift operation can
be expressed as

Hrem,i (fr, fa) = exp

(
j4πRb · 2 (i · fp) fa + (i · fp)2

2cf2
aM

· fr
)

(23)

Htf,i (fr, fa) = exp

(
−j2πfa

(i · fp) v2
λRb

)
. (24)

If a higher requirement for imaging resolution, a rSRC needs
to be considered. The compensation function of rSRC can be
expressed as

Hrsrc,i (fr, fa) = exp
(−j (β2 (fa)− β2 (fa + i · fp)) f2

r

)
.

(25)
Equations (23)–(25) can be compensated in 2-D frequency

domain by

H3 (fa, fr; i) = Htf,i ·Hrem,i ·Hrsrc,i. (26)

The corresponding 2-D spectrum of the coarse focused image
Ii(τ, ta), i.e., Sf,i(fr, fa) can be expressed as

Sf,i (fr, fa)= FT2 [Ii (tr, ta)] (27)

where FT2 represents the operator of 2-D Fourier transform.
Then, we construct the ambiguous Doppler spectrum of the mth
channel

The reconstructed full-spectrum signal (28) is subjected to
2-D Fourier transform,and the final ambiguity-free HRWS SAR
image can be obtained as is shown in Fig.2 which is expressed
as follows: (28) shown at the bottom of this page,

I (tr, ta) =
M∑

m=1

exp (−jΔθm) · Ifull
m (tr, ta) (29)

where

Ifull
m (tr, ta) = IFFT2

[
Ifull
f,m (fr, fa)

]
. (30)

B. Fine-Focused SAR Image Entropy and Error
Estimation Flow

I(n, k) and Ifull
m (n, k) are the discrete expression of, respec-

tively, imageI(tr, ta) and image Ifull
m (tr, ta)

I (n, k) =

M∑
m=1

exp (−jΔθm) · I full
m (n, k). (31)

Calculate the fine-focused image entropy of I(n, k)

ε
{
|I (n, k)|2

}
=

N−1∑
n=0

K−1∑
k=0

|I (n, k)|2
ES

ln
ES

|I (n, k)|2 (32)

where

ES =

N−1∑
n=0

K−1∑
k=0

|I (n, k)|2. (33)

Ifull
m (fr, fa) = [Sf,−I,mH3 (fa, fr;−I) · · · Sf,i,mH3 (fa, fr;−i) · · · Sf,I,mH3 (fa, fr; I)] (28)
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Equation (32) can be converted as

ε
{
|I (n, k)|2

}
= − 1

ES

N−1∑
n=0

K−1∑
k=0

|I (n, k)|2 ln|I (n, k)|2

+ lnES . (34)

The fine-focused image entropy in (34) is considered
as the objective function, the channel phase error w =
[ exp(jϑ1) · · · exp(jϑm) · · · exp(jϑM ) ] is a variable
to be solved. The channel error estimation can be formulated as
an optimization

w = arg
w

min
(
ε
{
|I (n, k)|2

})
. (35)

Equation (35) has no closed solution and an iteration process
is needed. In [29], referencing the monotonic iterative method in
[33] and [34], a minimum entropy for multichannel SAR phase
error estimation is presented. A Polynomial-fit-based minimum
entropy adapted for multichannel SAR phase error estimation is
proposed in [35], which can speed up the solution process. In
addition, (35) can also be handled by BFGS algorithm in. For
a better comparison with the ME in [36], we chose the same
solution approach as.

In practice, if amplitude error and range sampling time error
are needed to be considered, compensation can be performed
for the raw multichannel data before preprocessing by the cal-
ibration method. The processing flow of the minimum entropy
channel phase error estimation based on RD imaging proposed
in this article is shown in Fig.3 and can be described as follows.

Step 1: The raw data is preprocessed to compensate the linear
phase in Doppler, so that the multichannel SAR data can be
“aligned” in the azimuth time domain.

Step 2: The preprocessed multichannel SAR data of each channel
is independently imaged, and the imaging algorithm adopts
the range Doppler algorithm to correct the range walk in the
frequency domain, and then the SAR images with azimuth
ambiguity of multiple channels are obtained.

Step 3: Multiply the constructed reconstruction factor by the
SAR image for each channel separately.

Step 4: The SAR images with corresponding reconstructed fac-
tors are subjected to residual RCM compensation and azimuth
spectral rearrangement.

Step 5: After Step 4, a multichannel SAR image is obtained
for calculating the entropy of the finely focused image and
obtaining the final ambiguity-free SAR image. After adding
the multichannel SAR images, we obtain the reconstructed
SAR image.

Step 6: Calculate the entropy value of the SAR image obtained
in Step 5, obtain the entropy value of the SAR image, and
determine whether the entropy value converges.

Step 7: Perform multichannel minimum entropy channel error
estimation, and compensate the channel error to the multi-
channel SAR image obtained after Step 4, and continue to
perform the steps after Step 4 in sequence until the entropy
value converges to obtain the error-compensated ambiguity-
free image. High-resolution wide-format SAR image.

Fig. 4. Comparison of the computational complexity between the ME and the
FME in the case of M = 5 and N = 3.

IV. COMPUTATIONAL COMPLEXITY ANALYSIS

In order to quantitatively analyze the improvement in com-
putational efficiency of the method proposed in this article, the
computational complexity in the processing of the two meth-
ods is evaluated. Disregarding the difference in the calculation
amount of the two methods in the error iterative estimation part
and the reconstruction factor calculation part, only the calcu-
lation amount of the multichannel imaging and reconstruction
part is calculated. Since complex multiplication often consumes
more computing resources in the calculation, only the number of
complex multiplications is considered in the calculation amount
analysis. The number of channels, the number of azimuth ambi-
guities, the number of distance sampling points, and the number
of azimuth sampling points of the current channel data are
represented by M, N, Yr, and Ya, respectively.

In the literature [29], after using coarsely focused SAR
imaging for error estimation, the estimated error needs to be
compensated into the original multichannel data, and the final
error-corrected SAR image can be obtained after additional
reconstruction and imaging. In the additional imaging of the
traditional ME method, the same RD algorithm as in this article
was used for imaging.

The overall computational complexity of the minimum en-
tropy method in [29] is

CME =
YaYr

2
((2M+MN+N) log2Yr+(MN+4N) log2Ya

+ (MN+2N) log2N + 6MN+4M+6N). (36)

The overall computational complexity of the minimum en-
tropy method based on RD in this article is

CFME =
MYaYr

2
((1 +N) log2YrYa +N log2N + 4N + 4) .

(37)
Fig. 4 shows the comparison of the computational complexity

between the ME and the FME in the case of M = 5 and N
= 3. The proposed method (mentioned as FME in Fig. 4)
has a smaller computational load. For a better demonstration
of computational load improvement by the proposed method
compared with traditional ME, we define a computational load
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Fig. 5. CILR in the case of (a) M = 5 and N = 3; (b) M = 2 and N = 2.

improvement ratio (CLIR)

CLIR =
CFME

CME
. (38)

From (37), we know that a CLIR less than 1 means that
the proposed method has an improvement on computational
complexity. Specially, the CLIR of the traditional ME is equal
to 1.

Fig. 5 shows CILR calculated by (35)–(37) in two kinds
of multichannel SAR systems with different channel number
and ambiguity number. In the case of M = 5 and N = 3, the
CLIR of FME method is 0.7, and increases slightly with the
increase of azimuth sample number. It means that the proposed
FME method brings a reduction of computational load by 30%
approximately. In the first case in Fig. 5(a), channel number
is greater than ambiguity number. However, in the area of
space-borne multichannel SAR, channel number usually do not
exceed to ambiguity. For example, Radarsat-2 and Gaofen-3 are
both dual-channel SAR systems whose ambiguity numbers are
about 2. Thus, the case of M = N is worthy to be investigated.
Fig. 5(b) shows the CLIR in the case of M = 2 and N = 2.
We can find that the proposed FME method brings a reduction
of computational load by 45% approximately. Computational
complexity analysis demonstrates that the proposed method is
an efficient approach to realizing HRWS SAR imaging with the
channel phase error calibrated.

It is worth noting that for the two parts of the calculation
that are not considered in signal processing. Two methods have

TABLE I
SIMULATION PARAMETERS

little difference in the number of iterations for error iterative
estimation, which will be validated in the subsequent simulation
experiments. However, in the proposed method, the entire scene
method shares a constant reconstruction factor, which does not
vary with the azimuth frequency due to the preprocessing. Since
the reconstruction factor only need to be calculated for once dur-
ing the reconstruction factor calculation and generation, which
will further expand the advantage in computational complexity
of the proposed method

V. RESULTS

In this section, simulated data and acquired space-borne and
airborne data are processed to validate the proposed method.

A. Simulated Data Experiment

In the simulation experiments in this section, the echo data
is obtained by point simulation of the airborne 5-channel SAR
system. The system parameters of the simulation experiment
are shown in the Table I the platform speed is 180 m/s, PRF
= 240 Hz, the slant distance from the scene center to the radar
platform is 15 km, the transmitted signal is C-band, and the
bandwidth is 100 MHz. The five antenna channels are distributed
along the direction of radar movement. The channel located in
the center transmits the chirp signal, and all channels receive
the echo as the receive channel. The Doppler bandwidth of
the echo calculated according to the size of the transmitting
antenna is approximately 600 Hz, and the ambiguity number is
approximately 3 because the PRF is 240 Hz.

In this simulation experiment, the original error of the channel
is set as a constant phase error, as shown in Table II. The
channel phase error is added to the echo for each channel in the
echo simulation. In this section, the results of the multichannel
minimum entropy channel error estimation method based on RD
imaging proposed in this article and the results of the classical
multichannel minimum entropy error estimation method are
compared to verify the effectiveness of the method proposed.

Fig. 6 is the original data obtained by point simulation in
this section, taking the channel 1 data as an example, in which
Fig. 6(a) is the echo in the 2-D time domain of channel 1, and
Fig. 6(b) is the 2-D frequency domain echo. It can be seen that
since the multichannel SAR is under-sampled in azimuth, the
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TABLE II
CHANNEL PHASE ERROR ESTIMATION RESULTS WITH SNR=20 DB

Fig. 6. Raw simulated data of channel 1 in (a) two-dimensional time domain
and (b) two-dimensional frequency domain.

Fig. 7. SAR image of channel 1 after RD imaging.

spectrum of a single channel echo in the azimuth frequency
domain is folded.

Fig. 7 is the result of RD imaging for multichannel SAR. It
can be seen that a single point target forms an ambiguous point
in the azimuth time domain due to azimuth undersampling.

As shown in Table II, when the signal-to-noise ratio SNR is
20 dB, the original minimum entropy error estimation algorithm
and the traditional classic minimum entropy error estimation
results are compared under the condition of five channels and
three ambiguities. The second row in the table is added to
channel phase error in simulated multichannel SAR data. The
third row is the channel error estimated by the minimum entropy
method based on RD imaging proposed in this article. It can
be found that the method proposed in this article is effective

Fig. 8. Curve of the entropy value of the proposed method with the number
of iterations.

Fig. 9. Curve of the entropy value of the traditional minimum entropy method
with the number of iterations.

for channel phase error estimation. The fifth row is the channel
phase error estimated by the classical minimum entropy channel
error estimation method. In addition, the estimated biases for
both methods are given in the table. Figs. 8 and 9 show the
entropy change curve and the channel error estimation results of
the method proposed in this article and the traditional minimum
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Fig. 10. SAR image after performing the phase error estimation by traditional
ME.

Fig. 11. SAR image after performing the phase error estimation by the
proposed method. (a) Point target imaging result. (b) Range and azimuth profile
of the point target.

entropy method in the channel error estimation process, respec-
tively. Combining the estimation results listed in Table II and
the curves shown in Figs. 8 and 9, it can be seen that the method
proposed in this article has the same channel error estimation
accuracy as the classical minimum entropy method.

Under the condition that the signal-to-noise ratio is 20 dB,
the SAR images obtained directly after the error estimation of
the method proposed in this article and the traditional minimum
entropy method are given.

Fig. 10 is a SAR image obtained directly after the error
estimation by traditional minimum entropy is completed, and
the image here is the SAR image used to calculate the image
entropy value in the process of estimating the error. It can be
seen from Fig. 10 that the image is coarsely focused, which is
azimuthal imaging directly through the azimuth deramp, without
correcting for range migration. Therefore, this coarsely focused
image cannot be used for the final SAR image.

Therefore, the estimated channel error here can only be used
to compensate for the multichannel SAR data, and then per-
form additional multichannel SAR reconstruction and imaging
processing.

Fig. 11 is the SAR image directly obtained by the minimum
entropy method proposed in this article after the error estima-
tion. It can be seen from Fig. 11(a) and (b) that the point target is
fully focused in two dimensions. And, since the reconstruction

TABLE III
PARAMETERS OF GAOFEN-3 DUAL-CHANNEL SAR

and channel errors have been compensated, the ambiguity in the
azimuth direction is also well suppressed.

B. Space-Borne Acquired SAR Data Processing

In the simulation experiments in this section, the echo data is
the dual-channel strip data recorded by Gaofen-3 SAR satellite.
The system parameters in this mode are shown in the Table
III: the platform speed is 7100 m/s, PRF = 1981.4 Hz, the
slant distance from the scene center to the radar platform is
1080 km, the transmitted signal is C-band, and the bandwidth is
80 MHz. The Gaofen-3 SAR satellite has two azimuth antenna
channels distributed along the direction of radar movement. One
channel transmits a chirp signal, and the two channels are both
receiving channels to receive echoes. The ambiguity number of
the azimuth Doppler bandwidth calculated according to the size
of the transmitting antenna is approximately 2.

For the dual-channel data recorded by the Gaofen-3 SAR
satellite in this mode, it can be seen that the number of channels
in this system is less, and the azimuth ambiguity number is equal
to the azimuth channel. Therefore, in this mode, the system does
not have redundant space freedom, and in this case, the channel
error estimation method of the subspace class cannot be applied
to the estimation of the channel error in this case. Therefore, in
this case, image-based measures (such as the minimum entropy
method based on RD imaging fine-focus images proposed in this
section) are applicable.

Fig. 12 shows the image entropy value change curve of the
minimum entropy estimation method based on fine focusing pro-
posed in this article in the process of channel error estimation. It
can be seen that the image entropy value is close to convergence
after three iterations. Fig. 10 shows the estimated two-channel
SAR channel phase error. Fig. 13 shows the interference phase
of the two-channel data in the 2-D frequency domain obtained
by compensating the phase error shown in Fig. 14 for the
two-channel data.

Fig. 15 is the imaging results after reconstruction by RD
algorithm without channel phase error compensation. We can
see that azimuth ghosts appear along the azimuth direction
of the SAR image as the results of channel phase error. The
image is obtained by the azimuth deramp operation to obtain
a frequency domain image. Since the distance migration has
not been corrected, the image is coarsely focused. Therefore,
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Fig. 12. Curve of the entropy value of the proposed method with the number
of iterations.

Fig. 13. Interference phase between two channel after the estimated channel
phase error compensated.

Fig. 14. Channel phase error estimation results by the proposed method.

using the azimuth deramp-based coarsely focused image in the
channel error estimation process can only be applied to the
phase error estimation. The result shown in Fig. 16 is the result
obtained by the minimum entropy method based on RD imaging
proposed in this article after channel error estimation. It can
be seen from the figure that the azimuth ambiguity caused by

Fig. 15. Imaging results after reconstruction by RD algorithm without channel
phase error compensation.

Fig. 16. Fine-focused SAR image by the proposed method after channel error
estimation.

TABLE IV
PARAMETERS OF AIR-BORNE SEVEN-CHANNEL SAR

channel error compensation channel error has been effectively
suppressed compared with Fig. 15, and the imaging the result is
finely focused.

C. Air-Borne Acquired SAR Data Processing

The air-borne multichannel SAR data is collected by an
azimuth 7-channel SAR system. The system parameters in this
mode are shown in the Table IV: the platform speed is 108 m/s,
PRF = 1981.4 Hz, the slant distance from the scene center
to the radar platform is 1080 km, the transmitted signal is
C-band, and the bandwidth is 80 MHz. One channel transmits a
chirp signal, and the 7 channels are both receiving channels to
receive echoes. The ambiguity number of the azimuth Doppler
bandwidth calculated according to the size of the transmitting
antenna is approximately 5.
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TABLE V
CHANNEL PHASE ERROR ESTIMATION RESULTS WITH SNR=20 DB

Fig. 17. Imaging results of different methods and their local enlargements.
(a) SSP method. (b) Traditional ME method based on azimuth deramp. (c)
Proposed FME method.

In this section, we make a comparison between the SSP
method in [27], the traditional ME method and the proposed
method. For a better comparison, in the imaging processing after
using the SSP method and the traditional ME method, we use
the same imaging algorithm with the proposed FME method.

Fig. 17 shows the second acquired data processing results
by the three different methods. Fig. 17(a) is the SAR image
after compensated by the SSP method. Fig. 17(b) is the SAR
image obtained by the traditional ME method. Fig. 17(c) is

the SAR image obtained by the proposed FME method. We
can see from the enlargements of three figures that the SSP
method produces a bad ghost suppression result compared with
the other two methods, i.e., the traditional ME and the proposed
FME method. For a fine-focused SAR image, the traditional
one requires another reconstruction and imaging processing.
Fig. 17(b) and (c) shows that two methods achieve the nearly
same suppression effect for the azimuth ghost.

Table V shows the channel phase error estimation results by
three methods with SNR equals 20 dB. The estimated values
are listed and the last column shows the image entropy of the
imaging results by three methods. We can see that the proposed
FME method achieves a smallest entropy value, which means
that the proposed method has a more accurate estimation for
channel phase error.

VI. SUMMARY AND DISCUSSION

According to the experimental evaluation in processing of
simulated data and acquired data, the proposed FME method
achieves as good performance as the traditional ME method in
channel phase error estimation. However, for a well-calibrated
HRWS SAR image, the proposed method brings a considerable
reduction in computational complexity evidently. The under-
lying principles can be explained from two aspects. On the
one hand, thanks to the preprocessing, the entire SAR data
share the constant reconstruction factor, which are independent
with azimuth frequency. It means that the proposed method
requires less computation when determine the reconstruction
factor. On the other hand, the proposed method performs channel
error estimation by using the fine-focused SAR images and
the well-calibrated HRWS SAR image can be obtained directly
after estimation, avoiding a redundant reconstruction and SAR
imaging processing.

Future works includes extending this method to space-borne
applications combined with unified focusing algorithm, which
is adapted for more imaging mode and higher resolution.

This article proposes a minimum entropy channel error es-
timation method based on fine-focused image entropy. In the
estimation process of the proposed method, each channel SAR
image used has undergone the imaging of the RD algorithm
and the residual RCM compensation. Therefore, the SAR image
used in the channel error estimation process in this article can di-
rectly obtain the final fine focus after minimum entropy iterative
compensation. Compared with the traditional minimum entropy
method based on azimuth deramp, redundant reconstruction, and



7884 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 15, 2022

imaging operations are reduced. Error estimation and imaging
processing procedures are optimized and processing efficiency
is improved evidently by a considerable range. Simulation ex-
periments and acquired data processing verify the effectiveness
of the method proposed in this article.
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