. eprints@whiterose.ac.uk
Whlte Rose https://eprints.whiterose.ac.uk

(o) :
w) ReseCerh On"ne Universities of Leeds, Sheffield and York

Deposited via The University of Sheffield.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/165806/

Version: Published Version

Article:

Guo, J., Chen, J., Liu, W. et al. (2020) An improved airborne multichannel SAR imaging
method with motion compensation and range-variant channel mismatch correction. IEEE
Journal of Selected Topics in Applied Earth Observations and Remote Sensing, 13. pp.
5414-5423. ISSN: 1939-1404

https://doi.org/10.1109/jstars.2020.3023390

Reuse

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the
authors for the original work. More information and the full terms of the licence here:
https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

ﬁ &2, | University of Qe unIveRsITY

1 =
UNIVERSITY OF LEEDS Sh ffleld



mailto:eprints@whiterose.ac.uk
https://doi.org/10.1109/jstars.2020.3023390
https://eprints.whiterose.ac.uk/id/eprint/165806/
https://eprints.whiterose.ac.uk/

5414

IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 13, 2020

An Improved Airborne Multichannel SAR Imaging
Method With Motion Compensation and
Range-Variant Channel Mismatch Correction

Jiayi Guo ", Graduate Student Member, IEEE, Jie Chen

Abstract—To obtain a high-resolution and wide-swath image,
the azimuth multichannel technique has been widely used in syn-
thetic aperture radar (SAR) systems to overcome the contradiction
between the wide swath and high pulse repetition frequency. For
a high image quality, channel mismatch correction is an essential
step in the multichannel SAR data imaging. However, in the case
of airborne multichannel SAR, motion errors will severely degrade
the performance of channel mismatch correction. To deal with this
problem, this article proposes an improved airborne multichan-
nel SAR imaging method with motion compensation, and range-
variant channel mismatch correction. First, motion errors are com-
pensated based on resampling and phase compensation. Then, the
time-delay and constant gain-phase errors between channels are
estimated and corrected, followed by the range-variant phase error
correction based on a novel range-down-sampling method, which
reduces the influence of motion errors on the channel mismatch
correction significantly. Finally, simulated and real data processing
results are used to demonstrate the effectiveness of the proposed
method.

Index Terms—Channel mismatch estimation, motion
compensation, multichannel, synthetic aperture radar (SAR).

I. INTRODUCTION

IGH-RESOLUTION and wide-swath (HRWS) SAR im-
H age formation has a wide range of applications in both
military and civilian fields [1]. Traditionally, HRWS cannot
be obtained simultaneously due to the limitation of the pulse
repetition frequency (PRF) [2], [3]. A low PRF is needed
for wide-swath observation, while to realize the azimuth high
resolution, the PRF should be high enough to avoid serious
Doppler ambiguity. To overcome this contradiction, the azimuth
multichannel SAR technique is developed [4]-[6], using a single
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channel for signal transmission and multiple channels to receive
echoes simultaneously. By adding multiple receiving channels,
the azimuth sampling rate is increased equivalently, and azimuth
HRWS can be realized at the same time. However, with respect
to arbitrary single channel data, azimuth spectrum is ambigu-
ous, because PRF is low compared with Doppler bandwidth
corresponding to main lobe width of the antenna. Therefore,
construction of azimuth data with all receiving channel data is
necessary for ambiguity-free Doppler spectrum via digital beam
forming [6]-[9].

In order to guarantee a high image quality, some factors
should be accounted for before the airborne multichannel SAR
data reconstruction. One is the motion error of the platform,
including along-track position error and line-of-sight (LOS)
displacement error, i.e., cross-track position error, and the other
is channel mismatch, including gain-phase and time-delay errors
between channels. Furthermore, since channel characteristic
changes along the range direction, the phase error between the
channels also changes with the range, which should be taken into
account during the estimation. These errors severely affect the
accuracy of the azimuth spectrum reconstruction and degrade the
image quality, including resolution loss and appearance of the
ghosttarget. Therefore, before azimuth spectrum reconstruction,
motion and channel mismatch errors should be compensated.

Many motion compensation (MOCO) methods have been
studied in the airborne SAR imaging based on the extended
chirp-scaling (ECS) algorithm to correct the LOS displacement
error [10]. There are two steps in the ECS method, including
range-invariant error compensation and range-variant error cor-
rection after range cell migration correction (RCMC). Moreover,
toimprove the accuracy of the motion error estimation and obtain
a high-resolution image, the autofocus technique has been em-
ployed during MOCO [11]-[13]. However, the MOCO methods
mentioned previously are only suitable for single-channel SAR
data processing, with poor performance in the case of multichan-
nel data processing. An improved two-step MOCO method for
multichannel SAR is proposed in [14], which corrects the LOS
displacement error of different channels, respectively. On this
basis, the along-track position error is eliminated by resampling
received data, which is adopted in this article.

After MOCO, the gain-phase and time-delay errors between
channels should be corrected. An azimuth cross-correlation
method is proposed in [15]-[17], which estimates the two

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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different errors with a simple operation. However, as for the
phase error correction, the performance is dependent on the
Doppler centroid frequency accuracy, and since the phase error is
estimated at the range frequency domain, it cannot accommodate
the range variance of the phase error effectively. Based on the
spectrum power distribution, another phase error estimation
method is presented by minimizing the leaked spectrum energy
caused by the phase error [18]-[20]. However, the robustness
of the method is relatively poor and it also has a high com-
putational complexity, because it is sensitive to the Doppler
centroid frequency error and characteristics of the scenes and
an iterative operation is employed by this method. By adopting
the multiple signal classification (MUSIC) technique, several
advanced methods are developed [21]-[24], through extracting
the signal subspace and noise subspace from the covariance
matrix of the Doppler spectrum, and the orthogonality between
subspaces is used to estimate the phase error. This method does
not need to estimate the Doppler centroid frequency but requires
that the Doppler ambiguity number is smaller than the number
of receiving channels. Moreover, in order to guarantee image
quality of the whole scene, the range-variant phase error is taken
into account, which can be estimated by dividing data into blocks
inrange, and then, obtaining the phase error curve by fitting [25]—
[27]. In [25], a minimum entropy-based algorithm is used to
estimate channel phase errors of each block. However, the itera-
tive numerical minimization procedure of this algorithm requires
large computation. In [26], weighted least-squares fitting is used
to get the channel position error, and then, range-variant phase
errors are deduced, and it obtains azimuth-dependent phase
errors by smoothing and interpolating estimates results along
the azimuth direction, making the space-variant phase error
calibration more accurate. However, the influence of motion
errors on the channel mismatch estimation is not analyzed in
these methods, which degrade the performance of the channel
mismatch estimation significantly.

In this article, to deal with this problem, a novel method is
proposed. First, motion errors are compensated before the coarse
channel mismatch estimation, with along-track position error
corrected by the azimuth resampling and the channel-dependent
LOS displacement error corrected by method in [14]. Second, a
novel range-down-sampling method is implemented before the
range-variant channel phase error estimation. By range-down-
sampling operation, not only the impact of residual motion
errors is reduced, but also the data quantity is decreased, which
makes the estimation more accurate and quickly compared with
other range-variant channel phase mismatch correction methods.
After the MOCO and channel mismatch correction, azimuth
spectrum reconstruction and traditional chirp scaling (CS) imag-
ing [28] can be performed to complete the image formation.

This article is organized as follows. In Section II, a signal
model of the airborne multi-channel SAR is provided with
an analysis of both motion errors and channel mismatch. In
Section III, the motion compensation method and coarse chan-
nel mismatch correction method are discussed, and azimuth
cross-correlation is performed in the range frequency domain
to estimate the time-delay and constant gain-phase errors. In
Section IV, the range-variant phase error estimation method
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Fig. 1. Operation geometry of the airborne multichannel SAR system.

is presented based on the MUSIC algorithm by dividing the
data into subblocks. The novel range-down-sampling method
is introduced, and the influence of the range sampling rate on
the phase error estimation accuracy is analyzed in detail. In
Section V, simulated data and real airborne SAR data are used
to validate the proposed multichannel SAR imaging method.
Finally, Section VI concludes this article.

II. SIGNAL MODEL OF AIRBORNE MULTICHANNEL SAR
A. Ideal Signal Model of Airborne Multichannel SAR

The operation geometry of the airborne multichannel SAR
system is shown in Fig. 1, where the X-axis is the flight direction,
v is the platform velocity, d is the displacement interval of
adjacent antenna phase centers, H denotes the platform height,
Ry is the shortest range between point target and transmit phase
center, and 6 is the incidence angle. In the multichannel SAR
system, the middle channel transmits signals and all channels
receive signals simultaneously. The echo of the channel 7 (¢ =

0, 1,...,I —1) at time t;, can be expressed as
R(ty) + R(t,, + %«
Si(T;tk)U~Wa(tk).a<T (tr) c(k U))
( ; < R(tk)+R(tk+””;))2>
-exp | —jmb| T —
c

- exp <—j2;r [R(tk) +R (tk + fj)}) (D

where 7 and t;, denote the range fast time and azimuth slow time,
bis the chirp rate, cis the light velocity, o is the clutter reflectivity
of the scatter point, x; denotes the displacement between the
phase center of the transmit channel (reference channel) and
the phase center of the receive channel ¢, and R(¢;) denotes
the range between the transmit phase center and the target at
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Fig. 2. Trajectory deviation of airborne SAR.

the time ¢;. By analyzing the range history, the equivalent slant
range can be written as follows:

R(ty) + R (tk n %) ~ 2R (tk n %) . )

Therefore, echo S; (7, {1, ) is equivalent to self-transmitting and
self-receiving data corresponding to the effective phase center
at the middle of the transmitting phase center and receiving
phase center [8], as shown in Fig. 1. The echo received by the
tth channel is equivalent to the traditional single channel echo
with a time delay 5= and down sampling. According to Fourier
transform characteristics, the echo of the channel 7 in the azimuth
frequency domain can be expressed as (for simplicity, assume
that the Doppler ambiguity number is N, N =2M + 1, n =
-M,-M+1,...,0,1,.... M -1, M)

M
Si(f)=">_ S(f+n-fere)  Hi(f +n- forr)

et
e |5 foe. 5 S+ o] ®

where
Hi(f) = exp {+iF-2mf } o)

S(f) denotes the azimuth spectrum of the ideal single channel
echo, f denotes the Doppler frequency, fprr denotes real PRF
of multichannel SAR, and I denotes the number of receiving
channel. Usually the number of receiving channels is larger than
the number of Doppler ambiguities.

B. Signal Model of Airborne Multichannel SAR With Motion
Errors and Channel Mismatch

Due to the influence of atmosphere, the aircraft platform will
deviate from ideal trajectory and introduce motion errors, which
isillustrated in Fig. 2. The X-axis is the along-track direction and
the Z-axis is the cross-track direction. The along-track position
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Fig. 3.

LOS displacement in the cross-track plane.

error is usually caused by velocity instability. The cross-track
position error, also called LOS displacement, is shown in Fig. 3,
where P is a point target in illuminated area with incidence
angle 0. The displacement Ay along the Y-axis and Az along
the Z-axis can be acquired from inertial and global positioning
system sensors onboard the aircraft. Ry is the ideal shortest
range between the sensor and target P, whereas Ry, is the real
range. Then, the LOS displacement error can be calculated as
follows [10]:

Ar(0:tr) = Ry (05 tx) — Ro(0)
~ —Az(tg)sinf + Ay(ty) cos 6. Q)

Considering multiple channels, the LOS displacement error of
different channels can be written as [14]

Ar;(0;t;) =~ —Az(tg)(sin0; + sin )

+ Ay(ty)(cos 0; + cosb) (6)
inf,—_ttan6 o H
where sin 6; e and cos 0; Wit

The channel mismatch includes the gain-phase and time-delay
errors. As the phase error also changes with range [27], airborne
multichannel SAR echoes of the channel ¢ with motion errors
and channel mismatch can be expressed as

51',1 (Ta tk) =0- A7 exp {](pZ,T} ' Wﬂ(tk)

2R(tx Li A,‘Q;t
(P ) A
Cc

2R(ty + ) + Ari(05)\°
~exp<—jﬂb<T—ATi— (ty + 55) + Ari( k>>>
C
_271' €T; .
exp (=52 [2m(t + 2+ Ari(oin)] ) )

where A; is the gain error, ¢; , is the phase error, including
constant phase and range-variant phase errors, and A7; is time-
delay error.
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Fig. 4. Azimuth resampling process.

III. MOTION COMPENSATION AND COARSE CHANNEL
MISMATCH CORRECTION

Since motion errors reduce the accuracy of the channel mis-
match estimation severely, in this section, MOCO is performed
first. The along-track position error and LOS displacement error
are corrected by resampling and phase compensation, respec-
tively. After that, time-delay and constant gain-phase errors are
estimated and corrected by azimuth cross correlation.

Ignoring the range-variant phase error temporarily, and trans-
forming (7) into the range frequency domain using the Fourier
transform, we have

Sil(fﬂtk) = 4; €Xp {J‘Pz} Si(f‘rvtk)
~exp {—j2nf. A7}
- exp { —j2m(fo + fr)Ari(6; tk)} ®)

c

where f. is range frequency, fy is carrier frequency, and
Si(fr,tr) is the ideal echo of the channel ¢ in the range fre-
quency domain. According to (8), the LOS displacement error
Ar;(0;ty), time-delay error A7;, and constant gain-phase error
A; exp{je;} need to be corrected before imaging.

A. Motion Compensation for Multichannel SAR Data

As mentioned, motion errors include both along-track posi-
tion and LOS displacement errors. Usually the former is caused
by the variation of the velocity and reduces the image quality
significantly. Fig. 4 shows the process of receiving echoes of
a three-channel SAR, where each circle represents a sampling
point. Black circles denote the real sampling points, which are
nonuniform, while red circles denote sampling points after az-
imuth resampling, which can be realized by interpolation based
on the motion information acquired from inertial and global
positioning system sensors.

The LOS displacement error Ar;(0;t;) changes with the
incidence angel 6 so it is range variant. In this part, the range-
invariant LOS displacement error Ar;(0.; tx) is used to replace
the range-variant error, where 6, is the central incidence angel.
The range-invariant and channel-dependent motion error can be
corrected in the range frequency domain by multiplying

A’I‘i (96; tk)
76 .

Hy (fr,tr) = exp {j27T (fo+ fr) 9
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Ignoring residual range-variant motion errors, the echo of the
channel 7 after motion compensation can be expressed as

Si2(fr te) = Asexp {joi} Si(fr,tr) exp {—j2m f ATi} .
(10)
Note that residual range-variant motion errors still affect
the phase error estimation result. In coarse channel mismatch
correction, this effect is ignored. There are two reasons: first,
after MOCO, the phase biases caused by residual range-variant
motion errors only varies in the range of few degrees; and second,
the coarse channel mismatch estimation method is performed
in the range-frequency azimuth-time domain, and during this
process, the data are averaged along the azimuth direction, which
further reduces the influence of residual motion errors, as shown
in Section III-B. The next range-variant phase error estimation
is performed in the azimuth-frequency domain and need to be
more accurate, so residual motion errors should be considered in
this process. The range-down-sampling method is implemented
to eliminate the influence of residual motion errors, which will
be described in detail in Section I'V.

B. Coarse Channel Mismatch Correction for Multichannel
SAR Data

In this part, time-delay and constant gain-phase errors be-
tween channels are estimated and corrected. According to the
properties of the Fourier transform, the time delay along the
range is represented by a liner phase term in the range frequency
domain. Using the first channel (channel 0) as the reference, the
time-delay error between the channel ¢ and the reference channel
can be described as (11) by the azimuth cross-correlation and
phase extraction operation [16].

i . d (arg (Etk (532 (f‘ratk) . S’L2 (fT?tk;)))>

ATty =
T o df,

(11)

where [|* denotes a complex conjugate operation and E, de-
notes expectation of the azimuth time ¢;. The constant phase
error between the channels ¢ and 0 can be expressed as

wi =y, (arg (Etk, (SZQ (frotr) - S? (f‘ratk))) - QWfTATi)

— 2 fae st (12)
2v

where fq. is the Doppler centroid frequency. It should be noted
that when there is a Doppler centroid frequency error, the
estimated result will not be accurate enough. However, the
range-variant phase error will be estimated next and the residual
phase error caused by the Doppler centroid frequency can be
compensated effectively. The gain error can be represented by

o |S722(f7'7tk)’
A = B <|53 (ool )

Multiplying (10) with the following correction function (14),
the time-delay error and constant gain-phase error can then be
corrected.

Hy (fr,tr) = exp {j2m fr A7} exp {—ji } A;.

(13)

(14)
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TABLE I
PHASE ERROR ESTIMATION RESULTS UNDER DIFFERENT CONDITION
Channel mismatch in phase(degree) Channel 1 Channel 2 Channel 3 Channel 4 Channel 5 Channel 6
Real phase error 0 30 24 24 10 5
Azimuth cross correlation [16] 0 30.04 24.08 22.19 8.66 3.92
Estimated deviation 0 0.04 0.08 1.81 1.34 1.08
Azimuth Cross correlati.on 0 30.02 24.07 2361 9.61 4.99
with range-down-sampling
Estimated deviation 0 0.02 0.07 0.39 0.39 0.01
MUSIC [21] 0 29.33 23.33 23.36 9.25 3.24
Estimated deviation 0 0.67 0.67 0.64 0.75 1.76
. MUsIc . 0 29.97 24.50 24.13 10.13 5.24
with range-down-sampling
Estimated deviation 0 0.03 0.50 0.13 0.13 0.24

IV. RANGE-VARIANT PHASE ERROR ESTIMATION BASED ON
RANGE DOWN SAMPLING AND BLOCK PROCESSING

In this section, the range-variant phase error is estimated and
compensated. To reduce the effect of noise and residual motion
errors, range down sampling is adopted. The influence of range-
down-sampling on the phase error estimation result is analyzed
first. Then, a range-variant phase error estimation method based
on the MUSIC algorithm is presented with range down sampling.

A. Influence of Range Down Sampling on Phase Error
Estimation

Taking residual motion errors Ar;’(0;ty) into consideration,
multichannel echo after the motion compensation and coarse
channel mismatch correction can be expressed as

and the proposed range-down-sampling method can mitigate this
effect.

B. Phase Error Estimation Based on the MUSIC Algorithm

Rewriting the echo signal of the channel 7 as follows:
M
Si (. f) = exp{jA&} Y S(r.f+n- forr)
n=-M

'exp{+j;r—;27r(f+n~prp)} (17)

where §; is the phase error related to the reference channel 0.
Then, the echo matrix can be written as

9 (fo - f)AF(0: 1) T=I'PS+n (18)
—J)&T T ;U3
Si*(frotr) = Si(fﬁtk)eXp{ ! - - —— where
— (15) So(rf) ]
where S;(f-, tx) denotes the echo with a residual range-variant
phase error of the channel 7 in the range frequency domain.
Assume that the range bandwidth is B,., and the corresponding T=| Si7,[) (19)
range resolution is p, = ﬁ In airborne SAR, the smaller the .
ratio of motion error Ar;’(6; t1,) to resolution p,., the smaller the S
influence of motion error is. Reducing the range bandwidth by =17 f) |
range down sampling, the effect of motion errors will be reduced, eldo...0 ]
which makes the phase error estimation more accurate. = |:- : (20)
Simulated data are used to validate the effectiveness of range s
down sampling. Phase and motion errors are added to the 0. e |
simulated six-channel airborne SAR data. The azimuth cross- ., 4

correlation and MUSIC methods are used to estimate the phase
error between channels. During processing, range down sam-
pling is employed and the estimation results are shown in Table I.
The estimated deviation of the channel phase error is defined as

Ap = o — ¢ (16)

where ¢ is real phase error and ¢ is estimated phase.

From Table I, it can be seen that estimated deviation is less
than 2without range down sampling for both azimuth cross-
correlation method and MUSIC method. After range down
sampling, estimated deviation is less than 0.5. The accuracy of
estimated results improves clearly. It can be concluded that mo-
tion errors affect the channel mismatch estimation performance

QT2 (f-MFy) . od2m 32 (f+Mfy)

P=|:.: 21)
2T (F=N o) ... pd2m T (F+N 1)

is the steering matrix

S(r, f—Mfp)
S= S(Taf) (22)
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no (T, f)
n= | n(r, f) (23)
ni-1(7, f)
is the noise vector, which is assumed to be independent of the
signal.
The covariance matrix of the multichannel echo vector T is
R(f) = E[TTY] =TPE [SS”] P T + 425, (24)

where F[e] represents the statistical expectation operation of 7,
[#]* denotes Hermitian transpose, o2 is noise power, and g is
the I-dimensional identity matrix. The eigendecomposition of

the covariance matrix R(f) is given by

N-1 I
H H
= E ouu; + E 04U (25)
i=0 i=N
where g > a1 > - >any 1 D> ay=an4] = =Qq =

o2 are the eigenvalues and u; is the corresponding eigenvector.
The signal subspace and noise subspace can be written as

U, =
U:

(26)
27)

[U07U17 .- -,UNfl]

[uN,UN+1, .. .,ul_l] .

The signal subspace has the same span as the subspace con-
structed by the steering matrix [T'P_p...... , TP ]

Based on the principle of the MUSIC algorithm [21], the
noise subspace is orthogonal to the signal subspace, and the
estimation of the phase error I' is equivalent to solving the
following equation:

+M
mm{ Z pErfuufre, }
n=—M

= mln {Z‘

ejgf—l]T

+M
. . H
mran = Ir{ﬂm{ _E » HU TP,

n=—M

Z QnHUUHan} (28)

where z = [e/% .., and Q;= diag{P,}. Then, the
phase error estimation can be written as
A Z'w

T Wz 29

where Z=Y""" Q,"UU#Q, and w=[1,0,.
which means the channel O is the reference channel.

., 0%,

C. Range-Variant Phase Error Estimation

First range compression and range down sampling are op-
erated in the range frequency domain. After that inverse FFT
is taken along the range frequency. The range-time domain
and azimuth-frequency domain echo of the channel 7 can be
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written as

S7 (. f) = exp {jAG; (1

}ZS

- exp {+j;—;27r(f +n- fPRF)}

where AJ;(7) is the range-variant phase error. The data are
divided into K blocks along the range. As phase error change
slowly along the range, so it can be regarded as constant in
each block, and the corresponding phase error of the block & is
estimated as

f+n- ferr)

(30)

A Zk71W

Ty = €1y

wlZ, 'w
where Zp=>""" Q" U,U"Q,, Usis the noise sub-
space of the block £ after range down sampling. All the data
in a block are used to calculate the covariance matrix and the
noise subspace. The range-variant phase error of each channel
is fitted with a polynomial using the estimated values [27], and
the continuously changing phase error is obtained subsequently.
The flowchart of the proposed processing is shown in Fig. 5.

After the range-variant phase error estimation and correction,
channel mismatch correction is finished and azimuth spectrum
can be reconstructed more accurately. The traditional CS SAR
imaging method is then used and final imaging result of multi-
channel SAR data can be obtained. Fig. 6 shows a flow chart of
the proposed airborne multichannel SAR imaging method.

V. EXPERIMENTAL RESULTS
A. Simulated Data

Simulations are carried out to validate the proposed method.
The parameters are given in Table II. The errors analyzed in
this article include motion errors, time-delay error, constant
gain-phase error, and range-variant phase error. To validate the
proposed phase error estimation method, point target simulation
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Fig. 6.  Flowchart of the proposed airborne multichannel SAR imaging method.

TABLE 1T
PARAMETERS OF THE SIMULATED AIRBORNE MULTICHANNEL SAR SYSTEM
Parameters Values Parameters Values
Wavelength 0.03m Azimuth Bandwidth 1097Hz
Bandwidth 180MHz Velocity 185m/s
Sample rate 216MHz Channel interval 0.2m
PRF 659Hz Channel number 3

experiment is carried out. The range-variant phase error changes
with incidence angle, however, for the arbitrary point target, the
incidence angle is constant. Therefore, only constant phase error
and motion errors are added to simulated data. Phase errors are
set by adding a constant phase offset to the echo of each channel,
which are 0°, 30°, and 10° in this experiment. Motion errors
are set by adding position errors within 5 cm into the platform.
Estimated results of the phase error using the traditional MUSIC
algorithm are 0°, 31.2°, and 12.4° while estimated results by the
proposed range-down-sampling method are 0°,29.7°, and 10.5°.
The estimation accuracy is obviously improved by range down
sampling. Fig. 7 shows azimuth profiles of a point target, which
are corrected using two the aforementioned estimated phase
errors, respectively. The false targets are obviously suppressed
after the phase error correction. With range down sampling, false
targets are further suppressed as the estimated phase error is
more accurate.

B. Real Data

In this section, real airborne multichannel SAR data are used
to validate the proposed method. The scene includes land, ma-
rine area, and island. The SAR system works in side-looking
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Fig. 7. Azimuth profile of a point target corrected by different methods.

Stripmap mode with four channels distributed along the az-
imuth direction. The data are processed by the imaging method
presented in this article as shown in Fig. 6. To compensate
motion errors and correct channel mismatch, there are three
key steps during processing schedule: motion compensation,
coarse channel mismatch correction, and range-variant phase
error correction. Imaging results after each step are shown and
analyzed as follows.

1) Key Step 1 Motion Compensation: The data are processed
by the MOCO method given in Section III-A. Fig. 8(a) is imaging
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Fig. 8. Imaging results (a) without MOCO and channel mismatch correction,
and (b) with MOCO without channel mismatch correction.

result without MOCO and channel mismatch correction. As
motion errors exist, the image is seriously defocused, and there
are false targets presents due to channel mismatch, as marked by
the blue rectangle. Fig. 8(b) shows imaging result with MOCO.
Compared with Fig. 8(a), Fig. 8(b) is better focused. However,
false targets still exist because of the channel mismatch as shown
in the blue rectangle.

2) Key Step 2 Coarse Channel Mismatch Correction: After
MOCO, coarse channel mismatch is estimated and corrected.
Time-delay and constant gain-phase errors are calculated by
(11)—(13) and compensated by (14). Fig. 9(b) shows imaging
result with coarse channel mismatch correction, while for conve-
nience of comparison, Fig. 8(b) has been redisplayed in Fig. 9(a),
which shows the result without channel mismatch correction.
Compared with Fig. 9(a), false targets are effectively suppressed
and the image is much clearer in Fig. 9(b), as marked by blue
rectangles. However, there are still residual false targets, as
marked by red rectangles. There are two main reasons. First, the
estimated results of the phase error are not accurate enough be-
cause of residual motion errors and Doppler centroid frequency
error. Second, range-variant phase error between channels still
exists and has not been compensated yet.

3) Key Step 3 Range-Variant Phase Error Correction:
Range-variant phase error is estimated according to method
proposed in Section IV-C. After range down sampling, the
data are divided into 16 blocks and the residual phase error
is calculated in each block. Fig. 10 shows range-variant phase
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Fig. 9. Imaging results (a) without channel mismatch correction, and (b) with
coarse channel mismatch correction.
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Fig. 10. Range-variant phase error of different channels.

error for each range bin after fitting operation. Channel 1 is set
as reference in the estimation.

Fig. 11(b) shows the imaging result after the range-variant
phase error correction. Fig. 11(a) is the result with the constant
phase error correction only. Clearly the false targets have been
further suppressed, as shown by the blue rectangle.

4) Range-Down-Sampling Method Validation: To validate
the range-down-sampling method, the range-variant phase er-
ror is estimated with range down sampling and without range
down sampling separately. Fig. 12(a) is the result without range
down sampling and Fig. 12(b) is with range down sampling.
In Fig. 12(a), there are still some light false targets presents
that are marked with blue rectangles, while in Fig. 12(b), these
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Fig. 11.  Imaging results (a) without range-variant phase error correction and
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Fig. 12. Imaging results (a) without range-down-sampling method and
(b) with range-down-sampling method.
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false targets are suppressed further, clearly demonstrating the
effectiveness of the range-down-sampling operation. From these
experimental results, the following can be found.

1) Motion compensation is essential for airborne multichan-
nel SAR imaging, as motion errors not only cause a
defocused image, but also reduce the accuracy of channel
mismatch estimation and azimuth spectrum reconstruc-
tion.

2) After time-delay and constant gain-phase errors correc-
tion, most false targets are suppressed, however, due to
residual range-variant phase error and residual motion
errors, there are still some lights false targets presents in
the image.

3) By range down sampling, the range-variant phase error
can be estimated more accurately.

VI. CONCLUSION

An improved airborne multichannel SAR imaging method
based on motion compensation and range-variant channel mis-
match correction has been proposed in this article. Motion errors
and channel mismatch are corrected in three key steps. First, mo-
tion compensation is performed to correct along-track position
error and LOS displacement error. Next, time-delay error and
constant gain-phase error between channels are estimated using
azimuth cross-correlation method and coarse channel mismatch
correction is accomplished. Finally, the range-variant phase
error is estimated using the MUSIC algorithm with range down
sampling. The effect of range-down sampling on the phase error
estimation is analyzed, showing that by range down sampling,
the influence of the residual motion error is reduced and the
accuracy of estimation is improved. The effectiveness of the
proposed method has been demonstrated by experimental results
based on both simulated and real data.
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