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Abstract: To acquire high-resolution wide-swath (HRWS) imaging capacity, the displaced phase
center multichannel azimuth beam (DPCMAB) technology is usually adopted in spaceborne synthetic
aperture radar (SAR), while multichannel reconstruction must be carried out before imaging process
due to azimuth nonuniform sampling. Up to now, almost all azimuth multichannel reconstruction
algorithms have been mainly based on conventional hyperbolic range equation (CHRE), but the
accuracy of the CHRE model is usually not suitable for the HRWS mode, especially for high resolution
and large squint observation cases. In this study, the azimuth multichannel signal model based on
the advanced hyperbolic range equation (AHRE) is established and analyzed. The major difference
between multichannel signal models based on CHRE and AHRE is the additional time-varying phase
error between azimuth channels. The time-varying phase error is small and can be ignored in the
monostatic DPCMAB SAR system, but it must be considered and compensated in the distributed
DPCMAB SAR system. In addition to the time-varying phase error, additional Doppler spectrum
shift and extended Doppler bandwidth should be considered in the squint case during azimuth
multichannel reconstruction. The azimuth multichannel reconstruction algorithm based on AHRE is
proposed in this paper. Before multichannel reconstruction and combination, time-varying phase
errors between azimuth channels were first compensated, and the range-frequency-dependent de-
skewing function was derived to remove the two-dimension (2D) spectrum tilt to avoid azimuth
under-sampling. Then, azimuth multichannel data were reconstructed according to the azimuth
multichannel impulse response based on AHRE. Finally, the range-frequency dependent re-skewing
function was introduced to recover the tilted 2D spectrum. Simulation results on both point and
distributed targets validated the proposed azimuth multichannel reconstruction approach.

Keywords: azimuth multichannel reconstruction; nonuniform sampling; advanced hyperbolic range
equation (AHRE); synthetic aperture radar (SAR)

1. Introduction

Spaceborne synthetic aperture radar (SAR) is a useful surveillance tool for remote sens-
ing of the Earth as it is able to obtain all-day, all-weather, and wide-coverage microwave
images of the Earth’s surface [1–3]. Azimuth high-resolution and range wide-swath are
contradictory in conventional single channel spaceborne SAR due to different pulse repeti-
tion frequency (PRF) requirements [4–6]. High PRF is designed in azimuth high-resolution
imaging for sufficient azimuth sampling, but low PRF is selected in range wide-swath
imaging for sufficient receiving window length. To overcome the inherent contradiction
between azimuth high resolution and range wide-swath [7], the displaced phase center mul-
tichannel azimuth beam (DPCMAB) technology is one of the most effective methods [8–10]
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and has been successfully implemented in several spaceborne SAR missions, such as
TerraSAR-X [11], RadarSat-2 [12], and Chinese GF-3 [13,14].

In most spaceborne DPCMAB SAR systems, one antenna is used to transmit radar
signal, while multiple antennas/sub-antennas simultaneously receive its corresponding
reflected echoes from the targets. This working scheme can be implemented in both a
monostatic SAR system and a distributed SAR system, as shown in Figure 1. Multiple
antennas/sub-antennas receive reflected echoes in each pulse repetition interval (PRI),
which reduces the desired PRF and results in an expansion of the imaged swath [15]. As a
result, the azimuth resolution can be improved while the swath width keeps constant, or
the PRF can be reduced to obtain a wider swath without increasing azimuth ambiguities
and reducing the azimuth resolution [16,17]. In the monostatic DPCMAB SAR system, the
large receive antenna is evenly divided into multiple sub-apertures, as shown in Figure
1a, and the distance between adjacent receiving sub-apertures is about several meters. In
the distributed DPCMAB SAR system, multiple SAR micro-satellites are used to receive
reflected radar echoes, while the distance between two satellites is around hundreds of
meters, as shown in Figure 1b. Besides improving the HRWS im-aging capacity, the
distributed SAR system can increase the flexibility and reliability, greatly improve the
satellite operation life, and reduce the operational cost [18]. No matter how DPCMAB SAR
works, azimuth multichannel reconstruction is usually required before the imaging process
as improper PRF adoption leads to azimuth non-uniform sampling [19,20].
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Figure 1. Spaceborne DPCMAB SAR. (a) The monostatic SAR system; (b) the distributed SAR sys-
tem. 
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multichannel echo signal based on the conventional hyperbolic range equation (CHRE) 
model [19], which is derived from the airborne SAR geometry [21]. Because the azimuth 
phase error of the cubic term increases with the synthetic aperture acquisition time, fitting 
errors cannot be ignored in high-resolution squinted SAR [22]. In order to deal with the 
obvious increased fitting errors, an improved range model named advanced hyperbolic 
range equation (AHRE) was proposed in [23], in which an additional linear coefficient is 
added to the CHRE model. Range equation based on higher-order polynomials is also 
widely selected in high-resolution imaging, such as fourth-order range equation (FORE) 
[24], but the accuracy of this method is limited to the finite terms contained in the expres-
sion [25−27]. Although the FORE model has higher fitting accuracy, the AHRE model is 
selected due to its adequate accuracy in azimuth multichannel reconstruction. 

In this study, the azimuth multichannel echo model based on AHRE was established 
and simulation experiments of azimuth multichannel raw data handled by the conven-
tional azimuth multichannel reconstruction algorithm were carried out and analyzed. The 
azimuth time-varying phase error between azimuth channels based on AHRE will result 

Figure 1. Spaceborne DPCMAB SAR. (a) The monostatic SAR system; (b) the distributed SAR system.

Up to now, research on azimuth multichannel reconstruction has been focused on
multichannel echo signal based on the conventional hyperbolic range equation (CHRE)
model [19], which is derived from the airborne SAR geometry [21]. Because the azimuth
phase error of the cubic term increases with the synthetic aperture acquisition time, fitting
errors cannot be ignored in high-resolution squinted SAR [22]. In order to deal with the
obvious increased fitting errors, an improved range model named advanced hyperbolic
range equation (AHRE) was proposed in [23], in which an additional linear coefficient
is added to the CHRE model. Range equation based on higher-order polynomials is
also widely selected in high-resolution imaging, such as fourth-order range equation
(FORE) [24], but the accuracy of this method is limited to the finite terms contained in
the expression [25–27]. Although the FORE model has higher fitting accuracy, the AHRE
model is selected due to its adequate accuracy in azimuth multichannel reconstruction.

In this study, the azimuth multichannel echo model based on AHRE was established
and simulation experiments of azimuth multichannel raw data handled by the conven-
tional azimuth multichannel reconstruction algorithm were carried out and analyzed. The
azimuth time-varying phase error between azimuth channels based on AHRE will result in
false targets in azimuth, especially for the distributed DPCMAB SAR system. In addition
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to the azimuth time-varying phase error, additional Doppler spectrum shift and extended
Doppler bandwidth caused by the azimuth squint angle should be considered during
azimuth multichannel reconstruction [28–30]. In order to deal with the problems of az-
imuth time-varying phase error and extended Doppler bandwidth in azimuth multichannel
raw data based on the AHRE model, an improved azimuth multichannel reconstruction
method is proposed in this paper. First, the time-varying phase errors between azimuth
channels were compensated to avoid false targets in azimuth due to multichannel mismatch.
Then, the range frequency dependent de-skewing function was derived to remove the
two-dimensional (2D) spectrum tilt to avoid azimuth under-sampling before multichannel
reconstruction and combination. Next, azimuth multichannel data were reconstructed
according to the azimuth multichannel impulse response based on AHRE. Finally, the range
frequency dependent re-skewing function and azimuth up-sampling were introduced to
recover the tilted 2D spectrum. Consequently, the resulting equivalent single channel
signal could be focused using the classical SAR imaging algorithms.

The rest of the paper is organized as follows. The azimuth multichannel signal model
based on AHRE is derived and the azimuth time-varying phase error between azimuth
channels is analyzed in Section 2. The improved azimuth reconstruction method based
on AHRE is proposed in Section 3. Simulation experiments carried out on both point and
distributed targets to validate the proposed azimuth multichannel reconstruction method
is described in Section 4. Finally, the paper is concluded in Section 5.

2. Geometric Model and Slant Range Analysis

The imaging geometry of spaceborne azimuth multichannel squinted SAR is illus-
trated in Figure 2. One transmitting antenna Tx transmits radar signals, and all receiving
sub-antennas Rx in azimuth simultaneously receive echoes reflected from the imaged
scene. All receiving sub-antennas are aligned in azimuth. The physical interval between
the i-th receiving sub-antenna and the transmitting antenna is ∆xi, and the number of
receiving sub-antennas is N. When the zero Doppler line crosses the target, the distance
from radar to the target is denoted by the range of closest approach R0. The squint angle θs
is the angle that the slant range vector makes with the plane of zero Doppler, as shown
in Figure 2, which is an important component in the description of the azimuth beam
pointing direction.
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With increased geometric azimuth resolution and squint angle, the precision of the
traditional CHRE model in spaceborne SAR is not sufficient. Therefore, the additional
linear coefficient ∆l is introduced to form the AHRE model and improve the accuracy of
the instantaneous range history between the radar and the target. This can deal with the
problem of residual cubic phase error increasing with the synthetic aperture time. In the
spaceborne single channel SAR system, the two-way instantaneous slant range Rs(t) based
on the AHRE model is expressed as follows:

Rs(t) = 2
(√

R02 + vs2t2 − 2R0vs sin
(
θsq
)
t + ∆lt

)
(1)

with
∆l = −

λ fdc
2

+
2R0 f2r

3 f1r
(2)

where t represents the azimuth time, θsq is the equivalent squint angle, vs is the equivalent
radar platform speed, λ is the radar wavelength, fdc is the Doppler centroid frequency,
R0 is the slant range of the beam center crossing time, f1r is the linear azimuth frequency
modulation (FM) rate, and f2r is the quadratic azimuth FM rate [27]. The third-order Taylor
expansion of the single channel signal’s two-way instantaneous range Rs(t) is rewritten
as follows:

Rs(t) ≈ 2R0 + 2
(
∆l − vs sin

(
θsq
))

t +
vs

2 cos2(θsq
)

R0
t2 +

vs
3 sin

(
θsq
)

cos2(θsq
)

R02 t3 (3)

In the spaceborne multichannel squinted SAR system shown in Figure 2, the two-way
instantaneous range Rmul,i(t) between the target and the i-th receiving antenna in azimuth
is expressed as follows:

Rmul,i(t) = Rr(t) + Rt(t) =
√

R02 + vs2t2 − 2R0vs sin
(
θsq
)
t + ∆lt

+
√

R02 + (vst− ∆xi)
2 − 2R0 sin

(
θsq
)
(vst− ∆xi) + ∆l

(
t− ∆xi

vs

) (4)

Taking the third-order Taylor expansion, the two-way instantaneous range Rmul,i(t) is
rewritten as follows:

Rmul,i(t) ≈ 2R0 + 2
(
∆l − vs sin

(
θsq
))(

t− ∆xi
2vs

)
+

vs
2 cos2(θsq)

R0

(
t− ∆xi

2vs

)2

+
cos2(θsq)∆xi

2

4R0
+

vs
3 sin(θsq) cos2 θsq

R0
2

(
t− ∆xi

2vs

)3

+
3vs sin(θsq) cos2(θsq)

4R0
2 ∆xi

2t− 3 sin(θsq) cos2(θsq)
8R0

2 ∆xi
3

(5)

Compared with the single-channel signal’s two-way instantaneous range history Rs(t)
in (3), Rmul,i(t) can be rewritten as follows:

Rmul,i(t) = Rs

(
t− ∆xi

2vs

)
+ ∆Rcos t.i + ∆Ri(t) (6)

with

∆Rconst,i =
cos2(θsq

)
∆xi

2

4R0
−

3 sin
(
θsq
)

cos2(θsq
)

8R02 ∆xi
3 (7)

∆Ri(t) =
3vs sin

(
θsq
)

cos2(θsq
)

4R02 ∆xi
2t (8)

The additional constant term ∆Rcos t.i is generated by the separation of receivers and
transmitter can be processed in the derivation process of the reconstruction filter, while the
influence of the azimuth time-varying range offset should be considered during azimuth
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multichannel reconstruction and focusing. The time-varying phase error ∆ϕi(t) between
different azimuth channels due to the time-varying range offset is expressed as follows:

∆ϕi(t) =
2π

λ
∆Ri(t) =

3πvs sin
(
θsq
)

cos2(θsq
)

2λR02 ∆xi
2t (9)

Generally speaking, the maximum receiving interval in a spaceborne monostatic
DPCMAB SAR system is around several meters, while the minimum receiving interval
in the distributed DPCMAB SAR system is around several hundred meters. The inter-
vals between the transmitting and receiving antennas in the distributed DPCMAB SAR
system and in the monostatic DPCMAB SAR system are usually less than 1000 and 10 m,
respectively [17]. In order to analyze the influence of the time-varying phase error between
azimuth channels, the following comparative analysis is mainly based on the two sets of
simulation parameters with receiving intervals of 1000 m in the distributed system and
10 m in the single platform system.

Using the simulation parameters of Table 1, the time-varying slant range error ∆Ri(t)
and the time-varying phase error ∆ϕi(t) were calculated by taking the squint angle and the
maximum receiving distance as variables. The variations of the time-varying slant range
term ∆Ri(t) and the time-varying phase error with the distance between the transmitter and
the receiver of each channel from 0 to 1000 m are shown in Figure 3. The time-varying phase
error ∆ϕi(t) is less than π/4, that is to say, the effect of the phase error on azimuth focusing
can be ignored. However, as shown in Figure 3b, the phase error values will reach more
than 40◦ when |∆xi| > 1000 m and θsq = 25◦. This phase mismatch in azimuth multichannel
SAR is unacceptable during azimuth multichannel reconstruction and focusing because the
unwanted false targets are very sensitive to the imbalance phase error between azimuth
channels [19].

Table 1. Simulation parameters.

Parameter Value

Sensor velocity 7482.7 m/s
Slant range of scene center 600 km

Carrier frequency 5.6 GHz
Equivalent transmit antenna length 4 m

Receive antenna length 3.33 m
Number of azimuth channels 3

The additional linear coefficient −445 m/s
Pulse repetition frequency 1530 Hz

Pulse bandwidth 200 MHz
Range sampling frequency 240 MHz

With the squint angle of 20◦, the synthetic aperture time was calculated as 1.17 s
according to the simulation parameters listed in Table 1. Taking the middle receive antenna
as the reference channel, Figure 4 shows the time-varying phase error during the whole
synthetic aperture interval in different cases. As shown in Figure 4a,b, the maximum
time-varying phase error in the monostatic DPCMAB SAR system is very small and can be
ignored, while the imbalance phase error will reach more than 20◦ and cannot be ignored
in the distributed spaceborne SAR system. In the following simulation experiments, the
maximum physical intervals between the receive antenna center and the transmit antenna
center in the single-platform and distributed SAR systems were allocated as 3.33 and
885 m, respectively, while their maximum phase errors during the whole synthetic aperture
interval are shown in Figure 4c,d.
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To demonstrate the impact of the time-varying phase error on azimuth multichannel
reconstruction and azimuth focusing, one dimensional (1D) traditional azimuth multi-
channel reconstruction simulation experiments were carried out in both monostatic and
distributed DPCMAB SAR systems, and their corresponding simulation results are shown
in Figures 5 and 6, respectively. The conventional azimuth multichannel reconstruction
means that the signal based on the CHRE model is directly passed through the recon-
struction filter generated by the relationship between multichannel and single channel
signals for signal reconstruction without removing the azimuth time-varying phase error,
the de-skewing and re-skewing processes before and after reconstruction. In a mono-
static DPCMAB SAR system, the multichannel echoes can be well reconstructed using
the traditional azimuth multichannel reconstruction method, as shown in Figure 5c, and
ambiguous false targets in the azimuth compression result are well suppressed, as shown
in Figure 5d. However, in a distributed DPCMAB SAR system, the spectrum cannot be well
reconstructed due to the azimuth time-varying phase errors between azimuth channels, as
shown in Figure 6b, and false targets still occur in the focused azimuth impulse response,
as shown in Figure 6d. Compared with the focusing result without azimuth multichannel
reconstruction in Figure 6c, false targets are only suppressed about 10 dB. Therefore, the
time-varying phase errors between azimuth channels in the monostatic DPCMAB cannot
be neglected during azimuth multichannel reconstruction, while these phase errors must
be compensated in the distributed SAR system; otherwise, false targets will occur in the
final azimuth compression result.
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Figure 5. Azimuth multichannel reconstruction results in the monostatic DPCMAB SAR system. (a) Azimuth spectrum
without azimuth multichannel reconstruction; (b) azimuth compression result without azimuth multichannel reconstruction;
(c) azimuth spectrum after conventional azimuth multichannel reconstruction; (d) azimuth compression result after
conventional azimuth multichannel reconstruction.
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Figure 6. Azimuth multichannel reconstruction results in a distributed DPCMAB SAR system. (a) Azimuth spectrum
without azimuth multichannel reconstruction; (b) azimuth compression result without azimuth multichannel reconstruction;
(c) azimuth spectrum after conventional azimuth multichannel reconstruction; (d) azimuth compression result after
conventional azimuth multichannel reconstruction.

3. Azimuth Multichannel Reconstruction Based on AHRE

According to the above analysis and simulation results, the time-varying phase error
in the monostatic DPCMAB SAR system is so small that its corresponding influence
on azimuth multichannel reconstruction can be ignored. However, in the distributed
DPCMAB SAR system, the maximum time-varying phase error will reach more than 10◦,
especially for the large squint case, and this error must be considered during azimuth
multichannel reconstruction; otherwise, the Doppler spectrum will not be well recovered
and pairs of false targets with high level will occur in the final azimuth focusing result.
Therefore, especially in the distributed DPCMAB SAR system with the squint angle,
azimuth multichannel reconstruction should be modified to handle the raw data to improve
the focusing performance.

3.1. One-Dimensional Azimuth Multichannel Reconstruction

The single channel azimuth signal ss(t) and the multichannel azimuth signal si(t)
based on AHRE are described as follows:

ss(t) ≈ exp
[
−j

2π

λ
Rs(t)

]
(10)

si(t) = exp
[
−j

2π

λ
Rmul,i(t)

]
(11)



Remote Sens. 2021, 13, 4705 9 of 22

Substituting (6) into (11), the multichannel azimuth signal si(t) can be rewritten
as follows:

si(t) = exp
[
−j 2π

λ · Rs

(
t− ∆xi

2vs

)]
· exp

[
−j 2π·∆Rcos t.i

λ

]
· exp

[
−j 2π·∆Ri(t)

λ

]
= ss

(
t− ∆xi

2vs

)
· exp

[
−j 2π·∆Rcos t.i

λ

]
· exp

[
−j 2π·∆Ri(t)

λ

] (12)

Compared with the multichannel azimuth impulse response based on CHRE, the
major difference is the third term of additional time-varying phase error. After removing
the additional time-varying phase error in each azimuth channel, the azimuth multichannel
reconstruction matrix can be easily obtained from the azimuth time offset and the constant
phase in (12). The flow chart of the modified 1D azimuth multichannel reconstruction
method based on AHRE is shown in Figure 7.
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To remove the azimuth time-varying phase error, the phase compensation function
gi(t) is multiplied and expressed as follows:

gi(t) = exp

[
j
3πvs sin

(
θsq
)

cos2(θsq
)

2λR02 ∆xi
2t

]
(13)

According to equation (12), the multichannel response for the i-th channel hi(t) is
as follows:

hi(t) = exp
[
−j

2π

λ
∆Rconst,i

]
· δ
(

t− ∆xi
2vs

)
(14)

The impulse response in the frequency domain is written as follows:

Hi( f ) = exp
[
−j

2π

λ
∆Rconst,i

]
· exp

[
−j2π

∆xi
2vs

f
]

(15)

where f represents the Doppler frequency. Therefore, the azimuth multichannel system
matrix H( f ) based on AHRE is obtained, and the reconstruction filter matrix P( f ) is
derived from the inversion of the matrix H( f ) as follows:

P( f ) = [P1( f ); · · · ; PN( f )] = H−1( f ) (16)

Consequently, azimuth multichannel echoes are processed by the reconstruction
matrix P( f ), and the equivalent unambiguous single channel signal is obtained after raw
data combination and inverse fast Fourier transform (IFFT). It is worth noting that the large
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maximum distance of receiver and transmitter in the distributed DPCMAB SAR system
may lead to coincidence of sampling points, which means the system filter cannot be full
of rank and the inverse matrix cannot be obtained [16]. In order to ensure the reversibility
of the matrix H( f ), samples with different receiving channels must not coincide in space,
especially for the distributed DPCMAB SAR system.

With the simulation parameters listed in Table 1, Figure 8 shows the results of pro-
cessing the time-varying phase error before using the improved azimuth multichannel
reconstruction filter to reconstruct nonuniform sampling signal. The distance between adja-
cent receive antennas were 885 and 970 m. Due to not removing the azimuth time-varying
channel phase error before multichannel reconstruction filtering based on the AHRE model,
the Doppler spectrum was not well reconstructed and a pair of false targets occurred in
the corresponding azimuth compression result, as shown in Figure 8a,b. However, after
processing time-varying phase error and reconstructing the nonuniform signal using the
modified reconstruction filter based on the AHRE model, the Doppler spectrum is well
reconstructed and false targets disappeared, as shown in Figure 8c,d.
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Figure 8. Azimuth multichannel reconstruction based on AHRE in a distributed DPCMAB SAR system. (a) Azimuth
spectrum after conventional multichannel reconstruction; (b) azimuth compression result of (a); (c) azimuth spectrum after
improved multichannel reconstruction; (d) azimuth compression result of (c).
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3.2. Two-Dimensional Azimuth Multichannel Reconstruction

The single-channel impulse response Sss( fr, t) in the range frequency azimuth time
domain is written as follows [31]:

Sss( fr, t) ≈ A ·Wr( fr) ·Wa(t) · exp
[
−j

2π( fr + fc)

c
Rs(t)

]
· exp

[
−j

π fr
2

Kr

]
(17)

where A is the complex constant, the range pulse envelope Wr(·) is the rectangular window
function, the azimuth antenna pattern Wa(·) is a function of azimuth time t, fr is the range
frequency, t is the azimuth time, Kr is the range modulated frequency rate, and c is the
speed of light. The instantaneous Doppler frequency fa of the SAR data based on AHRE
is related to the squint angle θsq and the additional linear coefficient ∆l in AHRE and
expressed as follows:

fa(θaz, fr) =
( fr + fc)

c
· ∂Rs(t)

∂t
=

(
2vs sin(θsq − θaz)− 2∆l

)
( fr + fc)

c
(18)

where θaz ∈ [−∆θ/2, ∆θ/2) indicates the target azimuth position related to the azimuth
beam pointing direction, and ∆θ is the exploited beam width for azimuth focusing. Con-
sequently, taking account of the extended Doppler bandwidth due to the squint case, the
total processed Doppler bandwidth Bd in the squint case is as follows:

Bd = max[ fa(θaz, fr)]−min[ fa(θaz, fr)]

' 2vs cos(θsq)
λ · ∆θ +

2Brvs sin(θsq)
c − 2Br∆l

c
= B f + Bsq + B∆l

(19)

where Br is the transmitted pulse bandwidth, B f = 2vs cos
(
θsq
)
/λ ·∆θ is the Doppler band-

width corresponding to the azimuth beam width, Bsq = 2Brvs sin
(
θsq
)
/c is the Doppler

bandwidth related to the squint angle θsq [32], and B∆l = −2Br∆l/c is the Doppler band-
width related to the additional linear coefficient ∆l in the AHRE model.

In the spaceborne SAR system design, to obtain wide swath coverage and suppress
range ambiguities, the effective azimuth sampling frequency is only a little higher than
the azimuth beam bandwidth, and the azimuth over sampling rate is usually 1.3–1.5. With
the simulation parameters listed in Table 1 and the squint angle of 25◦. Figure 9 shows
the scale coefficients between the extended Doppler bandwidth and the azimuth beam
bandwidth. As can be seen, the extended Doppler bandwidth related to both the equivalent
squint angle and the additional linear coefficient exceeds the azimuth beam width when
the transmitted pulse bandwidth is more than 200 MHz. In this study, the transmitted
pulse bandwidth was 200 MHz, the total Doppler bandwidth was 8124.6 Hz, and the
azimuth effective sampling frequency N · PRF was only 4590 Hz. Therefore, the Doppler
spectrum aliasing problem due to the squint case would need to be considered during
azimuth multichannel reconstruction.

As the shape of the 2D spectrum in the squint case is parallelogram, as shown in
Figure 10a, de-skewing operation can reduce the total bandwidth of the raw data, as shown
in Figure 10b. Therefore, before azimuth multichannel reconstruction, de-skewing was
operated in each azimuth channel, and azimuth multichannel reconstruction was operated
in the 2D frequency domain. The major problem of azimuth multichannel reconstruction
in the 2D frequency domain is neglecting the range-variant phase error caused by the
strong coupling between Doppler and range frequencies, and this error becomes more
obvious in the distributed DPCMAB SAR system. To improve the performances of azimuth
multichannel reconstruction and the following 2D focusing, the range-variant phase error
should be compensated during multichannel reconstruction.
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Neglecting the unimportant range frequency modulation, constant, and envelop terms,
the azimuth multichannel impulse response Ssmul,i( fr, t) of the i-th channel in the range
frequency azimuth time domain is rewritten as follows:

Ssmul,i( fr, t) ≈ exp
[
−j 2π( fr+ fc)

c Rmul,i(t)
]

= exp
{
−j 2π( fr+ fc)

c

[
Rs

(
t− ∆xi

2vs

)
+ ∆Rcos t.i

]}
· exp

[
−j 2π( fr+ fc)

c ∆Ri(t)
] (20)

The first phase term is for azimuth multichannel reconstruction, while the second
one should be removed before reconstruction, which can be implemented in the 2D time
domain. Furthermore, different azimuth time offsets ∆xi/2vs in different azimuth channels
must be considered during the de-skewing operation in each azimuth channel. As the
azimuth multichannel reconstruction is mainly operated in the 2D frequency domain, the
residual range-variant phase error also needs to be compensated in the range Doppler
domain. The flowchart of the proposed azimuth multichannel reconstruction method is
shown in Figure 11, which includes steps of azimuth time-varying phase removing, 2D
spectrum de-skewing, azimuth multichannel reconstruction in the 2D frequency domain,
range-variant reconstruction phase error compensation, and 2D spectrum re-skewing.
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The time-varying phase error compensation in each azimuth channel is implemented 
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The time-varying phase error compensation in each azimuth channel is implemented
in the 2D time domain, and the compensation function H1,i(τ, t) is as follows:

H1,i(τ, t) = exp

(
j
3πvs sin

(
θsq
)

cos2(θsq
)
∆xi

2τ

2λR02 t

)
(21)

After eliminating the time-varying phase error, the de-skewing operation is operated
in the range frequency azimuth time domain. To keep the relationship between the multi-
channel and the single channel responses, different azimuth time offsets must be considered
during de-skewing, and the de-skewing function H2,i( fr, t) is expressed as follows:

H2,i( fr, t) = exp

(
−j

4π
(
vs sin

(
θsq
)
− ∆l

)
( fr + fc)

c

(
t− ∆xi

2vs

))
(22)

As the de-skewing operation in each channel is implemented in the range frequency
azimuth time domain, the resulting azimuth multichannel reconstruction can be only
handled in the 2D frequency domain. Consequently, the reference slant range should
be selected in the following multichannel reconstruction, and usually the slant range
of the imaged swath center is used to minimize the reconstruction error. The azimuth
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multichannel reconstruction matrix PAHRE,

(
fr, fa; Rre f

)
is obtained by the inverse of the

azimuth multichannel system matrix HAHRE

(
fr, fa; Rre f

)
as follows:

PAHRE

(
fr, fa; Rre f

)
=
[
P1

(
fr, fa; Rre f

)
; P2

(
fr, fa; Rre f

)
; · · · ; PN

(
fr, fa; Rre f

)]
= HAHRE

−1
(

fr, fa; Rre f

) (23)

The azimuth multichannel system matrix HAHRE

(
fr, fa; Rre f

)
has N × N elements.

According to the relationship between the single channel signal and the processed mul-
tichannel signal in (20), the element in the n-th row and i-th column of the matrix is as
follows:

Hn,i( fa) = exp
{
−j2π[ fa + (n− 1) · PRF] · ∆xi

2vs

}
· exp

[
−j 2π

λ

(
cos2(θsq)∆xi

2

4Rref

)]
· exp

[
j

3π sin(θsq) cos2(θsq)
4Rref

2 ∆xi
3
] (24)

In order to completely reconstruct the unaliased 2D spectrum, the signal is recon-
structed into N sub-band within the range of [−N · PRF/2 + fdc, N · PRF/2 + fdc), and
fdc = 2

(
vs sin

(
θsq
)
− ∆l

)
/λ is the Doppler centroid of the whole raw data.

Significantly, the range history deviation is large for the large maximum distance of
receiver and transmitter in the distributed SAR system, which has been proven to cause
significant reconstruction mismatch and increase azimuth ambiguities and coincidence of
the sampling points. The signal after reconstruction filter Pi

(
fr, fa; Rre f

)
in i-th channel

can be multiplied with the differential reconstruction filter ∆Pi( fr, fa; R0) to process the
residual error of the reconstruction filter, update every range bin, and match the range cell
migration of the data [33].

∆Pi =

∣∣∣∣∣∣ Pi(0, fa; R0)

Pi

(
0, fa; Rre f

)
∣∣∣∣∣∣ · exp[j · ∆ϕi( fr, fa; R0)] (25)

with
∆ϕi( fr, fa; R0) =

[
ϕi(0, fa; R0)− ϕi

(
0, fa; Rre f

)]
+ ∆ϕi,resi( fr, fa; R0) (26)

where ∆ϕi( fr, fa; R0) is the phase of the differential reconstruction filter, ϕi(·) is the phase
of the reconstruction filters Pi, and ∆ϕi,resi is a polychromatic residual phase [33].

The re-skewing process is also needed to recover the original Doppler history of the
signal, and the re-skewing function H3,i( fr, t) is expressed as follows:

H3,i( fr, t) = exp

(
−j

4π
(
vs sin

(
θsq
)
− ∆l

)
fr

c
t

)
(27)

Finally, after range Fourier transform, the equivalent single channel raw data with
sufficient azimuth sampling is obtained from the azimuth multichannel raw data.

4. Simulation Experiments

This section discusses the simulation experiments carried out on both point and
distributed targets to validate the proposed multichannel reconstruction approach using
the simulation parameters of Table 1. According to the above analysis and simulation
results, the impact of the azimuth time-varying phase errors between azimuth channels on
multichannel reconstruction in a monostatic DPCMAB SAR system is very limited and can
be neglected, while the impact in the distributed DPCMAB SAR system must be considered.
Therefore, only simulation experiments in the distributed SAR system were carried out.
The distance between adjacent receive antennas in azimuth are 885 and 970 m.
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4.1. Simulation Experiments on Point Targets

Figure 12 shows simulation results of the point target in the swath center handled by
the multichannel reconstruction approach based on CHRE, while Figure 13 shows results
of the point target in the swath center handled by the improved processor based on AHRE.
As shown in Figure 12b, the raw data in each azimuth channel is aliased in the Doppler
domain. The 2D spectrum is well reconstructed after de-skewing and modified azimuth
multichannel reconstruction based on AHRE, as shown in Figure 13c. After azimuth
up-sampling and re-skewing, the original 2D spectrum is well recovered and sufficiently
sampled, as shown in Figure 13d, and the improved sampling frequency was 9.7495 kHz.
The focusing result and contour plots of the target with the conventional imaging processor
based on CHRE are shown in Figure 12e,f, respectively. As can be seen, the results showed
negative focusing behavior and with a pair of false targets.
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Figure 13. Simulation results of the point target in the swath center based on AHRE. (a) Reconstructed 2D spectrum before
re-skewing; (b) the recovered 2D spectrum; (c) the focusing result; (d) contour plots of the point target.

Furthermore, a simulation experiment is carried out on the designed scene with nine
point targets. The arrangement of the designed nine point targets is shown in Figure 14.
Figure 15 shows the simulation results of the conventional azimuth multichannel recon-
struction method, while Figure 16 shows the results of the proposed azimuth multichannel
reconstruction method in Figure 11. Comparing the results of the two methods, false targets
are well suppressed in the proposed method. The measured imaging parameters, including
resolution (Res.); peak sidelobe ratio (PSLR), which is the ratio between the height of the
largest sidelobe and the height of the main lobe; integrated sidelobe ratio (ISLR), which is
the ratio between the total power of the sidelobes and the main lobe power; and maximum
false target amplitude (MFTA), are summarized in Table 2. The results in Figures 15 and 16
and Table 2 show the superiority of the proposed azimuth multichannel reconstruction
method based on AHRE.
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Figure 15. Imaging results of the designed scene with nine point targets handled by the conventional approach based on
CHRE. (a) The designed scene imaging result; (b) contour plots of P1; (c) contour plots of P2; (d) contour plots of P3.

Table 2. The measured focusing parameters of simulated point targets in Figures 15 and 16.

Method Target Azimuth Range
MFTA (dB)Res.(m) PSLR(dB) ISLR(dB) Res.(m) PSLR(dB) ISLR(dB)

Conventional
P1 1.75 −13.28 −10.06 0.67 −13.18 −10.01 −34.43
P2 1.75 −13.26 −10.01 0.67 −13.36 −10.03 −31.95
P3 1.75 −13.26 −10.03 0.67 −13.25 −10.09 −35.04

Proposed
P1 1.74 −13.27 −10.01 0.67 −13.22 −10.08 −78.89
P2 1.74 −13.27 −10.03 0.67 −13.34 −10.14 −76.68
P3 1.74 −13.26 −10.09 0.67 −13.38 −10.15 −82.56

Theoretical
value

P1 1.73 −13.23 −9.80 0.66 −13.23 −9.80 −−
P2 1.73 −13.23 −9.80 0.66 −13.23 −9.80 −−
P3 1.73 −13.23 −9.80 0.66 −13.23 −9.80 −−

4.2. Simulation Experiments of Distributed Scene targets

In order to further verify the superiority of the proposed 2D multichannel recon-
struction method based on AHRE, a focused Sentinel-1 single look complex (SLC) SAR
image of Shandong Peninsula and a Gaofen-3 (GF-3) SLC SAR image of Wuhan city in
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Hubei province are selected for azimuth multichannel echo simulation, reconstruction,
and imaging, as shown in Figures 17a and 18a. Figures 17b and 18b show the imag-
ing results processed by the conventional azimuth multichannel reconstruction method
based on CHRE, in which false targets occurred in the focused SAR images. With the
proposed azimuth multichannel reconstruction method based on AHRE, false targets are
well suppressed and could not even be observed, as shown in Figures 17c and 18c. Com-
paring the simulation results in Figures 17 and 18, the false target suppression effect can
be more easily observed in Figure 17 as the false targets of the island can be obviously
noticed in the sea area, as show in Figure 17b. Simulation results on distributed scene
further validated the false targets suppression effect of the proposed azimuth multichannel
reconstruction method.
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Figure 16. Imaging results on the designed scene with nine point targets handled by the proposed multichannel reconstruc-
tion approach based on AHRE. (a) The designed scene imaging result; (b) contour plots of P1; (c) contour plots of P2; (d)
contour plots of P3.
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Figure 17. Distributed target simulation experiments of the focused Sentinel-1 SLC SAR image.
(a) Focused SLC SAR image for simulation; (b) imaging result handled by the conventional recon-
struction approach based on CHRE; (c) imaging result handled by the proposed approach based
on AHRE.
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SAR image for simulation; (b) imaging result handled by the conventional reconstruction approach
based on CHRE; (c) imaging result handled by the proposed approach based on AHRE.

5. Conclusions

The AHRE model can provide more accurate range history from the radar to the
imaged target, which is more suitable for high-resolution imaging mode and squint obser-
vation cases. In this study, a multichannel signal model based on AHRE was established
for the DPCMAB SAR system. Compared to the signal model based on CHRE, the major
difference is the additional azimuth time-varying phase error between azimuth channels.
The maximum value of the azimuth time-varying phase error will reach more than 10◦

in a distributed DPCMAB SAR system with a certain squint angle, which will result in a
pair of false targets in the final azimuth focusing result because false targets are sensitive
to channel phase imbalance in the DPCMAB SAR system. Furthermore, the additional
Doppler bandwidth related to the equivalent squint angle and the additional linear coef-
ficient in AHRE extends the total Doppler bandwidth and results in Doppler spectrum
aliasing. To resolve the Doppler aliasing problem, de-skewing was introduced, and the
azimuth multichannel was operated in 2D frequency domain. Furthermore, the exces-
sive reconstruction residual error resulting from the large maximum receiving interval in
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the distributed DPCMAB SAR system was compensated in the range Doppler domain.
Simulation results on both point and distributed targets validated the proposed azimuth
multichannel reconstruction approach based on AHRE.
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