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High-resolution and wide-swath imaging serves as an important
task for synthetic aperture radar (SAR). However, the tradeoff be-
tween high azimuth resolution and wide unambiguous swath coverage
has not been well optimized in traditional SAR system. Meanwhile, the
ultrawideband signal is required to obtain ultrahigh range resolution
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imaging. It is not easy to increase the bandwidth directly due to the
difficulty of system design. To this end, this article makes notable con-
tribution on a sub-band frequency diverse array framework to realize
range ambiguous echoes separation and wideband signal synthesis
from narrowband signals. By introducing a small frequency increment
across the elements within each subarray, the transmit steering vector
within each subarray is range-angle-dependent, making it feasible
to resolve range ambiguity in the spatial frequency. In addition,
the transmitted waveforms of different subarrays occupy different
frequency bands in range frequency domain, which play a pivotal role
in achieving high-resolution imaging. With phase compensation and
sub-band frequency spectrum splicing technique, the wideband signal
can be obtained. Simulation results have verified the effectiveness of
the proposed approach.

I. INTRODUCTION

Synthetic aperture radar (SAR) is capable of imaging the
earth all-weather and all-time, which plays an important role
in earth observation applications [1], [2]. As the increase of
demand in vast area observation, high-resolution and wide-
swath (HRWS) imaging has attracted extensive attention.
However, the requirements of pulse repetition frequency
(PRF) for wide-swath and high azimuth resolution, respec-
tively, are a world of difference. To be specific, a low PRF
is employed to avoid the range ambiguity in wide-swath
radar imaging application, while a high PRF is required to
address the Doppler ambiguity with the increase of Doppler
bandwidth for high azimuth resolution. Therefore, the range
ambiguity and Doppler ambiguity problems merit further
investigation for HRWS imaging.

Recent researches introduce HRWS imaging technique
and can be grouped into two major categories. In the first
category, the Doppler ambiguity issue is addressed with
azimuth multiple channels or beams, where a low PRF is
utilized to guarantee range unambiguity. Displaced phase
center antenna (DPCA) technique [7] is proposed, which re-
places the synthetic aperture sampling with the real aperture
sampling at the equivalent phase center. However, due to the
platform motion errors, the DPCA condition is difficult to
satisfy in practice. To this end, several methods, such as
[8]–[11], have been developed to address the nonuniform
displaced phase center sampling problem. In the second
category, the range ambiguity is addressed by using space
division multiplexing (SDM), frequency division multiplex-
ing (FDM), coding division multiplexing (CDM), and so
on. In [12], a multifrequency subpulse mode is proposed,
which combines SDM and FDM. On the basis of this
mode, each pulse is divided into several subpulses to occupy
different frequency bands and these subpulses will irradiate
different subswaths to achieve wide coverage. By applying
matched filtering, the echoes from different subswaths are
separated. In [13]–[18], the azimuth phase coding based
on CDM is proposed to suppress the range ambiguity.
Nevertheless, its range ambiguity suppression performance
is determined by the level of PRF. A high PRF contributes
to a good ambiguity suppression performance, and yet
reduces the maximum unambiguous range. A method used
FDM is proposed in [19], via the range-angle-dependent
characteristic of FDA [20]–[22] to separate range ambiguity
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echoes in the spatial frequency domain. Combining CDM
and SDM, some multiple-input multiple-output (MIMO)
[23], [24] based methods are proposed to separate the range
ambiguous echoes by employing the phase coding in both
spatial channels and slow time pulses, such as space-pulse-
phase-coding [25], [26] and element-pulse coding [27].

As for the increase of degrees-of-freedom (DOFs),
MIMO SAR is attracting the attention of researchers and
practitioners alike. Compared with single-input multiple-
output and single-input single-output systems, MIMO SAR
system can provide more DOFs in space, time, frequency
and modulation dimensions. Fully exploiting transmit di-
versity of MIMO radar is conducive to improving SAR
imaging performance, where the orthogonal waveforms are
firstly considered to design. The ideal orthogonal waveform
satisfies the cross correlation among them for arbitrary
shift equals to zero. In light of different realization princi-
ples, orthogonal waveforms can be divided into frequency
modulation waveforms [28]–[31], Orthogonal frequency
division multiplexing (OFDM) waveforms [32]–[34], and
orthogonal phase coding waveforms [35]. Frequency modu-
lation waveforms have been implemented in practical radar
systems because of its high range resolution. As mentioned
in [28], the up-down chirp waveforms are proposed with two
orthogonal waveforms and it is extended to four waveforms
in [29], named as chirp modulation diversity waveforms. In
[30] and [31], the nonlinear frequency modulation wave-
forms with a continuous piecewise linear instantaneous
frequency are designed for MIMO SAR to reduce the
transmitting power requirement. Since the conditions of
ideal orthogonal waveform is extremely rigorous, short-
term shift-orthogonal waveform is proposed in [24]

In this article, a novel sub-band FDA is introduced to
realize HRWS SAR imaging where the transmit array is
uniformly divided into several subarrays. There is a small
frequency increment between the signals transmitted by dif-
ferent elements in the same subarray, and thus, the transmit
steering vector per subarray is range-dependent. By per-
forming transmit beamforming, the echoes from different
range regions are separated and then unambiguous echoes
of wide swath can be obtained. High range resolution means
a signal with large bandwidth, which requires a long pulse
duration and a high chirp rate. In practice, it is challenging to
achieve long time width and high chirp rate simultaneously.
To address that, the wideband signal is divided into several
narrow band signals by different subarrays. To compensate
the phase difference between the echoes emitted by different
subarrays, a phase compensation technique is proposed,
and then wideband signals are reconstructed by splicing
the spectra of the signals corresponding to all subarrays.
Finally, the HRWS imaging can be achieved by performing
the traditional SAR imaging algorithm. Compared with the
conventional FDA, the sub-band FDA has higher degrees
of freedom, which are utilized to increase the resolution.

The rest of this article is organized as follows. In Sec-
tion II, the signal model of sub-band frequency diverse
SAR system is presented, followed by an HRWS imaging
approach in Section III. In Section IV, some simulation

Fig. 1. SAR geometry.

Fig. 2. Configuration of the sub-band frequency diverse array.

results are provided to verify the effectiveness of the pro-
posed method. Finally, Section V concludes this article.

II. SIGNAL MODEL

Without loss of generality, we consider a side-looking
SAR geometry, as shown in Fig. 1, where the radar illumi-
nates the observed scene with a wide beam. The velocity of
platform is v, and the maximum unambiguous range is Ru.
Consider a MIMO radar system consisting of M-antennas
transmit uniform linear array (ULA) and N-antennas receive
ULA, where the distance between transmit antennas is dt

and distance between receive antennas is dr. The transmit
array is divided into Q regular subarrays and there are K (K=
M/Q) antennas in each subarray. Note that kth antenna in qth
subarray is corresponding to [K(q-1)+k]th transmit antenna.
The signals are radiated with a small frequency increment
�fK between adjacent elements within one subarray and a
frequency increment �fQ between adjacent subarrays, as
shown in Fig 2. �fQ is slightly less than or equal to the
signal bandwidth B0, which makes the signals transmitted
by different subarrays occupy different frequency bands.

Taking the first transmit antenna as the reference ele-
ment, the carrier frequency at kth element of qth subarray
is

fk,q = f0 + � fm = f0 + (q − 1)� fQ + (k − 1)� fK (1)

where f0 is the carrier frequency of the first transmit antenna,
and �fm is the frequency increment of mth (m = K(q-1)+k)
transmit element.
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The signal emitted by kth antenna at qth subarray is

sk,q(tr, ta) = rect

(
tr
Tp

)
ϕk (tr ) exp

(
j2π fk,qt

)
(2)

where rect ( tr
Tp

) =
{

1, |tr| ≤ Tp

2

0, |tr| ≥ Tp

2

represents rectangular

range window, tr�(0,Tr), ta, and t (t = tr + ta) are the fast
time, slow time, and full time, respectively, Tp and Tr denote
the pulse duration and the pulse repetition time, respectively,
ϕk (tr) is the waveform corresponding to kth antenna of all
subarrays. Assume that the waveforms transmitted by the
same subarray satisfy the orthogonality condition, i.e.,∫

Tp

ϕk (tr )ϕ∗
k′ (tr − τ )dtr = 0, ∀τ, k �= k′. (3)

The ideal orthogonal waveforms do not exist in practice.
Usually, the waveforms are designed to make the cross
correlation among them for arbitrary shift approach zero
as much as possible in the time domain

The range ambiguity occurs when the swath Ws is wider
than Ru and the azimuth ambiguity occurs when the Doppler
bandwidth is larger than PRF. In this article, we mainly focus
on the range ambiguity resolution issue and we assume
the Doppler ambiguity is avoided with a high PRF. Define
the range ambiguity number as P = [ Ws/Ru], where [�]
denotes ceiling function. There is a far-field point target
on the ground in the pth (p�(1,P), p�N+) range region
of the imaging scene. After down-conversion, the received
baseband signal of the nth receive element is written as

sn(tr, ta) =
M∑

m=1

rect

[
tr − τmn (ta)

Tp

]
ϕk {tr − τmn (ta)}

× exp {− j2π f0τmn (ta)}
× exp

{
j2π

(
(q − 1)� fQ + (k − 1)� fK

)
× (tr − τmn(ta))} (4)

where τmn(ta) is the round-trip time delay of the signal
emitted by the mth (m = K(q-1)+k) transmit element and
received by the nth receive element. It is defined as

τmn (ta) = 2R(ta) − (n − 1)dr sin θ − (m − 1)dt sin θ

c
(5)

in which R(ta) is the round-trip slant range between the
reference element and the target.

Since the signals emitted by each subarray occupy
different frequency bands in the frequency domain, the
matched filtering is carried out on the mth (m = K(q-1)+k)
transmit channel, namely

Hm
(

fr
)=rect

[
fr −(q−1)� fQ − (k − 1)� fK

B0

]
S∗

k,q

(
fr
)

(6)
where Sk,q(fr) denotes the Fourier transform of sk,q(tr,ta).

As shown in Fig. 3, in range-frequency domain, the
received signal from mth matched filter of the nth receive
antenna is modeled as

S̃mn
(

fr, ta
) = Hm

(
fr
)

Sn
(

fr, ta
)

Fig. 3. Signal processing at the receiver with matched filters.

= rect

{
fr−� fm

μTp

}
ϕk

(
fr −� fm

)
ϕ∗

k

(
fr −� fm

)
× exp

(− j2π f0τmn
) × exp

(− j2π frτmn
)
.

(7)

In order to guarantee the spectra of signals from the same
subarray with same frequency band, the signal spectrum
corresponding to kth element in qth subarray should be
shifted by (k-1)�fK. After the spectrum shift operation, we
obtain

S̃mn( fr, ta) =rect

{
fr − (q − 1)� fQ

μTp

}
exp

(− j2π f0τmn
)

× ϕk
{

fr −(q−1)� fQ
}
ϕ∗

k

{
fr −(q−1)� fQ

}
× exp

(−j2π frτmn
)

exp {−j2π (k−1)� fKτmn}
(8)

where μ is the chirp rate of the signal. Taking the range
IFFT operation, (8) is written by

s̃mn(tr, ta) = pr {B0 (tr − τmn)} exp
(− j2π f0τmn

)
× exp {− j2π (k − 1) � fKτmn}
× exp

{
j2π (tr − τmn) (q − 1)� fQ

}
(9)

where pr(�) represents the output of matched filter for trans-
mitted waveform. In this article, we follow the commonly-
used setting in SAR system, i.e., far-field and spatial nar-
rowband assumption. Inspired by that, the echo envelope
variation between array elements can be ignorable for a
single pulse. Hence, (9) is approximated by

s̃mn(tr, ta) ≈ pr

{
B0

(
tr − 2R(ta)

c

)}
exp

{
− j4π f0

R(ta)

c

}
× exp

{
j2πtr (q − 1)� fQ

}
× exp

{
− j4π

(
q − 1

)
� fQ

R(ta)

c

}

× exp

{
j2π f0

K
(
q − 1

)
dt sin θ

c

}

× exp

{
− j4π (k − 1) � fK

R(ta)

c

}

× exp

{
j2π f0

(k − 1)dt sin θ

c

}

× exp

{
j2π f0

(n − 1)dr sin θ

c

}

× exp
{

j2π
[
(q − 1)� fQ + (k − 1)� fK

]
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× (m − 1)dt sin θ

c

}

× exp
{

j2π
[(

q − 1
)
� fQ + (k − 1) � fK

]
× (n − 1)dr sin θ

c

}
. (10)

Since f0>>(K-1)�fK+(Q-1)�fQ, (10) can be further
approximated to

s̃mn(tr, ta) ≈ pr

{
B0

(
tr − 2R(ta)

c

)}
exp

{
− j4π f0

R(ta)

c

}
× exp

{
j2πtr (q − 1)� fQ

}
× exp

{
− j4π

(
q − 1

)
� fQ

R(ta)

c

}

× exp

{
j2π f0

K
(
q − 1

)
dt sin θ

c

}

× exp

{
− j4π (k − 1) � fK

R(ta)

c

}

× exp

{
j2π f0

(k − 1)dt sin θ

c

}

× exp

{
j2π f0

(n − 1)dr sin θ

c

}
. (11)

To summarize, the output signal from the nth receive
channel is vectorized as

s̃n = η
[
bQ (θ, R, tr ) ⊗ bK (θ, R)

] × e j2π f0
(n−1)dr sin θ

c (12)

where s̃n�C
KQ×1 is a snapshot vector corresponding to nth

receive channel, ⊗ denotes the Kronecker product opera-
tion, η denotes the complex amplitude of the target echo,
bQ(θ ,R,tr)�C

Q×1 and bK(θ ,R)�C
K×1are the transmit vec-

tors between subarrays and within subarray, respectively,
given by

bQ (θ, R, tr ) =

⎡
⎢⎢⎢⎢⎣

1

e
j2π

(
tr� fQ−2� fQ

R
c + f0

Kdt sin θ

c

)
...

e
j2π (Q−1)

(
tr� fQ−2� fQ

R
c + f0

Kdt sin θ

c

)

⎤
⎥⎥⎥⎥⎦ (13)

and

bK (θ, R) =

⎡
⎢⎢⎢⎢⎣

1

e
j2π

(
f0

dt sin θ

c −2� fK
R
c

)
...

e
j2π (K−1)

(
f0

dt sin θ

c −2� fK
R
c

)

⎤
⎥⎥⎥⎥⎦ . (14)

From (13), we observe that the transmit steering vector
between subarrays is dependent on range, angle, and time.
It can be written as

bQ (θ, R, tr ) = dQ (θ ) 
 rQ (tr, R) (15)

where � denotes the Hadamard product. dQ(θ) and rQ(tr,R)
are the angle and range-time transmit steering vector, re-
spectively, between subarrays

dQ (θ ) =
[

1 e j2π f0
Kdt sin θ

c · · · e j2π (Q−1) f0
Kdt sin θ

c

]T
(16)

and

rQ (tr, R)=[
1 e j2π(tr� fQ−2� fQ

R
c ) · · · e j2π(Q−1)(tr� fQ−2� fQ

R
c )

]T
.

(17)
Due to the range-time vector rQ(tr,R), the signals corre-

sponding to different subarrays occupy different sub-bands,
which is the foundation for synthesizing these signals to
acquire a large bandwidth.

From (14), the transmit vector within subarray is depen-
dent on range and angle, which can be written as

bK (θ, R) = dK (θ ) 
 rK (R) (18)

where dK(θ) and rK(R) are the angle and range transmit
vectors within subarray, respectively, and they are

dK (θ ) =
[

1 e j2π f0
dt sin θ

c · · · e j2π (K−1) f0
dt sin θ

c

]T
(19)

and

rK (R) = [
1 e− j4π� fK

R
c · · · e− j4π (K−1)� fK

R
c

]T
. (20)

Utilizing the range and angle dependence of the transmit
steering vector within subarray, it is capable of forming
range-dependent transmit beampattern within subarray to
separate ambiguous echoes.

Stacking the output vectors from all N receive channels,
we obtain the snapshot of the echo as

s̃ = [
s̃T

1 s̃T
2 · · · s̃T

N

]T

= ηa (θ ) ⊗ [
bQ (θ, R, tr ) ⊗ bK (θ, R)

]
(21)

where s̃�C
NKQ×1is the snapshot vector and a(θ)�C

N×1 is
the receive vector, namely

a (θ ) =
[

1 e j2π f0
dr sin θ

c · · · e j2π f0
(N−1)dr sin θ

c

]T
. (22)

To achieve signal gain of the full aperture, receive beam-
forming is first performed on the echo signal after matched
filtering. Thus, the output signal of receive beamformer is
expressed as

�

s = [
a (θ0) ⊗ (

IQ ⊗ IK
)]H

s̃

= ξbQ (θ, R) ⊗ bK (θ, R)

= [
�

sT
1

�

sT
2 · · · �

sT
Q

]T
(23)

where ξ is the complex amplitude,
�

s�C
KQ×1 is the snap-

shot vector after receive beamforming, IQ�C
Q×Q and

IK�C
K×K are the unit matrices, and

�

sq�C
K×1 is the snap-

shot vector of qth subarray, which can be written as
�

sq = ζqgq (θ, R) . (24)

Herein, ζ q and gq(θ ,R)�C
K×1denote the complex am-

plitude and the transmit steering vector corresponding to
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qth subarray, respectively. They can be expressed as

ζq =ξ pr

(
tr + (

p − 1
)

Tr − 2R(ta)

c

)
exp

{
− j4π f0

R(ta)

c

}

× exp

{
j2π

(
tr − 2R(ta)

c

)
(q − 1)� fQ

}
(25)

and

gq (θ, R) = dq(θ )bK (θ, R)

= exp

{
j2π f0

K (q − 1)d sin θ

c

}

×

⎡
⎢⎢⎢⎣

1
e− j4π� fK

R
c + j2π f0

d sin θ
c

...
e− j4π (K−1)� fK

R
c + j2π (K−1) f0

d sin θ
c

⎤
⎥⎥⎥⎦ . (26)

III. HIGH-RESOLUTION AND WIDE-SWATH SAR
IMAGING

In this section, a HRWS imaging method is proposed,
where a range ambiguity suppression approach based on un-
ambiguous signal reconstruction for FDA [19] is presented
in subarray level.

It can be seen from (26) that the transmit steering
vector within subarray is range-dependent. Therefore, the
signals of desired range region are required to extract via
transmit beamforming in spatial frequency domain. Define
the transmit spatial frequency as

fT = −2� fK
R

c
+ f0

d sin θ

c
. (27)

Let l as the index of range bin, and thus, the slant range
of the scatter in the lth range bin of the pth range region is

R = Rl + (p − 1)Ru (28)

where Rl denotes the closest slant range of the lth range bin
in the first range region. Using (28), (27) is rewritten as

fT = −2� fK
Rl

c
− 2� fK

(
p − 1

)
Ru

c
+ f0

d sin θ

c
. (29)

In order to make the spatial frequency of targets in
different range regions do not overlap, the first term in (29)
varying with different range bins, should be compensated.
Hence, the range dependence compensation function is
constructed as

hl =
[

1 e j4π� fK
Rl
c . . . e j4π� fK

(k−1)Rl
c

]T
. (30)

Applying the compensation steering vector to the trans-
mit steering vector, we have

ĝH
q

(
θ, (p − 1)Ru

) = gH
q (θ, R) 
 hl

=e j2π f0
K (q−1)d sin θ

c ×

⎡
⎢⎢⎢⎣

1

e− j4π� fK
(p−1)Ru

c + j2π f0
d sin θ

c

...
e− j4π (K−1)� fK

(p−1)Ru
c + j2π (K−1) f0

d sin θ
c

⎤
⎥⎥⎥⎦ .

(31)

The echoes after compensation can be expressed as

ŝq =
∑

i

ξq,iĝq(θi, (pi − 1)Ru) (32)

where i is the index of target number.
To separate the ambiguous echoes per range region,

a series of weight vectors are constructed to enhance the
signal power of desired range region and to suppress the am-
biguous signals from the rest range regions. The constraint
condition for designing this weight vector is summarized as{

min
wq,p

wH
q,pRq,−pwq,p

wq,pĝq(θ0, (p − 1)Ru) = 1
, p = 1, 2, · · · P (33)

where wq,p is the weight vector of the qth subarray for the
pth range region, p is the index of the desired range region,
and Rq,-p is the covariance matrix of the echo corresponding
to qth subarray without the desired range region and it can
be expressed as

Rq,−p =
P∑

s=1,s �=p

σ 2
s ĝq(θ0, (s − 1)Ru)ĝH

q (θ0, (s − 1)Ru).

(34)
By solving the constraint condition in (33), we can get

the weight vector as

wq,p = R−1
q,−pĝq(θ0, (p − 1)Ru)

ĝH
q (θ0, (p − 1)Ru)R−1

q,−pĝq(θ0, (p − 1)Ru)
. (35)

Applying the transmit weight vector wq,p to the signal
corresponding to qth subarray, the signal from pth range
region corresponding to qth subarray is expressed as

s̄q,p = wH
q,pŝq. (36)

Performing the transmit beamforming on all range re-
gions and all subarrays, a P × Q complex matrix that
contains the resolved unambiguous echoes of full swath
can be obtained as

S̄ = [
S̄1 S̄2 . . . S̄Q

]
(37)

where S̄q�C
P×1 denotes the complex matrix corresponding

to qth subarray of full swath and is written as

S̄q = [
s̄q,1 s̄q,2 . . . s̄q,P

]T
. (38)

Transforming s̄q,p in (36) into the range-frequency do-
main, we get

S̄q,p( fr, ta) = rect

[
fr − (q − 1)� fQ

B0

]
W

(
fr
)

× exp
{− j2π (q − 1)(p − 1)� fQTr

}
× exp

(
− j2π f0

2R(ta)

c

)
(39)

in which

W
(

fr
) = ϕ

{
fr − (q − 1)� fQ

}
ϕ∗ {

fr − (q − 1)� fQ
}

× exp

{
− j2π fr (

2R(ta)

c
− (p − 1)Tr )

}
. (40)
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Then, a spectrum splicing method is proposed to achieve
high-resolution SAR imaging. The wideband signal can
be obtained by combining the signals corresponding to
all subarrays. The bandwidth of the combined wideband
signals is B = B0+(Q-1) �fQ. Before spectrum splicing,
the redundant phase caused by the frequency increment
�fQ between subarrays should be compensated. The phase
compensation function is expressed as

h̄q,p = exp
{

j2π� fQ(q − 1)(p − 1)Tr
}
. (41)

Applying (41) to (39), we have

S̄com−q,p( fr, ta) = rect

[
fr − (q − 1)� fQ

B0

]
W

(
fr
)

× exp

(
− j2π f0

2R(ta)

c

)
(42)

Case I: � fQ = B0.

In this case, the frequency sub-bands of signals cor-
responding to qth subarrays are adjacent to the ones cor-
responding to (q+1)th subarray in the range frequency
domain. After spectrum splicing, the signal bandwidth be-
comes Q times of the original one

S̄wide−p( fr, ta) =
Q∑

q=1

S̄q,p( fr, ta)

= rect

[
fr

QB0

]
W (fr ) exp

(
−j2π f0

2R(ta )

c

)
(43)

Case II: � fQ < B0.

In this case, the spectra of signals corresponding to
adjacent subarrays are overlapped, where the spectra from
qth and (q+1)th subarrays are overlapped at [q�fQ, B0+(q-
1)�fQ] in the range frequency domain. Thus, the wideband
signal corresponding to pth range region can be synthesized
by

S̄wide−p( fr, ta) =
Q∑

q=1

S̄q,p( fr, ta) − 1

2

Q∑
q=1

× rect

[
fr − q� fQ

B0 − � fQ

]
S̄q,p( fr, ta)

= rect

[
fr

B0 + (Q − 1) � fQ

]
W

(
fr
)

× exp

(
− j2π f0

2R(ta)

c

)
. (44)

As shown in Fig. 4, the procedure of the proposed
method is summarized. The received signals are processed
by matched filters in range frequency domain to recover the
DOFs of transmitter. To guarantee the signals from same
transmit subarray with same frequency band in the range-
frequency domain, their spectra are shifted. After spectrum
shifting, receive beamforming is performed on the signals

Fig. 4. Procedure of HRWS SAR imaging.

to acquire the full-aperture gain. Next, the ambiguous sig-
nals can be separated by range-dependent compensation
and transmit beamforming procedures. Subsequently, the
wideband signals are obtained by phase compensation and
spectrum splicing. Finally, the HRWS imaging results of
full swath can be obtained by performing traditional SAR
imaging algorithm.

The proposed method enhances the capability of high-
resolution imaging in the HRWS system, while increases the
complexity of the HWRS system. To alleviate this issue,
we have the following points. First, the range ambigu-
ity resolution procedure is realized by equivalent transmit
beamforming which is applied after receive the echo and
multiple waveforms separation. This equivalent transmit
beamforming procedure can be realized using online DBF
technique, resulting in separated echoes corresponding to
different range regions. Second, the receive degrees of
freedom is still preserved, which can be otherwise used
for other purpose, such moving target indication, parameter
estimation, et al. Thus, the receive channel number can be
designed accordingly. In this article, the receive channel
number N can be set as one, which has no influence on range
ambiguity resolution and multiband spectrum splicing. In

ZHANG ET AL.: HIGH-RESOLUTION AND WIDE-SWATH SAR IMAGING WITH SUB-BAND FREQUENCY DIVERSE ARRAY 177

Authorized licensed use limited to: SOUTH CHINA UNIVERSITY OF TECHNOLOGY. Downloaded on February 10,2023 at 08:50:56 UTC from IEEE Xplore.  Restrictions apply. 



Fig. 5. Time-frequency illustrations of OFDM chirp modulation
waveforms.

other words, the proposed HRWS imaging method is still
feasible with only one receive channel.

IV. SIMULATION

A. Imaging Simulations on Point Target

In this part, a ULA with 12 transmit and receive elements
is considered, where the transmit array is divided into 3
regular subarrays. The carrier frequencies of transmitted
signals are f0, f0 + �fK, f0 + 2�fK, f0 + 3�fK, f0 +
�fQ, f0 + �fQ + �fK, f0 + �fQ + 2�fK, f0 + �fQ +
3�fK, f0 + 2�fQ, f0 + 2�fQ + �fK, f0 + 2�fQ + 2�fK,
and f0 + 2�fQ + 3�fK, respectively. Chirp modulation
diversity waveform is applied for the following simulation,
as shown in Fig. 5. To evaluate the imaging performance of
the proposed framework, three range regions, including nine
targets each range region in mainbeam are considered. The
sample numbers in range and azimuth are 4800 and 2000,
respectively. Thus, the scene centers of all range regions are
corresponding to the 2400th sample numbers in range and
1000th sample numbers in azimuth. The point targets of the
first, second, and third range regions are distributed within
±150, ±600, and ±300 range bins from the centers. Table I
lists the key used parameters of the proposed SAR imaging
system.

After matched filtering, the signals corresponding to
different transmit arrays can be separated. Fig. 6(a) shows
the signal received by the first array and transmitted by the
first antenna in the first subarray. It is observed that the
echoes from all range regions are mixed due to the range
ambiguity. By performing transmit beamforming with the
beamformer designed for the first range region, the echoes
of the first range region can be extracted from the range
ambiguous echoes, as shown in Fig. 6(b). It can be seen
that the range ambiguous energies of the second and third
range regions have been well suppressed. Similarly, with
the beamformers designed for the second and third range

TABLE I
System Parameters

Fig. 6. Signal after range compensation. (a) Original signal. (b) Signal
from first range region after transmit beamforming. (c) Signal from

second range region after transmit beamforming. (d) Signal from third
range region after transmit beamforming.

regions, the echoes of the second and third range regions
can be abstracted in Fig. 6(c) and (d), respectively.

In Fig. 7, the spectra of the echoes per subarray from the
first range region in range-frequency domain are plotted,
where Fig. 7(a)–(c) display the signal spectra of 1000th
pulse with respect to first, second, and third subarrays,
respectively. The wideband signal of 202 MHZ is obtained
by phase compensation and spectrum splicing, seen from
Fig. 7(d).

To demonstrate the HWRS imaging performance of the
proposed scheme, we have conducted simulations on first,
second, and third, respectively, in Fig. 8. Additionally, Fig. 9
shows the range profile and azimuth profile in first range
region, where PSLRs (ISLRs) of the target in range and
azimuth profiles are−13.25 dB (−11.57 dB) and−19.48 dB
(−11.96 dB), respectively. Moreover, it is concluded that
the range resolution and azimuth resolution are 0.76 m and
2.03 m, while the theoretical resolution in range and azimuth
are 0.74 m and 2 m, respectively.
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Fig. 7. Echoes from first range region of 1000th pulse in range
frequency domain after transmit beamforming in subarray. (a) Spectrum
corresponding to first subarray. (b) Spectrum corresponding to second
subarray. (c) Spectrum corresponding to third subarray. (d) Spectrum

after splicing.

Fig. 8 HRWS Imaging results. (a) First range region. (b) Second range
region. (c) Third range region.

Fig. 9. Profile of the target in first range region. (a) Range profile.
(b) Azimuth profile.

B. Imaging Simulations on Distributed Targets

In Fig. 10, we implement experiments on two complex
scenes with distributed targets, where the sampling numbers
in range and angle domain are 4000 and 2000, respectively.
The distributed target consists of 90 000 scattering points,
namely, 300 range bins × 300 azimuth bins. The SAR
data used in this part is simulated by using the amplitude

Fig. 10. Distributed targets simulation of original scene. (a) First range
region. (b) Second range region.

TABLE II
System Parameters

information of the measured SAR image. Table II lists the
key parameters of the sub-band FDA system used in this
part.

Case I: Free of range ambiguity, Q = 3, K = 1, �fQ =
B0 = 45 MHz. By performing spectrum splicing,
three signals with the bandwidth of 45 MHz are
synthesized into a signal with the bandwidth of
135 MHz, and then high-resolution SAR imaging
can be obtained, as shown in Fig 11. Compared
with Fig. 10(a), it is shown the proposed method
can achieve high range resolution imaging by spec-
trum splicing. Fig 11(a) and (b) shows the imag-
ing results with the imperfect orthogonal waveform
and ideal orthogonal waveform, respectively. In this
article, the ideal orthogonal waveform refers to
the waveforms whose cross-correlation energy are
completely zero. Imperfect orthogonal waveform
refers to the orthogonal waveform in actual, i.e.,
the cross-correlation energy is not zero. In the sim-
ulation, the echoes of ideal orthogonal waveform
corresponding to each transmit channel is simulated
separately, while the echoes of imperfect waveform
corresponding to each transmitting channel is sep-
arated by matched filtering. It is concluded that the
imaging result of imperfect orthogonal waveform is
almost the same as that of the ideal one. Fig. 11(c)
shows the range profiles of 1000th azimuth bin with
different signals. The distributed targets locate in
the area from 1850th to 2150th range bin, where
three lines almost overlap together in Fig. 11(c). This
is because three imperfect orthogonal waveforms
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Fig. 11. Waveform comparison of high-resolution SAR imaging by
spectrum splicing. (a) SAR imaging results by spectrum splicing using
imperfect orthogonal waveform. (b) SAR imaging results by spectrum
splicing using ideal orthogonal waveform. (c) Range profile of 1000th
azimuth bin (red line: the imaging result with a signal of 135 MHz by

traditional single channel method, blue line: the imaging result with three
ideal orthogonal signals of 45 MHz by proposed method, green line: the

imaging result with three imperfect orthogonal signals of 45 MHz by
proposed method).

Fig. 12. Imaging results of different range regions with traditional
method. (a) First range region. (b) Second range region.

occupy different frequency bands, and the resulting
cross-correlation energy is quite low. Moreover, the
imaging results of imperfect orthogonal waveform
are similar with the ideal orthogonal waveform.

Case II: With range ambiguity, Q = 3, K = 4, �fQ = B0

= 45 MHz, �fK = 1MHz. Fig. 12(a) and (b) presents
the imaging results of the first and second range
regions, respectively, by traditional SAR imaging al-
gorithm without range ambiguity resolution. We can
see that some real scenes are covered by the range
ambiguous energy. Fig. 13(a)–(d) shows the HRWS
imaging results of the whole scene by the proposed
method with ideal and imperfect orthogonal wave-
forms, respectively. From Fig. 13, we can observe
that the ambiguous energy has been suppressed by
transmit beamforming. Compared Fig. 13(a), (b)
with Fig. 13(c), (d), we see that the cross-correlation

Fig. 13. HRWS imaging results of different range regions with
proposed method. (a) Imaging result of first range region using ideal

orthogonal waveform. (b) Imaging result of second range region using
ideal orthogonal waveform. (c) Imaging result of first range region using

imperfect orthogonal waveform. (d) Imaging result of second range
region using imperfect orthogonal waveform.

Fig. 14. RASR as a function of the slant range for imaging two range
regions.

energy after matched filtering leads to the degrada-
tion of imaging quality.

The performance of the range ambiguity suppression
can be evaluated by the range ambiguity to signal ra-
tio (RASR), which is defined as the ratio of the range-
ambiguous signal power to the desired signal power [37].
Fig. 14 shows the RASR as a function of the slant range
when the proposed method is used for imaging different
range regions. We can observe that the RASR for the first
and second range region are under −17 dB, which indi-
cates the proposed method has good performance on range
ambiguity suppression.

Fig. 15 shows the HRWS imaging results of the first
and second range regions by the up-down chirp modulation
method [36] and FDA-SAR [19]. The up-down chirp mod-
ulation method utilizes the difference of echo sequences
in different range regions to separate the range ambiguity
echoes. However, the ambiguity energy of up-down chirp
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Fig. 15. HRWS imaging results of different range regions with
up-down chirp modulation [36] and FDA [19]. (a) Imaging result of first

range region with up-down chirp modulation. (b) Imaging result of
second range region with up-down chirp modulation. (c) Imaging result

of first range region with FDA. (d) Imaging result of second range region
with FDA.

Fig. 16. Range profile comparison of 1000th azimuth bin (red line: the
range profile of original scene, blue line: the range profile of imaging

results by proposed method with ideal orthogonal waveforms, green line:
the range profile of imaging results by proposed method with imperfect

orthogonal waveforms, black line: the range profile of imaging results by
up-down chirp modulation, yellow line: the range profile of imaging

results by FDA-SAR.) (a) First range region. (b) Second range region.

modulation method is not reduced, and it will be defocused
along the range. It can be seen in Fig. 15(a) and (b) that the
up-down chirp modulation methods suffer from the problem
of undesired energy diffusion in the range domain. The
FDA-SAR is capable of separating the range ambiguous
echoes by utilizing the degrees of freedom in the transmitter,
which also suffers from the problem of undesired energy
diffusion in the range domain.

The range profiles of 1000th azimuth bin in the first
and the second range regions are shown in Fig. 16(a) and
(b), respectively. The imaging result corresponding to the
proposed method with ideal orthogonal waveform is similar
to original scene, which demonstrates the effectiveness of
the proposed method on range ambiguous energy suppres-
sion. Under practical quasi-orthogonal waveform condition,
the proposed sub-band FDA has slight performance im-
provement over the conventional FDA and up-down chirp
modulation methods.

V. CONCLUSION

In this article, a novel sub-band FDA framework is
studied for HRWS SAR imaging, to realize wide unam-
biguous swath coverage and superhigh resolution imaging.
By exploiting the frequency increment within subarrays,
our work enables to separate the range ambiguous echoes
in spatial frequency domain. With spectrum shifting and
transmit beamforming procedures, the ambiguous echoes
are resolved into several unambiguous parts. On the basis
of the proposed phase compensation and spectrum splicing
methods, the signal with wide bandwidth can be obtained.
Finally, we can achieve the HRWS SAR imaging by apply-
ing the traditional imaging approach on the reconstructed
signals. The simulation results have verified the effective-
ness of the proposed method. In addition, the imaging
performance of the proposed method is degraded by the
cross-correlation energy of nonideal orthogonal waveforms
within each subarray. Thus, with imperfect orthogonal
waveforms, the improvement for the proposed technique
compared to other techniques is very limited. As a future
work, we will explore the design of orthogonal waveform
with overlapping spectra and moving target indication on
this system.
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