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Abstract—A new multiple-input multiple-output (MIMO) syn-
thetic aperture radar (SAR) configuration using multiple contigu-
ous azimuth beams is proposed to map wider image swaths with
higher cross-range resolution as compared with the conventional
MIMO-SAR. The proposed configuration is independent of the
orthogonal waveforms used for transmission and it allows the use
of all the phase centers including the overlapping ones to reduce the
minimum operating pulse repetition frequency that should be satis-
fied to avoid aliasing in the azimuth dimension unlike the case of the
conventional MIMO-SAR in which only the nonoverlapped phase
centers and one of each overlapped phase centers are utilized. This
is the result of employing multiple contiguous azimuth beams which
makes the echoes, whose effective phase centers are overlapped,
occupy different Doppler bandwidths. Each transmitted waveform
consists of a sequence of subpulses such that each subpulse is a
conventional linear frequency modulated waveform. Echoes corre-
sponding to different phase centers at a given receiver are separated
using digital beamforming on receive in elevation. The estimated
range profile is free from interrange cell interference as frequency
domain system identification-based estimation algorithm is used
to identify the impulse response in the range dimension. Finally,
both simulated and constructed raw data are used to validate the
efficiency of the proposed algorithm.

Index Terms—Multiple-input multiple-output (MIMO), system
identification, SAR.

I. INTRODUCTION

THE possibility of imaging a high-resolution wide-swath
scene using multiple-input multiple-output (MIMO) syn-

thetic aperture radar (SAR) has been first addressed in [1] where
the contradicting requirements of having the desired swath width
and high cross-range resolution in conventional single-input
single-output (SISO) SAR are mitigated [2]– [4]. MIMO SAR
has more effective phase centers as compared with the conven-
tional multichannel SAR due to the use of multiple transmitter
along with multiple receiving channels, so further improvements
can be achieved. MIMO-SAR can be categorized based on the
operation schemes [5] into beam-space MIMO-SAR, multiple
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subband MIMO-SAR, and orthogonal encoding MIMO-SAR
which is the one considered in this article.

Beam-space MIMO-SAR [6] is used to obtain high resolution
ultrawide swath imaging by illuminating different subswaths
by different subapertures in azimuth. The main disadvantage of
this mode is the high complexity of the implementation. The
waveforms in multiple subband MIMO-SAR occupy different
subbands and are emitted at the same time using different carrier
frequencies [7]– [9]. The use of subbands increases the trans-
mitted bandwidth significantly and the narrowband assumption
is relaxed to the individual transmitted subband. interrange cell
interference (IRCI)-free multiple subband MIMO-SAR is pro-
posed in [7] where multiple narrow receiving beams with multi-
ple phase centers are used. This configuration has an advantage
that the echoes corresponding to different transmitted subband
waveforms are processed simultaneously at the receiver without
a need to separate them. This allows to utilize the bandwidth at
the maximum efficiency. The main objective of using this mode
is to improve the range resolution.

Orthogonal encoding MIMO-SAR should ideally emits multi-
ple waveforms such that they are mutually orthogonal regardless
of the time delays and Doppler shifts [10]. This is possible
if the waveforms are transmitted with different times and/or
different carrier frequencies which is undesirable [11], [10]. A
variety of waveforms are proposed in the literature to address
the orthogonality challenge in MIMO-SAR waveforms [12]–
[16]. Time-division multiple access waveforms provide a per-
fect orthogonality but at the expense of a significant loss of
the transmit power. In addition, frequency-division multiple
access waveforms emit each waveform at different carrier fre-
quency which limits the range resolution to the bandwidth of
a single transmitting waveform. Code-division multiple access
waveforms can be used but, unfortunately, good autocorrelation
and cross-correlation properties cannot be obtained in a single
sequence. A class of cyclic prefix based orthogonal frequency
division multiplexing waveforms, which is free from IRCI, is
proposed in [17] but this kind of waveforms does not fully utilize
the transmitted energy as the cyclic prefix is removed at the
receiver. In addition, the pulsewidth length is restricted to be at
least the same as the channel length to be estimated which is
impractical in some applications (i.e., stripmap SAR).

Short-term shift orthogonal waveforms (STSOW) are pro-
posed in [18] in which digital beamforming (DBF) on receive
in elevation is employed to separate echoes corresponding to
different transmitted waveforms. A class of linear frequency
modulated (LFM)-based MIMO waveforms along with DBF in
elevation is proposed in [19] in which shifted copies of chirp
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Fig. 1. MIMO-SAR configuration. The wide transmit beams are synthesized
from the narrow beams as described in Fig. 2. Each receiver consists of Nel
elevation channels.

waveforms that share the same carrier frequency and cover the
same bandwidth are used. Echoes due to different transmitted
waveforms are separated at the receiver using DBF on receive
in elevation and null-steering technique. According to the lit-
erature [10], the minimum pulse repetition frequency (PRF) in
MIMO SAR should satisfy the inequality PRF ≥ Bd/Kp where
Bd denotes the Doppler bandwidth and Kp is the number of
independent phase centers which is, for the case that the same
antenna arrays are used for transmission and reception, equal to
M +N − 1 where M and N denote the number of transmitters
and receivers, respectively.

In this article, we propose a new MIMO SAR configura-
tion shown in Fig. 1, which is independent of the orthogonal
waveforms used for transmission, in which multiple contiguous
receiving subbeams with different phase centers and squint
angles are generated in the azimuth direction and the wide beams
of the transmitters are synthesized from the narrow beams as
shown in Fig. 2. Without loss of generality, LFM-based MIMO
waveforms [19] will be used in which each of the waveforms
used for transmission is a sequence of subpulses consisting of
conventional LFM waveforms. Echoes corresponding to differ-
ent effective phase centers (i.e., transmitters) at the receiver are
separated using DBF on receive in elevation and null-steering
technique. This is possible because echoes corresponding to
different transmitted subpulses (i.e., effective phase centers)
arrive at each instant of time from different elevation angles.
The main advantage of the proposed configuration over the
conventional MIMO-SAR is that all of the effective phase
centers are utilized (i.e., even the overlapping ones). In other
words, the number of independent effective phase centers in the
proposed configuration is (M ×N). This is the result of em-
ploying multiple contiguous beams, which makes the echoes at
the overlapping effective phase centers occupy different Doppler
bandwidths. Therefore, the minimum PRF in the proposed con-
figuration should satisfy the inequality PRF ≥ Bd/(M ×N)
which provides the opportunity to map wider image swaths with
higher cross-range resolution as compared with the conventional
MIMO SAR.

In addition, a frequency-domain system identification (FDSI)-
based algorithm, which is free from IRCI, is used to estimate the
channel impulse response in the range dimension which replaces
the conventional matched filter (MF) after formulating the re-
ceived signals as system identification problems. Finally, initial
results of the proposed configuration were reported in [20].

Notations. (.)T and (.)H denote the transpose operator and
hermitian operator, respectively. Matrices are denoted by upper
case bold letters (e.g., A) while scalars and vectors are denoted
by upper\lower case letters (e.g., a and A) and bold lower case
letters (e.g. a), respectively. C represents the field of complex
numbers. In addition, diag(a) denotes a matrix with vector a as
main diagonal.

II. MIMO-SAR SYSTEM MODEL

It is assumed in the derivation of the received signal model
that the MIMO-SAR system hasM transmit antennas,N receive
antennas and Nel elevation channels. The received signal at the
ith elevation channel in the nth receiving azimuth aperture in
the baseband, under the assumption that MIMO-SAR system is
narrowband, can be expressed as the following:

yn,i(t, η) =

M∑
m=1

L−1∑
l=0

(
σle

−j2πFcτl,mn(η)ai(φl)

x(t− τl,mn(η)− | n−m | td)
)
+ wn,i(t) (1)

where,

ai(φl) = ej2πidel sin(φl)/λ, i = 0, 1, . . ., Nel − 1 (2)

τl,mn(η) =
Rl,m(η) +Rl,n(η)

c
(3)

x(t) is a known transmit waveform (i.e., LFM waveform),Nel is
the number of elevation channels, the fast time is denoted by t,
and η is the slow time. Fc denotes the carrier frequency, σl is the
radar cross-section (RCS) of the lth scattering point, td denotes
a delay between the transmitted subpulses, which includes the
beam switching time (tsw), del denotes the distance between the
elevation channels, φl is the elevation angle of the lth range cell,
λ denotes the wavelength, c is the speed of light,Rl,n denotes the
slant range between nth transmitter/receiver to the lth scattering
point, and wn,i(t) is additive white noise generated by the nth
receiver at the ith elevation channel. Rl,m(η) +Rl,n(η) can be
approximated as the following [7]:

Rl,m(η) +Rl,n(η) ≈ 2Rl,m

(
η − Δymn

2vp

)
θ=θn

+
Δy2mn

4Rl

(4)
where Δymn is the distance between the mth transmitter and
the nth receiver.

Consider the system configuration shown in Fig. 1 in which
M = N = 3. The timing diagram of the transmitting waveforms
is as shown in Fig. 2, which can be used to express the received
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Fig. 2. Wide transmission beams synthesis from narrow beams. (a) Beam directions order of Tx1. (b) Beam directions order of Tx2. (c) Beam directions order
of Tx3. (d) Transmitted pulse structure of a PRI transmitted by the mth Tx.

signals at the receivers as the following:

y1,i(t, η) =
L−1∑
l=0

σle
−j2πFcτl,11(η)ai(φl)x(t− τl,11(η))

+

L−1∑
l=0

σle
−j2πFcτl,21(η)ai(φl)x(t− τl,21(η)− 2td)

+

L−1∑
l=0

σle
−j2πFcτl,31(η)ai(φl)x(t− τl,31(η)− td) + w1,i(t)

(5)

y2,i(t, η) =

L−1∑
l=0

σle
−j2πFcτl,12(η)ai(φl)x(t− τl,12(η)− td)

+

L−1∑
l=0

σle
−j2πFcτl,22(η)ai(φl)x(t− τl,22(η))

+

L−1∑
l=0

σle
−j2πFcτl,32(η)ai(φl)x(t− τl,32(η)− 2td) + w2,i(t)

(6)

y3,i(t, η) =

L−1∑
l=0

σle
−j2πFcτl,13(η)ai(φl)x(t− τl,13(η)− td)

+

L−1∑
l=0

σle
−j2πFcτl,23(η)ai(φl)x(t− τl,23(η)− 2td)

+
L−1∑
l=0

σle
−j2πFcτl,33(η)ai(φl)x(t− τl,33(η)) + w3,i(t). (7)

The received signals in (5)–(7) can be expressed as the follow-
ing after being sampled in both range and azimuth dimensions
using the sampling frequencies fs = 1/Ts and fp = PRF, re-
spectively. It should be noted that the signal is sampled in the

range dimension starting from the near range to the far range.

z1,i[nt, na] =

L−1∑
l=0

(h11,i[l, na] + h21,i,2d[l, na] + +h31,i,d[l, na])︸ ︷︷ ︸
h1,i[l,na]

x[nt − l]

+ w1,i[nt] (8)

z2,i[nt, na] =

L−1∑
l=0

(h12,i,d[l, na] + h22,i[l, na] + h32,i,2d[l, na])︸ ︷︷ ︸
h2,i[l,na]

x[nt − l]

+ w2,i[nt] (9)

z3,i[nt, na] =

L−1∑
l=0

(h13,i,d[l, na] + h23,i,2d[l, na] + h33,i[l, na])︸ ︷︷ ︸
h3,i[l,na]

x[nt − l]

+ w3,i[nt] (10)

where,

hmn,i[l, na] = σle
−j2πFcτl,mn(na)︸ ︷︷ ︸

hmn[l,na]

ai(φl) (11)

hmn,i,αd[l, na] = hmn,i[l − αld, na] (12)

ld = td/Ts, nt and na denote the range and azimuth time
indices, respectively.

III. AZIMUTH AMBIGUITY REMOVAL AND IMAGE FORMATION

The received signals are aliased in the azimuth dimension
because the azimuth sampling frequency is PRF = Bd/(MN)
which is lower than the Doppler bandwidth Bd. It should be
borne in mind that the Doppler bandwidth of each of the received
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Fig. 3. Locations of the effective phase centers at different receivers. Each
group of the phase centers occupies a portion of the total Doppler bandwidth
which makes the overlapping phase centers independent (i.e., carries different
information).

Fig. 4. Spectral distribution of the echo signal in each receiving beam in the
proposed MIMO-SAR configuration. fdc,n denotes the Doppler centroid of the
echo signal in the nth receiver.

signals expressed in (8)–(10) is Bd/N which corresponds to the
receiving beamwidth.

The aliased Doppler spectrum of the signal received at a
given receiver can be perfectly reconstructed if there are M
independent representations of the aliased signal as stated in
the multiaperture reconstruction algorithm [1]. In our proposed
configuration, theM = 3 independent representations of the im-
pulse response measured from the first receiver are h11,i, h21,i,
and h31,i which can be used to reconstruct the aliased Doppler
spectrum that corresponds to the first receiving beamwidth.
Similarly, theM = 3 independent representations of the impulse
response measured from the second and third receivers can
be obtained to reconstruct the Doppler spectra of the impulse
responses measured from the second and third receivers, re-
spectively. The location of the phase centers that corresponds to
different Doppler bandwidth is illustrated in Fig. 3. The phase
centers overlapped spatially, in the proposed MIMO-SAR con-
figuration, are independent (i.e., carries different information)
because the echoes corresponding to each of the overlapped
phase centers occupy a different Doppler bandwidth as shown in
Fig. 4 unlike the case of the conventional MIMO-SAR in which
the echoes corresponding to all phase centers share the same
Doppler bandwidth.

The separation of the impulse responses that correspond to
different phase centers can be done by DBF in elevation on
receive by exploiting the one to one relationship between time

delay and elevation angle in a side-looking radar imaging geom-
etry [21]– [24]. This relation results in that echoes corresponding
to different transmitted subpulses (i.e., phase centers) arrive at
each instant of time from different elevation angles. Finally,
the reconstructed Doppler bandwidth of the receivers should be
combined to form the full Doppler bandwidth Bd as explained
next.

A. Impulse Response Estimation and DBF in Elevation

The impulse responses h1,i, h2,i, and h3,i in (8)–(10) will
be estimated individually using the FDSI-based estimation al-
gorithm proposed in [7]. It should be noted that each of the
impulse responses h1,i, h2,i, and h3,i occupies a portion of the
total Doppler bandwidth. Accordingly, the Doppler bandwidths
need to be combined after removing the azimuth ambiguity to
form the full Doppler bandwidth.

The received signals in (8)–(10) at the ith elevation channel
can be expressed in a matrix form for a givenna as (∀n = 1, 2, 3)

zn,i[na] = [zn,i[0, na], zn,i[1, na], . . ., zn,i[K + L− 1, na]]
T

= Xhn,i[na] +wn,i[na]

= XC

[
hn,i[na]

0(K−1)

]
︸ ︷︷ ︸
hn,i,p[na]

+wn,i[na] (13)

where,

X =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

x[0] 0 . . . . . . 0

x[1] x[0] 0
... x[1]

. . .
...

x[K − 1]
...

...
. . . 0

0 x[K − 1] x[0]

0 0
. . .

... x[1]
...

...
. . .

...

0 0 . . . 0 x[K − 1]

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(14)

The transmitted waveform length is denoted byK andXC is the
circulant version of X. The estimation of the impulse responses
is done by computing the following (∀n = 1, 2, 3):

ĥn,i,p[na] = X−1
C zn,i[na]. (15)

The discrete Fourier transform (DFT) decomposition of XC

expressed below can be utilized to estimate the impulse response,
which can be done in the frequency domain.

XC = Fdiag{X}FH (16)

where F denotes the DFT matrix X is the Fourier transform of
the first row of the matrix XC [na]. It should be pointed out that
the last (K − 1) elements of the estimated impulse response are
replaced by zeroes. The impulse response estimation described
abovementioned is performed for all na and Nel.

The estimated impulse responses for all elevation channels
(∀i = 0, 1, . . ., Nel − 1) at a given range and azimuth bin can
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be expressed as the following:

h1[l, na] = [h1,0[l, na], h1,1[l, na], . . ., h1,(Nel−1)[l, na]]
T

= [a(φl) a(φl−2ld) a(φl−ld)]︸ ︷︷ ︸
A1(φl)

⎡
⎢⎣ h11[l, na]

h21,2d[l, na]

h31,d[l, na]

⎤
⎥⎦
(17)

h2[l, na] = [h2,0[l, na], h2,1[l, na], . . ., h2,(Nel−1)[l, na]]
T

= [a(φl−ld) a(φl) a(φl−2ld)]︸ ︷︷ ︸
A2(φl)

⎡
⎢⎣ h12,d[l, na]

h22[l, na]

h32,2d[l, na]

⎤
⎥⎦
(18)

h3[l, na] = [h3,0[l, na], h3,1[l, na], . . ., h3,(Nel−1)[l, na]]
T

= [a(φl−ld) a(φl−2ld) a(φl)]︸ ︷︷ ︸
A2(φl)

⎡
⎢⎣ h13,d[l, na]

h23,2d[l, na]

h33[l, na]

⎤
⎥⎦
(19)

where,

a(φl) = [a0(φl), a1(φl), . . ., aNel−1(φl)]
T . (20)

The corresponding impulse responses to each transmitter can be
separated fromhn[l, na]by multiplying it with the weight matrix
Wn(φl), which can be obtained based on linearly constrained
minimum variance beamformer algorithm [25] as the following
(∀n = 1, 2, 3):

Wn(φl) = (AH
n (φl)An(φl))

−1AH
n (φl). (21)

The impulse responses are separated for all azimuth and range
bins. The delay in hmn,αd[l, na] can be easily compensated for
in the range frequency domain by multiplying it with ej2πfrαtd

to obtain hmn[l, na] where fr is the range frequency.

B. Azimuth Ambiguity Removal and Image Formation

As described previously, the impulse responses h1n, h2n,
and h3n (∀n = 1, 2, 3) occupy only a portion (Bd/N = Bd/3)
of the total the Doppler bandwidth, which corresponds to the
receiving beamwidth. The Doppler spectra of impulse responses
are aliased as the effective sampling frequency in the azimuth
dimension is assumed to be (fp = PRF = Bd/(MN) = Bd/9).
The azimuth ambiguity removal of the Doppler spectra that
correspond to the first receiving beam (i.e., n = 1) will be
considered now.

The Fourier transform of h11, h21, and h31 across both az-
imuth and range dimensions can be expressed using the principle
of displaced phase center [26] as the following:

H11(fr, fa) = H31(fr, fa) e
j2πdfa/vpej2πd

2/(λRl)︸ ︷︷ ︸
Q1(fa)

(22)

H21(fr, fa) = H31(fr, fa) e
jπdfa/vpej3πd

2/(2λRl)︸ ︷︷ ︸
Q2(fa)

(23)

Fig. 5. Spectrum of the impulse response estimated at the first receiver when
the transmitted signal is emitted by themth transmitter before and after sampling
with fp = PRF. fdc,1 is the Doppler centroid of the first receiver. The Doppler
bandwidth of each receiver is assumed to be 3PRF.

H31(fr, fa) = H31(fr, fa)× 1︸︷︷︸
Q3(fa)

. (24)

The aliased signals of Hm1(fr, fr) can be expressed as the
following (∀m = 1, 2, 3):

H̃m1(fr, fa) =
∞∑

k=−∞
Hm1(fr, fa + kfp)

=

∞∑
k=−∞

H31(fr, fa + kfp)Qm(fa + kfp).

(25)

The aliased Doppler spectrum is divided into M intervals (i.e.,
M = 3) as shown in Fig. 5, namely, I1, I2, and I3 whose center
frequencies can be obtained using the following equation:

fdc,j =

(
−M

2
− 0.5 + j

)
PRF + fdc,n, ∀j = 1, 2, . . .,M

(26)
where fdc,n is the Doppler centroid of the nth receiver (i.e.,
n = 1 for the first receiver), which is a function of the squint
angle. It is possible for each Doppler interval to weight and
combine H̃11(fr, fa), H̃21(fr, fa), and H̃31(fr, fa) in such a
way that the original spectrum H31(fr, fa) is recovered while
the back-folded component is removed as expressed in the
following equations for the interval I1:

P11(fa)H̃11(fr, fa) + P21(fa)H̃21(fr, fa)

+ P31(fa)H̃31(fr, fa) = 3H31(fr, fa) (27)

P11(fa)H̃11(fr, fa + fp) + P21(fa)H̃21(fr, fa + fp)

+ P31(fa)H̃31(fr, fa + fp) = 0 (28)

P11(fa)H̃11(fr, fa + 2fp) + P21(fa)H̃21(fr, fa + 2fp)

+ P31(fa)H̃31(fr, fa + 2fp) = 0. (29)
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For interval I2 after shifting to I1 to allow for setting up the
linear systems

P12(fa + fp)H̃11(fr, fa + fp) + P22(fa + fp)H̃21(fr, fa + fp)

+ P32(fa + fp)H̃31(fr, fa + fp)=3H31(fr, fa + fp)
(30)

P12(fa + fp)H̃11(fr, fa) + P22(fa + fp)H̃21(fr, fa)

+ P32(fa + fp)H̃31(fr, fa) = 0 (31)

P12(fa + fp)H̃11(fr, fa + 2fp) + P22(fa + fp)H̃21(fr, fa

+ 2fp) + P32(fa + fp)H̃31(fr, fa + 2fp) = 0. (32)

For interval I3 after shifting to I1

P13(fa + 2fp)H̃11(fr, fa + 2fp) + P23(fa + 2fp)H̃21(fr, fa+

2fp) + P33(fa + 2fp)H̃31(fr, fa + 2fp) = 3H31(fr, fa + 2fp)
(33)

P13(fa + 2fp)H̃11(fr, fa + fp) + P23(fa + 2fp)H̃21(fr, fa

+ fp) + P33(fa + 2fp)H̃31(fr, fa + fp) = 0 (34)

P13(fa + 2fp)H̃11(fr, fa) + P23(fa + 2fp)H̃21(fr, fa)

+ P33(fa + 2fp)H̃31(fr, fa) = 0. (35)

The reconstruction filters can be computed as the following:

P(fa) = 3Q−1(fa) (36)

where,

Q(fa) =

⎡
⎢⎣ Q1(fa) Q2(fa) Q3(fa)

Q1(fa + fp) Q2(fa + fp) Q3(fa + fp)

Q1(fa + 2fp) Q2(fa + 2fp) Q3(fa + 2fp)

⎤
⎥⎦

(37)

P(fa) =

⎡
⎢⎣P11(fa) P12(fa + fp) P13(fa + 2fp)

P21(fa) P22(fa + fp) P23(fa + 2fp)

P31(fa) P32(fa + fp) P33(fa + 2fp)

⎤
⎥⎦ (38)

I1, I2, and I3 are then concatenated to obtain the original spec-
trum H31(fr, fa). Similarly, the original spectrum H22(fr, fa)
is reconstructed using the aliased spectra of H̃m2(fr, fa) and
the original spectrum of H12(fr, fa) is reconstructed from the
aliased spectra of H̃m3(fr, fa) (∀m = 1, 2, 3).

The impulse responses Hrx,1(fr, fa) = H31(fr, fa),
Hrx,2(fr, fa) = H22(fr, fa), and Hrx,3(fr, fa) =
H13(fr, fa) have the same phase center but each occupies
a portion of the total Doppler bandwidth. The Doppler centroids
ofHrx,1(fr, fa),Hrx,2(fr, fa), andHrx,3(fr, fa) are functions
of the squint angles θ1, θ2, and θ2, respectively. Without loss
of generality, range-Doppler algorithm is used for image
formation [27]. The range cell migration correction (RCMC)
is performed by multiplying Hrx,n(fr, fa) by the following
(∀n = 1, 2, 3):

HRCMC,n(fr, fa) = e−j2πΔtn(rref ,fa,n)fr (39)

where,

Δtn(rref, fa,n) =
2

c
rref

⎛
⎝1− 1√

1− (
λfa,n

2vp
)2

⎞
⎠ (40)

−MPRF
2

+ fdc,n ≤ fa,n ≤ MPRF
2

+ fdc,n (41)

rref is a reference range and fdc,n denotes the Doppler centroid of
the nth receiver. The full Doppler bandwidth is then synthesized
before forming the image by performing the following steps [7].

1) Transform RCMC data of each receiver into range time-
Doppler domain.

2) Zero-pad the data in the Doppler dimension such that the
number of samples of each Doppler spectrum is increased
by a factor of N .

3) Compensate for the Doppler shift introduced by the re-
ceiving beams squint angles. This can be done by shifting
the data in the Doppler dimension by the corresponding
Doppler centroids.

4) Superimpose the data of all receiving beams to obtain the
full bandwidth Doppler spectrum.

The data are then multiplied by HRD defined below in the
range time-Doppler domain to perform azimuth compression.

HRD(nt, fd; rref) = exp

[
j2πrref

vp

√
f2
am − f2

d

]
(42)

−NMPRF
2

≤ fd ≤ NMPRF
2

(43)

where fam = 2vp/λ. Finally, the image is formed by calculating
the inverse Fourier transform in the azimuth dimension.

C. Azimuth Ambiguity Analysis

In the proposed MIMO-SAR configuration, the receive beams
of the channels are very close to each other in azimuth. Accord-
ingly, the sidelobes of the receive beams will overlap with main-
lobes of the adjacent azimuth beams, which would degrade the
performance of the azimuth ambiguity to signal ratio (AASR).

In this section, the transmit and receive beam patterns are
assumed to be raised cosine functions. The one way normalized
azimuthal power pattern of the nth azimuth channel can be
expressed as follows: (∀n = 1, 2, 3, . . ., N )

Gn(θ) =

(
sinc (Un(θ − θn))

cos(πUn(θ − θn))

1− 4(Un(θ − θn))2

)2

(44)

where,

Un(θ) =
πLa cos(θn)

λ
sin(θ) (45)

θn is the squint angle of the nth receiving beam and La denotes
the antenna azimuth length of the receiver. The AASR can be
expressed as follows:

AASRn =
Pn,ambig

Pn,sig
(46)



5364 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 13, 2020

where,

Pn,ambig =

∞∑
k=−∞
k �=0

⎡
⎣∫ (fdc,n+0.5Bd,Rx)

(fdc,n−0.5Bd,Rx)

G2
n(f + kfr)df

+
∑
m �=n

∫ (fdc,n+0.5Bd,Rx)

(fdc,n−0.5Bd,Rx)

Gn(f + kfr)Gm(f + kfr)Δnmdf

⎤
⎦

(47)

Pn,sig =

∫ (fdc,n+0.5Bd,Rx)

(fdc,n−0.5Bd,Rx)

G2
n(f)df

+
∑
m �=n

∫ (fdc,n+0.5Bd,Rx)

(fdc,n−0.5Bd,Rx)

Gn(f)Gm(f)Δnmdf

(48)

Bd,Rx denotes the Doppler bandwidth of a single receiver and
Δmn is a factor which is equal to one when the waveforms
emitted by all transmitters are the same (i.e., LFM waveform).
The azimuth ambiguity in (47) is a sum of two components in
which the first one is the same as the SISO SAR and the second
component which is a result of the echoes which correspond to
the signals emitted by the other beams.

The AASR can be improved when STSOW [11] are used
in such a way that when a given transmitter (i.e., Tx1) emits
a conventional LFM chirp, the next adjacent transmitter (i.e.,
TX2) emits the same conventional LFM chirp but with sufficient
offset in its instantaneous frequencies. The factor Δmn in this
case can be expressed as follows:

Δmn =

{
0, xn �= xm

1, Otherwise
(49)

where xm and xn denote the waveforms transmitted at the mth
and nth transmitters, respectively.

The use of STSOW will remove the effects of the receive
beams sidelobes overlapping with the next adjacent mainlobes.
The AASR will therefore be improved.

IV. SIMULATION RESULTS

The following section shows the numerical results of our
proposed MIMO-SAR configuration using an LFM waveform
and compares it with a conventional MIMO-SAR. In addition,
it compares the point spread function (PSF) of the proposed
FDSI-based estimation algorithm with the one obtained using
the MF.

A. Range Profile Estimation Performance

The PSF of the proposed FDSI-based estimation algorithm
is compared with the one obtained using the MF as shown
in Fig. 6. It is assumed in the simulation that the waveform
used is a conventional LFM with a bandwidth of 100 MHz.
It is clear in Fig. 6 that the proposed FDSI-based algorithm
exhibits the IRCI-free property because the nonflat spectrum of
the LFM waveform is considered which makes the range profile

Fig. 6. Normalized PSF of the FDSI-based algorithm and LFM-MF method.

estimation performance better than the one obtained using the
MF (i.e., which assumes a flat spectrum).

B. 1-D Echo Separation

Consider a scenario in which there are M = 3 transmit an-
tennas, N = 3 receive antennas as shown in Fig. 1, the number
of elevation channels is Nel = 25 and the channel impulse
response length is L = 4268. The transmitted waveform is an
LFM waveform with a bandwidth of 100 MHz and the sampling
frequency is Fs = 200 MHz. The SNR in the simulation is
assumed to be 40 dB and the timing diagram of the transmission
is as shown in Fig. 2. Assume that there are three scatterers
separated by a delay difference is td = 3μs which is the same
as the pulsewidth. This scenario (i.e., in which only the range
dimension is considered) is presented to demonstrate how the
received signals that correspond to different phase centers are
separated at the receiver using DBF in elevation.

The received signal before and after estimating the impulse
response at the first receiver is shown in Fig. 7(a) and (b), respec-
tively, where one can see that the impulse responses correspond-
ing to different phase centers are overlapped. The separation is
possible because echoes corresponding to different subpulses
(at each instant of time) arrive from different elevation angles.
The separated impulse responses without delay compensation
whose phase centers are located at the center of Tx1/Rx1, at the
center of Tx2/Rx2 and midway between Tx1/Rx1 and Tx2/Rx2
are shown in Fig. 7(c)–(e), respectively.

C. Azimuth Ambiguity Removal

Consider the simulation parameters listed in Table I and
assume that there are two adjacent scatterers located at the
swath center. The transmitted waveform is an LFM waveform
with bandwidth of 100 MHz and the timing diagram of the
transmission is as shown in Fig. 2. The azimuth and range cuts
for the noiseless case are as shown in Figs. 8 and 9, respectively.
It is clear from Fig. 8 that there is no azimuth aliasing using
our proposed MIMO configuration even though the PRF used
is Bd/(MN) = Bd/9 ≈ 34 Hz unlike the case of the conven-
tional MIMO SAR in which minimum PRF should satisfy the
inequality PRFmin ≥ (Bd/Kp = Bd/5)whereKp is the number
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Fig. 7. 1-D echo separation. (a) Real part of the received signal. (b) Estimated impulse response before DBF in elevation. (c) Separated impulse re-
sponse whose phase center is located at the center of Tx1/Rx1. (d) Separated impulse response whose phase center is located at the center of Tx2/Rx2.
(e) Separated impulse response whose phase center is located midway between Tx1/Rx1 and Tx2/Rx2.

TABLE I
SIMULATION PARAMETERS

of independent phase centers which is equal to (M +N − 1)
when the same antenna arrays are used for both transmission and
reception. Accordingly, our proposed MIMO configuration out-
performs the conventional MIMO-SAR. It should be noted that
it has been assumed that the waveforms used in the conventional
MIMO-SAR are perfectly orthogonal.

D. Azimuth Ambiguity to Signal Ratio

In this section, the simulation of the azimuth ambiguity
characteristics of the proposed MIMO-SAR configuration is
performed and compared with the azimuth ambiguity character-
istics of the conventional SISO SAR using an AASR criterion.
Consider the beam patterns of the transmitters and receivers of
the proposed MIMO-SAR and conventional SISO SAR shown

Fig. 8. Azimuth cut of a scatterer in the estimated scene using the proposed
and conventional MIMO SAR.

in Fig. 10. The 3 dB width of the beam pattern of the conven-
tional SISO SAR has been chosen in such a way that both of
proposed MIMO-SAR and conventional SISO SAR have the
same cross-range resolution.

The AASR of the proposed MIMO SAR configuration with
and without the use of STSOW is illustrated in Fig. 11(a) as
a function of PRF. The PRF in Fig. 11(a) starts from 100˜Hz
because it corresponds to the 3 dB Doppler bandwidth of one
individual narrow receiving beam (i.e., it is assumed that the
aliasing of the Doppler spectrum of the individual narrow beams
has been removed using the multiaperture reconstruction al-
gorithm described previously). The AASR of the conventional
SISO SAR is shown in Fig. 11(b). One can see that the AASR in
Fig. 11(a) of the side beam is worse than that of the central beam
because the power of desired signal component [i.e., second term
of (48)] is lower than that of the central beam for the case when
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Fig. 9. Range cut of the true and estimated scene.

Fig. 10. Transmit and receive beam patterns of the proposed MIMO-SAR and
conventional SISO SAR as a function of frequency.

the same waveforms are used for transmission. In addition, the
AASR of the central beam for the case of STSOW is the same
as the one in the conventional SISO SAR [i.e., the second terms
of (47) and (48) are zero].

E. Raw Data Simulation

MIMO SAR data are constructed as explained in [7]
and [28] using a publicly available airborne SISO SAR data
“Gotcha” [29] to validate the proposed configuration in a clut-
tered scene.

It is assumed, for the sake of simplicity, that echoes corre-
spond to each transmitter have been already separated at the re-
ceiver using DBF in elevation on receive as explained previously.
In addition, the waveforms used in the conventional MIMO SAR
are assumed to be perfectly orthogonal. The MIMO SAR data
are down-sampled such that the effective sampling frequency in
the azimuth dimension is 1/10 of the Nyquist frequency.

Consider the main system parameters listed in Table II. The
formed images using a single receiver and all receivers of the
proposed MIMO SAR configuration are shown in Figs. 12

Fig. 11. Azimuth ambiguity characteristics. (a) Proposed MIMO-SAR with
and without STSOW. (b) Conventional SISO SAR.

TABLE II
SYSTEM PARAMETERS

and 13, respectively. It is clear from the figure that the formed
image using all the receivers has a better cross-range resolution
than that of the formed image using a single receiver because
only a portion of the Doppler bandwidth is utilized in the single
receiver image.
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Fig. 12. Formed image using a single received data.

Fig. 13. Formed image using all received data in the proposed MIMO-SAR.

Next, The proposed MIMO-SAR configuration will be com-
pared with the conventional MIMO-SAR. Assume that the
sampling frequency of the conventional MIMO-SAR across
the azimuth dimension is the same as the one used in the
proposed MIMO-SAR configuration. The formed image of the
conventional MIMO-SAR is shown in Fig. 14. It is clear from
this figure that the image is aliased.

The cross-range cuts of the indicated areas with red rectangles
in the formed images depicted in Figs. 12 and 13 is shown in
Fig. 15 where one can see that the formed image using all the
receivers has a better cross-range resolution than that of the
formed image using a single receiver because only a portion of
the Doppler bandwidth is utilized in the single receiver image.

Fig. 14. Formed image using conventional MIMO-SAR in which the azimuth
sampling frequency is the same as the one used in the proposed MIMO-SAR.

Fig. 15. Cross-range cuts of the indicated area with red rectangles in Figs. 12
and 13.

V. CONCLUSION

In this article, a new MIMO-SAR configuration with multiple
contiguous azimuth beams is proposed to obtain high-resolution
wide swath imaging. The proposed configuration utilizes all the
phase centers including the overlapping ones which allows to
use a lower operating PRF as compared with the conventional
MIMO-SAR. It is due to the multiple contiguous azimuth beams
which makes the echoes, whose effective phase centers are over-
lapped, occupy different Doppler bandwidths. The waveforms
used for transmission consists of a sequence of LFM waveforms
which share the same bandwidth and have the same cener
frequency. The estimated range profile is free from IRCI which
is a result of using an FDSI-based estimation algorithm instead
of MFs. Echoes corresponding to different phase centers are sep-
arated at the receiver using DBF on receive in elevation. Finally,
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simulation results of point targets and constructed raw data are
used to validate the efficiency of the proposed configuration.
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