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Abstract—This article proposes a novel imaging mode which
allows for the acquisition of SAR images with different resolution
in a single imaging process, specifically designed for multiple-
input–multiple-output synthetic aperture radar (MIMO-SAR). To
achieve this, a multimode array system model based on 2-D in-
trapulse scanning is established, followed by the division of full
aperture signals into subaperture signals. Improved azimuth phase
coding (APC) technology is then employed to separate multimode
echo signals, and spatial filtering technology and range digital beam
forming technology are used to remove ambiguity in azimuth and
range of the subaperture signals of each mode. Finally, subaperture
image coherent fusion algorithm is used to generate high-resolution
images corresponding to the full aperture of each mode. Simulation
results show that the improved APC can effectively separate mul-
timode echo signals, and the multiresolution characteristics and
imaging effect are verified.

Index Terms—Azimuth phase coding (APC), multimode,
multiple-input–multiple-output synthetic aperture radar (MIMO-
SAR), multiresolution, subaperture.

I. INTRODUCTION

MULTIPLE-INPUT–MULTIPLE-OUTPUT synthetic
aperture radar (MIMO-SAR) can obtain microwave

images with high resolution wide swath (HRWS) due to its
all-day and all-weather capability, which is widely used in
military and civilian fields and will be the key development
direction of spaceborne SAR in the future [1], [2], [3], [4], [5],
[6]. However, due to the limitation of the minimum antenna
area, the high resolution of spaceborne SAR and the large
mapping belt form a contradiction [7], [8]. In order to solve
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this contradiction, scholars at home and abroad have conducted
a lot of research [9], [10], [11], [12], [13], [14]. In [9], a large
antenna is divided along the pitching direction, and the range
ambiguity is solved by using the range digital beam forming
(DBF) technology to obtain a wide-swath along the range. By
contrast with it, the large antenna is segmented along the course
to obtain a wide-swath along the course under the condition
of low pulse repetition frequency (PRF), as is proposed in
[10], [11], [12]. And their common disadvantages are a small
transmission area for antenna and a low signal-to-noise (SNR)
ratio for echo. A new method in [13] proposes a high-resolution
wide swath imaging model for pitching dimensional intrapulse
scanning under the condition of low PRF, and uses an array to
receive the echo. Then the imaging results of high-resolution
wide-swath can be obtained by solving the ambiguity in
azimuth and range with 2-D degrees of freedom. However, the
transmission channel utilization of this model is low. By contrast
with it, a high-resolution wide-swath imaging model based on
range-azimuth 2-D intrapulse scanning, under the condition of
low PRF, is proposed in [14]. With using full aperture array
to transmit and receive, the imaging results of high-resolution
wide-swath can be obtained by solving ambiguity in azimuth
and range with 2-D degrees of freedom, which fully improves
the utilization of the transmission channel. However, this model
cannot obtain SAR images with different resolution in a single
imaging processing, and the data volume of the radar imaging
processing system is too large. If the radar lacks the capability
of simultaneous multimode imaging, detailed observations
must be completed through multiple flights, which may not
be feasible in practical applications. Therefore, it is of great
significance for a modern radar to possess the capability of
multiple mode SAR [15], [16], which enables obtaining a coarse
resolution SAR image of an entire imaging area while capturing
details of specific areas. On the basic of the multidimensional
waveform coding, DBF technology is capable to simultaneously
form the beam orientation of the multiple mode, which can
enhance the imaging flexibility of SAR system. Finally, after
separating the echo of different modes, the SAR images of the
global coarse resolution and local high fine resolution can be
simultaneously obtained through a single flight. Krieger et al.
[17] only provided a simple example of multimode imaging
and does not elaborate on the operational mode and specific
implementation process of multimode SAR imaging in detail.
Although some multimode imaging models that divide the large
antenna along the course have been proposed in [18], [19],
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[20], and [21], there are common shortcomings, such as low
resolution, small antenna transmission area, and low echo SNR
ratio. Therefore, it is of great significance to study multimode
imaging.

Multimode imaging system is the main means for SAR to
obtain different high-resolution target images, and how to sep-
arate the received echoes of each mode is the key to study this
imaging system. At present, two types of echo separation meth-
ods are widely used: band pass filter (BPF) method [22], [23]
and azimuth phase coding (APC) method [24], [25], [26], [27],
[28]. The BPF method is based on the premise that each mode
has a different carrier frequency, and the echo signals of each
mode are separated by BPFs with different center frequencies at
the receiving end. However, due to the limited frequency band
range, it is sometimes impossible to use the frequency division
mode for all modes. Therefore, some works introduce APC to
separate multimode echo signals of the same carrier frequency,
but the separation condition is in the absence of orientation am-
biguity, which limits the limitations of echo separation. Simulta-
neously, the amount of data generated by spaceborne SAR is so
large that it brings difficulties to the real-time transmission and
storage of data. Therefore, how to reduce the storage pressure
and imaging load of multichannel satellites is another key to
studying in this imaging system. A method that proposes fast
factored back projection (FFBP) algorithm is proposed in [29]
and [30], which images each subaperture data in a local polar
coordinate system. However, during image fusion, the error
caused by 2-D interpolation reduces the imaging quality. And
there is an article that proposes an algorithm which will generate
grating lobe [31] due to the overlap between subapertures, thus
reducing the imaging efficiency [32].

In view of the above problems, this article proposes a si-
multaneous multiresolution imaging mode based on multimode
MIMO-SAR. In range, high resolution wide-swath images in
range are obtained by transmitting step frequency signals and
removing ambiguous. In azimuth, high-resolution wide-swath
images in azimuth are obtained through coherent fusion of low
pulse repetition rate and subaperture image [33], [34], [35], [36].
Meanwhile, the improved APC technology is used to separate
multimode echo signals. Therefore, on one hand, this imaging
mode meets the requirements of high-resolution wide-swath
imaging, on the other hand, it realizes the requirements of ob-
taining SAR images with different resolution in single imaging
processing.

II. MIMO-SAR SYSTEM WORKING MODEL

The imaging mode of the MIMO-SAR system adopts a 2-D
intrapulse scanning method. That is to say: First, the system
transmits multiple subpulses in a pulse transmission time. Then,
the range–azimuth 2-D narrow beam is formed by using the
whole array antenna. Finally, the phase weighting technique
is used to control the beam to scan different range–azimuth
subswaths in different subpulse times. Take the example of a 2∗3
transceiver array. At the transmitter, DBF technology is used to
simultaneously form the beam orientation of the stripe mode and
the spotlight mode. Then, the two modes control the pitching
beam to scan two pitching swaths from far to near. And each

Fig. 1. Multimode MIMO-SAR transceiver model.

Fig. 2. Operational principle of Fig. 1 in a transmitting pulse time.

pitching swath uses three beams in azimuth to scan from front
to back in-flight direction, forming three sub scenes in azimuth.
The scanning sequence of each sub scene is shown in Fig. 1.

The operational principle of multimode MIMO-SAR model
in a transmitting pulse time is depicted in Fig. 2. The hollow
cuboid represents the spotlight signal, while the solid cuboid
denotes the stripe signal. The system transmits six subpulses in
a transmitting pulse time, and each cuboid denotes the system
transmits a subpulse signal of each mode within a transmitting
subpulse time. At the transmitting end, DBF technology is used
to simultaneously form the beam orientation of the stripe mode
and the spotlight mode, resulting in the spatial separation of the
signals of the two operational modes in a single transmitting
pulse time. Meanwhile, because the signal of each imaging
mode adopts the form of time-sharing transmitting subpulse, the
subpulse signals of each mode are temporally separated. Finally,
after obtaining and separating the echo of two modes, the global
coarse resolution and local high fine resolution SAR images can
be simultaneously obtained through a single flight, which can
achieve the simultaneous multiresolution imaging.

III. RELATED WORKS AND SIGNAL MODEL

A. Principle of Subaperture Division

The frequency domain representation of the echo signal is
shown in Fig. 3. Ba is the full aperture of scene Doppler band-
width and Binst is the instantaneous Doppler bandwidth. The
edge real oblique line represents the time-frequency relationship
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Fig. 3. Time frequency diagram of single equivalent phase center.

of the edge point of the scene, and the middle real oblique line
represents the time-frequency relationship of the scene center.
Therefore, Ba can be expressed as

Ba = −KaTa +Binst (1)

where Ka = −2v2fc/(cR) is the Doppler frequency modula-
tion and Ta is the synthetic aperture time.

To remove the Doppler ambiguity of the full aperture signal,
the PRF needs to meet the condition expressed as

FPRF ≥ Ba/Q (2)

where Q is an ambiguity number and FPRF denotes the required
PRF in removing the ambiguity of full aperture signal.

If the full aperture signal is divided into K-segment, the scene
Doppler bandwidth of the k-segment subaperture signal [37] can
be expressed as

Bsub ≈ −KaTsub +Binst +Katk (3)

where Tsub= Ta/K is the synthetic aperture time of subaperture
and tk(k = 1, 2, . . . ,K) denotes the center time of the azimuth
time corresponding to the k-segment subaperture. And the third
item in (3) shows that the Doppler shift of the k-segment sub-
aperture signal of each equivalent phase center takesKatk as the
center, resulting in different Doppler centers of each subaperture
signal.

To remove the Doppler ambiguity of the subaperture signal,
the PRF needs to meet the condition expressed as

fPRF ≥ Bsub

Q
(4)

where Q is an ambiguity number and fPRF denotes the required
PRF in removing the ambiguity of subaperture signal.

By comparing (2) and (4), it can be seen that PRF of subaper-
ture processing is Ba/Bsub times smaller than the full aperture,
which can greatly reduce the amount of data of the imaging
system.

B. Improved Azimuth Phase Coding

For receiving and transmitting modes of the configuration,
it is assumed that the large array antenna of the system is

Fig. 4. Process of modulation and demodulation of the multimode azimuth
phase.

divided into U × V subapertures. That is, there are U antenna
subapertures in the pitching dimension, and the size of each
antenna subaperture is Dr. There are V antenna subapertures
in the azimuth dimension, and the size of each antenna sub-
aperture is Da. Assuming that the center coordinate of the
subaperture of the array antenna in row 1 and column 1 is
(X1, Y1, Z), and then the center coordinate of the subaper-
ture of the array antenna in row u(u = 1, 2, . . . , U) and col-
umn v(v = 1, 2, . . . , V ) is (Xv, Yu, Z), where Xv = X1 +
(v − 1)Da, Yu = Y1 + (u− 1)Dr. Therefore, the phase center
of the transmitting beam is the center of the antenna array, that
is ((XV +X1)/2, (YU + Y1)/2, Z). According to the principle
of equivalent phase center, the equivalent phase center position
of the receiving beam is (X ′

v, Y
′
u, Z), where

X ′
v =

Xtransmit +Xreceive

2
=

Xv

2
+

X1 +XV

4
(5)

Y ′
u =

Ytransmit + Yreceive

2
=

Yu

2
+

Y1 + YU

4
. (6)

After designing the receiving and transmitting modes, this
article uses the azimuth phase encoding technology to separate
the multimode echo signals. The system is capable of utilizing
multiple channels to receive echoes in azimuth, allowing for
a single transmitter and multiple receivers. This enables each
altitude dimension’s equivalent phase center to possess multiple
degrees of freedom in azimuth, which can be utilized for spatial
filtering. However, since the process of modulation and demod-
ulation of the original azimuth phase encoding technology will
generate additional residual phase, the signal needs to be trans-
formed to the slow time domain before it can be compensated.
This process is cumbersome and the calculation process is com-
plex. This article outlines an improvement to azimuth phase en-
coding technology which eliminates the need for compensating
residual phase after demodulation. The process of modulation
and demodulation of the multimode azimuth phase is shown in
Fig. 4.

For the APC, the encoding phase and decoding phase are
improved as follows. First, the azimuth phase encoding phase
of the pth SAR mode can be expressed as

ϕmod(n, p) = −2πn

P
(n− p). (7)
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Second, the azimuth phase decoding phase of the pth SAR
mode can be expressed as

ϕdmod(n, p) =
2πn

P
(n− 1) (8)

where n denotes the number of transmitting pulses and P denotes
the number of SAR modes.

Since the echo received by each receiving channel is the linear
superposition of the corresponding echo of each SAR mode, the
residual modulation phase of the echo of mode p is

ϕres(n, p) = ϕmod(n, p) + ϕdmod(n, p)

= − 2πn

P
(n− p) +

2πn

P
(n− 1)

=
2π(p− 1)f ′

a

P
ta (9)

where ta = n/f ′
a denotes the slow time in azimuth and f ′

a

denotes the PRF.
Equation (9) is expressed as frequency shift in the azimuth

frequency domain. Therefore, the Doppler frequency shift cor-
responding to the pth SAR mode echo can be expressed as

Δfd(p) =
(p− 1)f ′

a

P
. (10)

C. Received Signal Model

Based on Section II, we assume that the system has
N pitching submapping zones and each pitching submap-
ping zone has M subbeams in azimuth. At the same time,
the width of subbeam pulses in the same pitching submap-
ping zone is the same, while the width of subbeam pulses
in different pitching submapping zones may be different.
If the spotlight mode and the stripe mode have a scat-
tering point Pn,spotlight (Xn,spotlight, Yn,spotlight, Zn,spotlight) and
Pn,stripe(Xn,stripe Yn,stripe, Zn,stripe), respectively, in the nth pitch-
ing sub mapping zone. With the progress of SAR beam ob-
servation, the range of time and angle in azimuth of point
target Pn,spotlightand Pn,stripe illuminated by the mth azimuth
sub beam are Tbeam,m,spotlight, ϕbeam,m,spotlight, and Tbeam,m,stripe,
ϕbeam,m stripe, respectively.

Based on Section III-A and III-B, the full aperture signal is
now divided into K-segments. Then the range of time in azimuth
of the kth subaperture signal can be expressed as

ta ∈
[
− Ta

2K
:
Ta

2K

]
+ tk = tsub + tk. (11)

In the receiver, the baseband signal of the kth subaperture
received by the subaperture of the array antenna in row u and
column v can be expressed as

Suv,k(tr, tsub, tk) = Suv,k,spotlight(tr, tsub, tk)

× exp([ϕmod(n, 1) + ϕdmod(n, 1)])

+ Suv,k,stripe(tr, tsub, tk)× exp([ϕmod(n, 2)

+ ϕdmod(n, 2)])

Suv,k,spotlight(tr, tsub, tk)× exp[ϕres(n, 1)]

+ Suv,k,stripe(tr, tsub, tk)× exp[ϕres(n, 2)] (12)

where

Suv,k,Δ(tr, tsub, tk) = ar,k,Δ(tr)× aa,k,Δ(tsub + tk)

× exp

⎡
⎣−j2πfc

(
ΔT(m,n)(tsub + tk)

+
2Ruv,k,n,Δ(tsub+tk)

c

)
⎤
⎦

× exp

⎡
⎣jπγ

(
tr −ΔT(m,n)(tsub + tk)

− 2Ruv,k,n,Δ(tsub+tk)
c

)
⎤
⎦

× exp

(
j
2πfa
v

X ′
uv

)

Δ ∈ {spotlight, stripe} (13)

where ar,k,Δ(tr) = rect[(tr − 2Ruv,k,n,Δ(tsub+tk)
c −ΔT(m,n)

(tsub + tk))Tp(m,n)],Δ ∈ {spotlight, stripe} denotes the
range envelope function. aa,k,Δ (tsub + tk) = rect[(v(tsub +
tk) +X

′
v −Xn,Δ)/La],Δ ∈ {spotlight, stripe} denotes the

azimuth envelope function. tr denotes fast time. tsub denotes
slow time. v denotes radar speed. La denotes synthetic aperture
length. fc denotes carrier frequency. γ denotes frequency mod-
ulation. ΔT(m,n)(tsub + tk) =

∑n−1
i=1 MTp(m,n) + (m− 1)

Tp(m,n) is the transmitting delay of the kth subaperture signal
of the mth azimuth sub beam in the nth pitching sub mapping
zone, and the transmitting delay is independent of tsub, which
does not affect the delayed imaging of each subaperture.
Ruv,k,n,Δ(tsub + tk) = [(X

′
v −Xn,Δ + v(tsub+tk))

2
+(Y

′
u −

Yn,Δ)
2 + (Z − Zn,Δ)

2]1/2,Δ ∈ {spotlight, stripe} denotes the
instantaneous slant distance corresponding to the kth segment
subaperture signal. It is assumed that the ground undulation is
not taken into account, and it can be expressed as Ruv,k,n,Δ

(tsub + tk) ≈ Y
′
u · sinθn,Δ +Rk,n,Δ(tsub+tk), Δ∈{spotlight,

stripe}, where θn,Δ,Δ ∈ {spottlight, stripe} is the per-
spective of point target Pn,Δ,Δ ∈ {spotlight, stripe}.
fa(−fPRF ≤ fa ≤ fPRF) denotes the Doppler frequency of
the subaperture signal. The additional modulation phase can
be written as exp(j2πfaX

′
uv/v), which does not change the

frequency modulation characteristics of the signal.

IV. HIGH-RESOLUTION WIDE-SWATH IMAGING PROCESSING

Before obtaining the high-resolution images of each mode
signal, it is necessary to separate the echo signals of each mode
and reconstruct the subaperture signals with no ambiguity in the
azimuth and range of each mode. The signal processing flow
chart is shown in Fig. 5.

A. Echo Separation of Multimode Signal Based on Improved
Azimuth Phase Coding

Based on the analysis presented in Section III-B, the tradi-
tional APC can demodulate the azimuth phase of each mode
signal without azimuth ambiguity. It is achieved by utilizing
spatial filtering technology to separate the signal of each mode
and then transforming the data of each mode from the fadomain
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Fig. 5. Signal processing flow chart.

Fig. 6. Sketch of the angle-Doppler relation.

to the tsub domain to compensate for residual phase. However, the
traditional APC is no longer applicable in this imaging mode.
After adding a modulation phase to the original signal in this
article, the improved APC is used to achieve echo separation.
Fig. 6 shows the sketch of the angle-Doppler relation of the
received signal of the improved APC waveforms.

In domain fa, the corresponding relationship between az-
imuth squint angle θ and azimuth frequency fa can be repre-
sented as

fa =
2v

λ
sin θ. (14)

Due to the Doppler frequency shift generated by the az-
imuth phase encoding, the relationship between squint angle in
azimuth and frequency in azimuth of echoes in different modes
is inconsistent, as shown in Fig. 6. Therefore, the relationship

between θp and fa of echo p can be written as

sin θp =
λ

2v
[fa −Δfd(p)] . (15)

According to the corresponding relationship of (15), differ-
ent echoes can be separated in angle. However, the PRF is
considered slightly larger than the Nyquist sampling rate, the
Doppler spectra of the demodulated APC waveform echoes in
the Doppler domain is aliasing. In view of this situation, (15) is
revised as

sin θp =
λ

2v
[fa −Δfd(p) +MpfPRF] (16)

where Mp denotes the ambiguity number of azimuth spectrum
of echo p within a certain azimuth frequency range.

On the basis of the above separation principle, the process of
echo separation of multimode is as follows. In row u, the array
vector of P (P = U) channels in azimuth composed of the kth
subaperture signal received by any P array antenna subaperture
can be shown as

β(θp, u) =

[
exp

(
j
4π

λ
X ′

uP1
sin θp

)
, . . . ,

exp

(
j
4π

λ
X ′

uPp
sin θp

)]T
P×1

(17)

where T is the matrix transpose, P1(1 ≤ P1 < 3),Pp(1 < Pp ≤
3), and P1 ≤ Pp.

Then the array vector matrix can be constructed as

B(θp, u) = [β(θ1, u), . . . ,β(θp, u), . . . ,β(θP , u)]P×P . (18)

The weight vector is

W(θp, u) = B+(θp, u)ep (19)
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where + represents the pseudo inverse of the matrix and ep =

[e1, . . . , eq, . . . , eP ]
T eq = p = 1, and eq �=p = 0.

Finally, in row u, the matrix of the P receiving echoes of the
kth subaperture signal can be extracted as

Su,k(tr, fa) = [SuP1,k(tr, fa), . . . , SuPp,k(tr, fa)]1×P
. (20)

Multiplying (19) by (20), the separated echo signal of multi-
mode can be obtained as

Su,v,k,Δ(tr, fa)=

Wa,k,Δ(fa + fdc)× exp(j2πfatk)×
exp [−j2π(fa + fdc)Xn,Δ/v]×

N∑
n=1

M∑
m=1

exp

⎡
⎣
−j2π

×Rk,B,n,Δ

√
f2
aM

−(fa+fdc)
2

v

⎤
⎦×

wr,k,Δ(tr)× exp(−j4πY ′
u sin θn,Δ/λ)×

exp(j4πX ′
v sinϕm,Δ/λ),

Δ ∈ {spotlight, stripe}
(21)

where wr,k,Δ (tr) = sinc(tr −ΔTn(ϕk,m,Δ)− 2Rk,B,n,Δ

(fa + fdc) × cosϕk,m,Δ

c ),Δ ∈ {spotlight, stripe} is the
time domain window function in range. Wa,k,Δ(·),Δ ∈
{spotlight, stripe} denotes the azimuth frequency domain

window function. Rk,B,n,Δ = (Y 2
n,Δ + (Z − Zn,Δ)

2)
1/2

Δ ∈
{spotlight, stripe} is the shortest slant distance from radar to
point target Pn,Δ,Δ ∈ {spotlight, stripe}. ΔTn(ϕk,m,Δ),Δ ∈
{spotlight, stripe} is the signal transmission delay at angles
ϕk,m,Δ,Δ ∈ {spotlight, stripe}. ϕk,m,Δ ∈ ϕbeam,m,Δ,m = 1,

2, . . . ,M, Δ ∈ {spotlight, stripe}, ΔTn (ϕk,m,∇) =
∑n−1

i=1

V Tp(m,n)+(m−1)Tp(m,n),∇∈{spotlight, stripe}, faM =
2v/λ.

B. Restoration of Unambiguous Signal in Azimuth Based on
Spatial Filtering

After echo signals of the multimode are separated, the analysis
of the signals shows that the echoes illuminated by sub beams in
different directions correspond to different Doppler frequency
bands. As the number of subapertures varies, different subaper-
ture region may have multiple Doppler frequency bands, but with
different Doppler frequency bands there exist distance misalign-
ment. Therefore, all possible Doppler frequency bands in the
subaperture area constitute the complete azimuth spectrum of
the subaperture signal. Then according to (4), since the azimuth
sampling of the subaperture is fPRF ≥ Bsub/M , the azimuth
spectrum will be aliased. The schematic diagram of ambiguity
in azimuth is shown in Fig. 7. At the same time, although range
misalignment may occur between multiple Doppler bands in
the subaperture area, it will not affect the azimuth ambiguity
of subaperture. After the signal is transformed into Doppler
domain, the unambiguous signal in azimuth can be recovered
by filtering the same subaperture signal of each mode with the
weight vector.

According to Section III-A, the Doppler center of the kth
subaperture signal is fdc = Ka tk. Therefore, the Doppler center

Fig. 7. Schematic diagram in azimuth ambiguity.

compensation function can be constructed as

H = exp [−j2πfdc(tsub + tk)] . (22)

Multiplying (21) by (22), the signal of the kth subaperture can
be rewritten as

Su,v,k,Δ(tr, tsub, tk) = Su,v,k,Δ(tr, tsub, tk)H,

Δ ∈ {spotlight, stripe}. (23)

The ambiguity in azimuth can be removed only when the
freedom in azimuth degree is not less than the number in azimuth
ambiguity. The process of removing ambiguity in azimuth is as
follows. For the kth segment subaperture signal received by the
uth row array antenna, the array vector of V channels in azimuth
can be written as

ωm(fa) =

[
exp

(
j
2π(fa + fdc + f)

λ
X ′

u1

)
, . . . ,

exp

(
j
2π(fa + fdc + f)

λ
X ′

uv

)
, . . . ,

exp

(
j
2π(fa + fdc + f)

λ
X ′

uV

)]T
V ×1

(24)

where λ denotes the emission wavelength, T denotes the matrix
transpose, f denotes the azimuth frequency center of different
azimuth ambiguity components, and

f =

{
[−M/2 +m]fPRF,M ∈ {even}
[− (M − 1) /2 +m− 1]fPRF,M ∈ {odd} .

The array vector matrix can be constructed as

A(fa) = [ω1(fa), . . . ,ωM (fa)]V ×M . (25)

The weight vector is

Wm(fa) = A+(fa)em (26)

where + denotes the pseudo inverse of the matrix and em =
[e1, · · · eq, . . . , eM ]T eq = m = 1, and eq �=m = 0.
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Fig. 8. Schematic diagram of range ambiguity.

Finally, for the kth segment subaperture signal received by the
uth row array antenna, the matrix of echo signal of V azimuth
channels goes to

Su,k,Δ(tr, fa) = [Su,k,1,Δ(tr, fa), . . . ,

Su,k,v,Δ(tr, fa), . . . ,

Su,k,V,Δ(tr, fa)]1×V

Δ ∈ {spotlight, stripe}. (27)

After multiplying (26) by (27), for the array antenna in the
uth row and the vth column, the unambiguous signal in azimuth
of the kth segment subaperture signal can be expressed as

Su,v,k,Δ(tr, fa) =
N∑

n=1

wr,k,Δ(tr)×
Wa,k,Δ(fa + fdc)×
exp [−j2π(fa + fdc)Xn,Δ/v]×

exp

⎡
⎣
−j2π×
Rk,B,n,Δ

√
f2
aM

−(fa+fdc)
2

v

⎤
⎦×

exp(j2πfatk)× exp(−j4πY ′
u sin θn,Δ/λ)

Δ ∈ {spotlight, stripe}.
(28)

C. Restoration of Unambiguity Signal in Range Based on
Range DBF Technology

On the basis of Section IV-A and IV-B, large bandwidth sig-
nals without azimuth ambiguity are obtained by using azimuth
bandwidth splicing. Meanwhile, only range ambiguity exists in
the echo signals of each mode. The range ambiguity diagram
is shown in Fig. 8. And there are two kinds of range ambiguity
in the figure: one is caused when the instantaneous distance of
scattering points in different pitching submapping bands meets
certain conditions [38], and the other is caused when the instan-
taneous distance of scattering points from different azimuth sub
mapping zones in the same pitching sub mapping zone meets
certain conditions [39]. But when the azimuth ambiguity is
removed from the signal, the latter range ambiguity does not
exist. At this time, only the previous range ambiguity exists in

the echo signal, which can be completely separated by the range
DBF technology.

The ambiguity in range can be removed only when the
freedom of range degree is not less than the number of range
ambiguity. The process of removing ambiguity in range is as
follows. For the kth segment subaperture signal, the array vector
of V range channels can be written as

χ(θn) =

[
exp

(
−j

4π

λ
Y ′
1 sin θn

)
, . . . ,

exp

(
−j

4π

λ
Y ′
u sin θn

)
, . . . ,

exp

(
−j

4π

λ
Y ′
U sin θn

)]T
U×1

,

θn ∈ {θn,spotlight, θn,stripe} (29)

where T is matrix transpose.
The array vector matrix can be constructed as

ζ(θn) = [χ(θ1), . . . ,χ(θn), . . . ,χ(θU )]U×N ,

θn ∈ {θn,spotlight, θn,stripe}. (30)

The weight vector is

v(θn) = ζ+(θn)en, θn ∈ {θn,spotlight, θn,stripe} (31)

where + denotes the pseudo inverse of the matrix and en =
[e1, . . . , eq, · · · eU ]T eq = n = 1, and eq �=n = 0.

For the kth segment subaperture signal, the matrix of echo
signal of U range channels can be expressed as

Sk,Δ(tr, fa) = [Sk,1,Δ(tr, fa), . . . ,

Sk,u,Δ(tr, fa), . . . ,

Sk,U,Δ(tr, fa)]1×U ,

Δ ∈ {spotlight, stripe}. (32)

After multiplying (31) by (32), the unambiguity signal of the
kth subaperture in the nth pitching sub mapping zone can be
obtained as

Sn,k,Δ(tr, fa) = wr,k,Δ(tr)×Wa,k,Δ (fa + fdc)

× exp(j2πfatk)

× exp

⎡
⎣−j2πRk,B,n,Δ

√
f2
aM − (fa + fdc)

2

v

⎤
⎦

× exp(−j2π(fa + fdc)Xn,Δ/v)

Δ ∈ {spotlight, stripe}. (33)

In addition, the design conditions [14] of the antenna distance
dimension Dr and the impact of actual ground fluctuation [39]
on the range DBF performance should be noted.
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Fig. 9. Flow chart of subaperture fusion imaging (taking mode 1 as an example).

D. Coherent Fusion Imaging Algorithm Based on
Subaperture Image

On the basis of Section IV-A–IV-C the article applies an
imaging method [40] based on sub aperture complex image
coherent fusion to spaceborne multimode MIMO-SAR. The
coherent fusion imaging process of the subaperture image is
shown in Fig. 9.

As shown in the Fig. 9, after the signal is reconstructed, the
hyperbolic phase compensation function is defined as

H1,Δ(tr, fa) = exp

(
j
2πRk,B,n,Δ

v

√
f2
aM − (fa + fdc)

2

)

× exp

(
−j

π

Ka
(fa + fdc)

2

)

Δ ∈ {spotlight, stripe}. (34)

After the reconstructed signal is compensated using the hyper-
bolic phase compensation function defined as (34), azimuth IFT
is performed to the resulting expression and the signal becomes

Sn,k,Δ(tr, tsub + tk) = wr,k,Δ(tr)× aa,k,Δ(tsub + tk)

× exp

[
jπKa

(
tsub + tk − Xn,Δ

v

)2]

× exp [−j2πfdc (tsub + tk)]

Δ ∈ {spotlight, stripe}. (35)

Transforming the hyperbolic phase of signal into the quadratic
phase, the dechirp function can be expressed as

H2,Δ(tr, tsub + tk) = exp
(
−jπKa(tsub + tk)

2
)

Δ ∈ {spotlight, stripe}. (36)

It can be seen from (22) that the Doppler center of the
subaperture signal of each mode has been compensated to zero.
After the dechirp, the Doppler center of the subaperture signal of
each mode is determined by H2. Therefore, the Doppler center
of the subaperture signals of each mode changes from fdc = 0
to f ′

dc = −Katk.
After the quadratic phase of signal is compensated using the

dechirp function defined as (36), the Doppler center recompen-
sation function can be written as

H3,Δ (tr, tsub + tk) = exp (−j2πf ′
dc (tsub + tk))

Δ ∈ {spotlight, stripe}. (37)

After the Doppler center of subaperture signal is recompen-
sated using the Doppler center recompensation function defined
as (37), azimuth FT is performed to the resulting expression and
the signal can be obtained as

Sn,k,Δ(tr, fa) = wr,k,Δ(tr)× exp

(
−j2πKa

Xn,Δ

v
tk

)

×Wa,k,Δ(fa + fdc)× exp

[
jπKa

(
Xn,Δ

v

)2
]

Δ ∈ {spotlight, stripe}. (38)

It can be seen from (38) that the phase of the subaperture
focusing signal of each mode is a linear phase with respect to tk.
However, the linear phase of (38) is not a constant at the focusing
frequency point fa =

−KaXn,Δ

v Δ ∈ {spotlight, stripe}, which
leads to the different phases of the focusing signals of different
subapertures at the focusing frequency point, and finally makes
the subaperture images unable to be coherently accumulated.
Therefore, the phase compensation function can be constructed
as

H4,Δ(tr, fa) = exp(−j2πfatk),Δ ∈ {spotlight, stripe}.
(39)

After the signal is compensated using the phase compensation
function defined as (39), the subaperture image can be written
as

Sn,k,Δ(tr, fa) = wr,k,Δ(tr)

× exp

[
−j2π

(
fa +Ka

Xn,Δ

v

)
tk

]

×Wa,k,Δ(fa + fdc)

× exp

[
jπKa

(
Xn,Δ

v

)2
]

Δ ∈ {spotlight, stripe}. (40)

On the basis of fa +
KaXn,Δ

v = 0,Δ ∈ {spotlight, stripe},
the phase of focusing signal of subaperture is identical at the
focus frequency, and also is linear with respect to tk at nonfo-
cusing frequencies. Thus, it is possible to coherently fuse all
low-resolution complex images into high-resolution complex
images.
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TABLE I
ORBITAL PARAMETERS

TABLE II
SIMULATION PARAMETERS OF MULTIMODE SYSTEM MODEL

V. EXPERIMENT RESULTS

In this section, simulation experiments are used to verify the
imaging performance, multiresolution characteristics, and the
effectiveness of the improved APC of the imaging mode in this
article. Assuming that the total height of the array antenna is
0.40 m and the total azimuth length is 24 m. The large array an-
tenna is evenly divided into 2× 3 subapertures. In addition, the
pulses duration is equally divided into six sub pulses. The orbital
parameters are listed in Table I and the simulation parameters of
radar system are given in Table II. The “8” in Table II represents
the number of subaperture signals into which the full-aperture
signal is divided.

A. Multimode Echo Separation Experiment With
Improved APC

In order to better demonstrate the effectiveness of the im-
proved APC, the multimode echo separation simulation experi-
ment is carried out for full aperture single targets. Assuming that
the single target of each pitching submapping zone is located
in the center of scene of each pitching submapping zone, the
two modes simultaneously image them, as shown in Fig. 10.
Fig. 10(a) shows the results after azimuth phase demodulation
of the echo signal in one of the receiving channels. It can be seen
that the azimuth spectrum of the two modes is aliased, and the
Doppler frequency shift of azimuth spectrum of the stripe mode
is FPRF/2 after phase demodulation. Then after azimuth DBF
processing, the echo signals of the two modes are completely
separated, as shown in Fig. 10(b) and (c).

Fig. 10. Separation experiment of multimode echo Doppler. (a) Echo Doppler
before separation. (b) Echo Doppler of spotlight mode after separation. (c) Echo
Doppler of stripe mode after separation.

B. Analysis of Echo Separation Time

After demonstrating the effectiveness of the improved APC,
a comparative experiment is conducted between the improved
and original APC methods in separating multimode echoes.
Table III presents the processing time of utilizing both methods
in separating multimode echoes. It can be obtained from the
table that the improved APC method spends less time to separate
multimode echoes than the original APC method, verifying that
the superiority of the improved APC method.
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TABLE III
PROCESSING TIME OF ECHO SEPARATION OF MULTIMODE

Fig. 11. Lattice distribution of the point targets.

TABLE IV
PSLR AND ISLR OF EACH MODE POINT TARGET

TABLE V
PSLR AND ISLR OF EACH MODE POINT TARGET

C. Imaging Quality With Original and Improved APC

After verifying that the improved APC method can spend
less time to separate multimode echoes than the original APC
method, a comparative experiment is conducted between the
improved and original APC methods in imaging results. Fig. 11
shows the 3× 3 distributed lattice in the first pitching mapping
belt. Fig. 12 shows the imaging results of point target by using
original and improved APC methods. Table IV shows the integral
side-lobe ratio and peak side-lobe ratio in range before and after
imaging the point target for both methods. Table V shows the
integral side-lobe ratio and peak side-lobe ratio in azimuth before

Fig. 12. Contour map of point target M (a) of stripe mode after using original
APC, (b) of stripe mode after using improved APC, (c) of spotlight mode after
using original APC, and (d) of spotlight mode after using improved APC.
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Fig. 13. Antenna pattern for the first three subbeams. (a) System of rectangular
coordinates. (b) System of polar coordinates.

and after imaging the point target for both methods. Simulation
results show that the improved APC does not affect the quality
of SAR imaging.

D. Effectiveness of Removing Ambiguity

On the basis of Section IV-A, in order to better evaluate
the effect of removing ambiguity in azimuth and range, the
experiment is only carried out for stripe mode with single targets
of full aperture. Fig. 13 records the data of subbeam 1–3 received
by the antenna. According to the antenna pattern, the main lobe
of the antenna pattern is clear and the side lobes are all −30 dB,
indicating no inherent error. It can be seen that the antenna
pattern has no effect on removing ambiguity in this article. After
compensating the Doppler frequency shift, Fig. 14 shows the
Doppler spectra of echoes before and after removing ambiguity
in azimuth. The subbeam signals in azimuth are separated by
using the spatial filtering that is proposed in this article, as shown
in Fig. 14(b)–(d).

Fig. 14. Doppler spectra of echoes before and after removing ambiguity in
azimuth. (a) Doppler spectra after compensating the Doppler frequency shift.
(b) Front beam after removing ambiguity in azimuth. (c) Medium beam after
removing ambiguity in azimuth. (d) Rear beam after removing ambiguity in
azimuth.
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Fig. 15. Range compression result of echoes before and after removing
ambiguity in range. (a) Result before removing ambiguity in range. (b) Result
after removing ambiguity in range.

After compensating the transmitting delay of different az-
imuth subbeams, the large bandwidth signals without ambiguity
in azimuth are obtained by using bandwidth splicing. Fig. 15
shows the range compression result of echoes before and after
removing ambiguity in range. The signals in range are separated
by using the range DBF technology that is proposed in this
article, as shown in Fig. 15(b).

E. Latticed Target Imaging Experiment

After verifying the effectiveness of the improved APC
method, the imaging simulation of the latticed target is car-
ried out. Fig. 16 shows the distribution of the latticed target.
Fig. 16(a) shows the 3× 3 distributed lattice in the first pitch-
ing mapping belt. The azimuth spacing of each target point
is 166.67m, and the range spacing point of each target is
151.70m. At the same time, the coordinates of the three marked
points are P1(−166.67m, Rs1 + 151.70m), P2(0m, Rs1 m)
and P3(166.67m, Rs1 − 151.70m) respectively. Fig. 16(b)
shows the 3× 3 distributed lattice in the second pitch-
ing mapping belt. The azimuth spacing of each target
point is 166.67m, and the range spacing of each target is
151.70m. Meanwhile, the coordinates of the three marked

Fig. 16. Lattice distribution of the point targets. (a) First pitching mapping
belt. (b) Second pitching mapping belt.

points are P4(−166.67m, Rs2 + 151.70m), P5(0m, Rs2 m),
P6(166.67m, Rs2 − 151.70m) respectively. Where Rs1 is the
shortest slant distance of the scene center of the first pitching
mapping belt and Rs2 denotes the shortest slant distance of the
scene center of the second pitching mapping belt.

In this article, the imaging simulation experiment is only
carried out for the lattice in the first pitching mapping belt of each
mode. The simulation results on the latticed target are shown in
Figs. 17 –19. Fig. 17(a) and (b) show the azimuth profile of a
point target after imaging fusion in stripe mode and spotlight
mode, respectively. It can be seen from the figures that the
azimuth resolution of the fused image gradually increases with
the increase of the number of subaperture images, which shows
the effectiveness of the subaperture image fusion algorithm in
this system configuration.

Figs. 18 and 19 show the contour map of the final image of
the three targets (P1, P2, and P3) in stripe mode and spotlight
mode, respectively. Table VI analyzes the integral side-lobe ratio
(ISLR), peak side-lobe ratio (PSLR) and resolution (approxi-
mate value after multiple measurements at a single point) of the
imaging results of the three targets in each mode. The imaging
effect of the two modes is good for both point (P2) in scene
center and point (P1 and P3) in scene edge. Therefore, the result
shows that the subaperture fusion algorithm has good imaging
performance in this imaging mode.
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TABLE VI
PSLR AND ISLR OF EACH MODE POINT TARGET

Fig. 17. Azimuth profile of point target after imaging fusion (a) of stripe mode
and (b) of spotlight mode.

F. Imaging Performance Analysis

In the experiments, the echo SNR and maximum pitching
mapping belt of the imaging mode proposed in this article and
the imaging mode proposed in [18], [19], [20], and [21] are
compared and analyzed. The SNR of the system is proportional
to the transmitting area and the receiving area. In addition, the
maximum pitching mapping belt of the system is related to the
range swath width of the transmitted signal model scanning.
The simulation parameters of the radar system are given in
Table VII. The parameters of bandwidth of each mode are given
in Table VIII.

Fig. 20 shows the distribution of latticed target. Fig. 20(a)
shows the 3× 3 distributed lattice in the first pitching mapping
belt. Fig. 20(b) shows the 3× 3 distributed lattice in the second

TABLE VII
SIMULATION PARAMETERS OF MULTIMODE SYSTEM MODEL

TABLE VIII
SIMULATION PARAMETERS OF BANDWIDTH OF EACH MODE

pitching mapping belt. The simulation results on the point target
are shown in Fig. 21. Fig. 21(a) and (b) show the imaging result
of point target of [18], [19], and [20]. Fig. 21(c) and (d) show the
imaging result of point target of [21]. Fig. 21(e)–(h) show the
imaging result of point target in this article. It can be seen that
the imaging results of [18], [19], [20], [21], and in this article
are good.

Table IX analyzes the ISLR, PSLR, and SNR of the imaging
results of the point target in each mode. The imaging effect
of each mode is good for point (Q1 and Q2). In addition, the
multimode imaging model in this article has a larger pitching
mapping belt than the multimode imaging model in [18], [19],
[20], and [21]. Therefore, it can be concluded that the multi-
modal imaging model in this article has a higher SNR and a
wider pitching mapping belt.

G. Multiresolution Imaging Performance Analysis

After verifying the imaging performance of the latticed target,
the multiresolution characteristic of the imaging configuration
is simulated in the latticed scene. According to the Table II,
the range resolution of the stripe mode is 3m, and the azimuth



ZHOU et al.: SIMULTANEOUS MULTIRESOLUTION IMAGING BASED ON MULTIMODE MIMO-SAR 8469

Fig. 18. Point target imaging results after subaperture fusion in stripe mode. (a) Contour map of point target P1. (b) Contour map of point target P2. (c) Contour
map of point target P3.

Fig. 19. Point target imaging results after subaperture fusion in spotlight mode. (a) Contour map of point target P1. (b) Contour map of point target P2.
(c) Contour map of point target P3.

Fig. 20. Lattice distribution of the point targets. (a) First pitching mapping belt. (b) Second pitching mapping belt.

resolution of the stripe mode is 4m. The range resolution of
the spotlight mode is 0.75m, and the azimuth resolution of the
spotlight mode is 2m. From Fig. 16(a), the point target of P2

is redesigned. The point of P2 has been changed from a single
target to a 3× 3 uniformly distributed lattice, with the azimuth
and range spacing of 2.5m, as shown in Fig. 22. Limited to the
length of the article, the imaging simulation experiment is only
conducted for the latticed scene of the first pitching mapping
zone.

Fig. 23 presents the imaging results of the dotted scene in
Fig. 22. Fig. 23(a) shows the imaging results of imaging fusion
of the P2 lattice in the stripe mode, and Fig. 23(b) shows the
imaging results of imaging fusion of theP2 lattice in the spotlight
mode. It can be seen in Fig. 23 that the spotlight mode can clearly
separate the nine targets of P2 lattice, while the stripe mode fails
to effectively distinguish targets due to the resolution.

In order to better show the multiresolution imaging
performance, this article takes any 3× 1 distributed lattice
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Fig. 21. Imaging results of point target. (a) Contour map of point target Q1of TOPS mode in [18], [19], and [20]. (b) Contour map of point target Q1 of sliding
spotlight mode in [18], [19], and [20]. (c) Contour map of point target Q1 of TOPS mode in [21]. (d) Contour map of point target Q1of spotlight mode in [21].
(e) Contour map of point target Q1 of stripe mode in this article. (f) Contour map of point target Q1 of spotlight mode in this article. (g) Contour map of point
target Q2 of spotlight mode in this article. (h) Contour map of point target Q2 of spotlight mode in this article.

TABLE IX
PSLR AND ISLR OF EACH MODE POINT TARGET

Fig. 22. Target distribution in latticed scene.

in Fig. 22 as a new imaging scene and performs range sampling
on the imaging results. Fig. 24(a) is the result of the range
sampling in stripe mode, and Fig. 24(b) is the result of the

range sampling in spotlight mode. It can be seen from Fig. 24
that the spotlight mode can intuitively separate three targets,
while the stripe mode is unable to effectively distinguish targets
due to resolution constraints. Therefore, Figs. 16–24 show that
the multiresolution characteristics and imaging effect of the
proposed model are good.

H. Surface Targets Simulation

Due to the lack of spaceborne multimodal SAR data with high-
resolution and wide-swath, the surface simulation is adopted to
further verify the multiresolution performance of the proposed
model. In the high-frequency approximation, it can be known
that the backscattering coefficient of each target can be assumed
to be constant when the frequency and scattering of each target
is all-directional [34]. Thus, relying on reflection coefficients
of the real SAR image to obtain credible echo data is the most
critical step. This article uses the gray values of the real SAR
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Fig. 23. Imaging results of theP2 lattice (a) in stripe mode and (b) in spotlight
mode.

TABLE X
PSLR AND ISLR OF THE RED BOX AREAS

image to represent the amplitude of the backscatter coefficient.
In addition, radar system parameters in ground target simulation
are the same as those in target simulation. And after the echo of
surface targets is obtained, it can be processed through the signal
processing flow, which is proposed in this article. The imaging
results are shown in Fig. 25(b) and (c)

To further verify the multiresolution performance of the pro-
posed model. A local image containing nine highlight points is
set in the original SAR image, that is, the red box area marked
A in Fig. 25(b) and (c). Fig. 26(a) and (b) are enlarged images
of the red box area marked A in Fig. 25(a) and (b), respectively.
Table X analyzes the ISLR and PSLR of the imaging results
of the red box areas marked C and D in Fig. 26(a) and (b). It
can be seen from Table X that the PSLR and ISLR of red box
areas marked C and D in Fig. 26(b) are higher than those of
red box areas marked C and D in Fig. 26(a), indicating that the

Fig. 24. Range sampling after image fusion (a) in stripe mode and (b) in
spotlight mode.

TABLE XI
RESOLUTION OF THE RED BOX AREAS

imaging quality of the spotlight mode is much better than that
of the stripe mode. In addition, Table XI presents the resolution
in azimuth and range of red box areas marked B, C, and D in
Fig. 26(a) and (b). From the comparison between the red box area
marked B in Fig. 26(a) and (b), nine highlighted point targets
can be clearly distinguished in the spotlight mode, while they
cannot be effectively distinguished due to the limited resolution
in the stripe mode. Therefore, the reliability and availability of
the proposed multiresolution imaging model can be verified.

VI. DISCUSSION

The premise of the aforementioned simulation results
assumes an ideal state for each channel, without considering
the differences and interferences between channels in actual
work. On the one hand, it is inevitable for channel errors
to exist in practical radar systems [41]. Due to the factors,
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Fig. 25. Simulation results of the surface targets. (a) Reference terrain scene.
(b) Imaging result of stripe model. (c) Imaging result of spotlight model.

such as temperature, power supply voltage, and manufacturing
processes, the frequency response functions transmitted by
each channel cannot maintain good consistency, that is, channel
mismatch. It will reduce the performance of the system and
have errors after imaging processing. However, these issues can
be resolved by the method of the channel equalization. Thus,
a channel equalizer is required on the hardware configuration
of the radar system. On the other hand, with the increasing
complexity of radar system functions, the number of receiving
and transmitting antennas on the same platform is increasing.
Receiving and transmitting with multiple antennas inevitably
results in mutual interference, which reduces antenna isolation
and communication capacity [42]. Thus, a device of channel
isolation is required in the hardware configuration of the radar
system to avoid interference between each channel.

In the actual working conditions, in order to maximize the gain
of the range DBF in the useful signal direction and make the zero
point to the adjacent subpulse echo direction, it is necessary that
the narrow beamwidth formed by the range DBF is smaller than
the angle of the echo direction between the adjacent subpulses.
Therefore, the actual antenna size in range needs to meet the
condition [39]

Dr ≥ 2λRfar tan θmax/(cΔTmin) (41)

Fig. 26. Enlarged images of the area marked area in Fig. 25. (a) Enlarged
image of the marked area in Fig. 25(b). (b) Enlarged image of the marked area
in Fig. 25(c).

where Rfar denotes the slant distance at the farthest end of
the scene, θmax represents the maximum angle of squint, and
ΔTmin represents the delay of minimum time between echoes of
different pitching mapping belts that belong to the same azimuth
subbeam signal.

VII. CONCLUSION

This article proposes a simultaneous multiresolution imaging
mode based on multimode MIMO-SAR. First, an improved
APC technology is used to separate multimode echo signals.
Then spatial filtering technology and range digital beamforming
technology are used to remove the azimuth ambiguity and range
ambiguity of the subaperture signals. Finally, the high-resolution
images corresponding to the full aperture of each mode are ob-
tained through the subaperture image coherent fusion algorithm.
The improved APC reduces the computation and complexity on
the basic of effectively separating multimode echo signals. The
combination of subaperture division technology and subaperture
image coherent fusion algorithm greatly reduces the amount of
data in the imaging system. The proposed imaging mode not
only satisfies the requirements of high-resolution wide-swath
imaging, but also obtains different resolution imaging areas
in one imaging processing. This optimizes the utilization of
the antenna transmission area and enhances the utilization of
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transmission channels. Simulation results show that the im-
proved APC can effectively separate multimode echo signals,
and the multiresolution characteristics and imaging effect of
the proposed model are good, which verifies the feasibility and
effectiveness of the system configuration.
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