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The paper proposes special multiple-input single-output synthetic aperture radar (MISO-SAR) and multiple-input multiple-output
SAR (MIMO-SAR) for bidirectional imaging, which can simultaneously illuminate two areas from different directions in azimuth.
For the proposed MISO-SAR, two subpulses with the same carrier frequency and phase coding are transmitted with different
azimuth directions by switching the phase coefficients in the transmit modules, and echoes corresponding to the subpulses are
received by the main lobe and the first grating lobe of the whole antenna. To suppress mutual interference, the two subpulses are
transmitted with different range-frequency bands, and their echoes are demodulated and recorded in different channels in the
proposed MIMO-SAR. This paper presents the system design of these modes and analyzes their azimuth ambiguity to signal ratio
(AASR). Besides, simulation results on points are carried out to validate the proposed bidirectional imaging modes.

1. Introduction

The repeated acquisition of synthetic aperture radar (SAR)
images is very useful for multiple observation applications,
such as moving targets detection, terrain change detection,
and velocity measurements by along-track interferometry [1-
3]. For a SAR satellite, the time lag between two acquisitions
must be more than several hours. However, for iceberg drifts
or ship velocity measurements [4, 5], the time lag should be
less than several minutes. The single channel bidirectional
SAR imaging mode is proposed in [1] and implemented
via a phased planner antenna to generate both main lobe
and grating lobes to illuminate different areas. This imaging
mode was first achieved by TerraSAR-X satellite [6-10].
TerraSAR-X and TanDEM-X have several new modes and
finished some commissions in [7, 11-14]. Another advantage
for bidirectional SAR mode is that the simultaneous imaging
into two directions can obtain two widely separated Doppler
subbands, which can offer many different interferometry or
GMTI applications [15-19].

The major drawback of the single channel bidirectional
SAR imaging mode is the high azimuth ambiguity to signal

ratio (AASR) level caused by the grating lobes. To suppress
the high AASR level, a pulse repetition frequency (PRF) value
higher than the one in the conventional stripmap mode with
the same antenna length is required or the azimuth processed
bandwidth is reduced. Therefore, the bidirectional imaging
mode is balanced by the limited swath width due to the higher
PRF and/or by the impaired azimuth resolution due to the
reduced azimuth processed bandwidth.

In this paper, two special imaging modes for bidirectional
imaging based on the phased planner antenna are proposed.
In the first mode, two subpulses are transmitted in turn
with different azimuth antenna beams by switching the phase
coefficients in the transmit modules, and echoes of the two
subpulses are simultaneously received by the main lobe and
the first grating lobe of the whole antenna and recorded in
a single channel. This imaging scheme with two transmitted
subpulses and a single receive channel is named as multiple-
input single-output SAR (MISO-SAR) for bidirectional imag-
ing. To further distinguish the echoes, two subpulses are
transmitted with different frequency bands, and then their
echoes are demodulated and recorded in two channels. As
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FIGURE 1: Antenna patterns of the phased array antenna.

a result, the second imaging mode is named as multiple-
input multiple-output SAR (MIMO-SAR) for bidirectional
imaging. Compared with the bidirectional imaging mode in
[1], the two proposed imaging modes are with the lower
AASR level. The system design and signal processing of the
proposed modes are given in detail. Furthermore, simulation
experiments on point targets are carried out to validate the
proposed bidirectional imaging modes.

The paper has five sections. Section 2 focuses on present-
ing two proposed imaging modes for bidirectional imaging.
The system design and AASR analysis of the two modes
are given in Section 3. The imaging approach of two modes
and simulation experiments on point targets are presented in
Section 4. The paper is concluded in Section 5.

2. Special MISO-SAR and MIMO-SAR Modes

2.1. Antenna Pattern of the Phased Array Antenna. To imple-
ment antenna beam scanning in both azimuth and elevation,
a phased two-dimension (2D) planar antenna is usually
adopted in the future spaceborne SAR missions. According
to the working principle of the phased array antenna, the
one-way antenna pattern of the phased array antenna can be
written as follows [4]:
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where G,(0) indicates the antenna pattern of the element
antenna, K is the number of the transmit/receive (T/R)
modules, A is the wavelength, and L,, is the length of the
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element antenna. To avoid the grating lobes during antenna
beam steering, the length L,, should be

< A ()
I I ST
where 0, .. is the maximal steering angle. To implement

the desired antenna beam pointing direction, the phase
coeflicients of the T/R modules are expressed as
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where a1 is constant, 8, indicates the desired antenna beam
pointing direction, and M is the number of the T/R modules
with the same phase coefficient. With the phase coeflicient of
(2), the distance between the main lobe and the first grating
lobe is

A

AG = .
M-L,

(6)

Figure 1 shows antenna patterns of the phased array
antenna with phase coeflicient coding of (4) and (5),
where the element antenna L,. is 0.02m, the wavelength
is 0.03125 m, the number of elements is 320, and M is 20.
Furthermore, the antenna beam pointing direction 6, in (4)
is —1.5°, while 6, in (5) is 1°.

2.2. Acquisition Geometry. Figure 2 shows the proposed
modified bidirectional SAR acquisition geometry with simul-
taneous fore and aft acquisitions. In the bidirectional SAR
imaging mode in [1], each pulse is transmitted to two different
areas in azimuth and its corresponding echoes are received by
the main lobe and the first grating lobe of the same azimuth
antenna pattern. However, the large transmitted radar pulse
is divided into two subpulses to be transmitted into different
azimuth areas in the proposed modified bidirectional SAR,
and the subpulses are transmitted by different azimuth
antenna patterns by steering the azimuth antenna beam as
shown in Figure 2(a). The echoes of two subpulses from two
azimuth areas are received by the main lobe and the first
grating lobe of the whole azimuth antenna, respectively.

In the first case, two subpulses are with the same carrier
frequency and phase coding, while their corresponding
echoes are simultaneously received and sampled in a single
channel. Therefore, this imaging scheme is named MISO-
SAR. To suppress the interference between echoes, two trans-
mitted subpulses could be with different carrier frequencies,
and their corresponding echoes are received and sampled
with different channels. As a result, the second imaging
scheme is named MIMO-SAR.

Figure 3 shows azimuth antenna patterns of the proposed
modified bidirectional SAR acquisition. It demonstrates that
the well-behavior transmitting antenna pattern may suppress
the power of grating lobes and side lobes of the azimuth
receiving antenna pattern. In Figure 3, M is 10 and the
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FIGURE 2: Modified bidirectional SAR acquisition geometry with simultaneous fore and aft acquisitions: (a) radar pulses transmitting and (b)

radar echoes receiving.

angular interval between the main lobe and the first grating
lobe is 8.952°. Therefore, the azimuth backward and forward
beam pointing direction is —4.476° and 4.476°, respectively.
Furthermore, the main lobe and the first grating lobe share
the same antenna gain and are with 4 dB gain reduction
compared with the main lobe of the azimuth transmitting
beam pattern.

3. AASR Analysis and System Design

3.1. AASR Analysis. For the proposed MISO-SAR system,
the AASR for the backward area and the forward area are
computed as follows:
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where f, = 2vsin0/A is the Doppler frequency, v is the
speed of the radar, 0 is the squint angle, B, is the processed
Doppler bandwidth, G, is the azimuth receiving antenna
pattern, k is an integer, G, and G,  indicate the azimuth
transmitting antenna patterns for the aft and fore directions,
respectively, and f,.; and f ; are the Doppler centroids for
backward and forward imaging. For well-symmetric fore and
aft azimuth directions, the AASR is connected to the spectral
separation as the grating lobe is the strongest contribution of
the ambiguous signal energy to the main lobe as shown in
Figure 3.

Similar to the single channel bidirectional SAR system,
the cyclic behavior of divergent and coincident folding also
becomes visible by plotting the AASR versus the selected PRF
as shown in Figure 4. The simulation parameters are listed in
Table 1. As the grating lobe moves relative to the main lobe,



Backward beam Forward beam

-20 +

—40 +

(i i M

—-60

Normalized gain (dB)

-80

-100
-60

20 40

60

_50 -

-100

|

—-40

Normalized gain (dB)

20

L

-20 0 40
Angle (*)

(©)

|

60

International Journal of Antennas and Propagation

0 T T T
Main lobe First grating lobe
=20
o
=
g -40
S
o
X
s —
é 60
S
Z
-80
-100 1 L . . L
-60 —40 =20 0 20 40 60
Angle (°)
(®)
0 T T T T T
=
= =50
g
5o
]
3
Ll |
£ -100
"M ’ lH‘ N L | I}“
-60 —-40 =20 0 20 40 60

Angle (*)
(d)

FIGURE 3: Azimuth antenna patterns of the phased antenna. (a) Transmitting antenna pattern. (b) Receiving antenna pattern. (c) Two-way
antenna pattern for backward imaging. (d) Two-way antenna pattern for forward imaging.

TABLE 1: Simulation parameters.

Parameters Value
Antennal length (m) 6.4
Azimuth element antenna length (m) 0.02
Number of T/R in azimuth 320
Number of T/R modules with the same phase on receive 20
Carrier frequency in MISO-SAR (GHz) 9.6
Carrier frequencies in MIMO-SAR (GHz) 9.4,9.8
Transmitted pulse duration (us) 10
Pulse bandwidth (MHz) 150
Sampled frequency (MHz) 180
Sensor velocity (m/s) 7500
Slant range (km) 700
Squint angles for bidirectional imaging (°) +4.476

the AASR oscillates between high and low values. The high
value of the AASR is about 0 dB and keeps constant, since it

reflects the coincident folding in the two-way antenna pattern
for backward imaging and forward imaging. The low value
becomes lower with increasing PRF, since Doppler spectra of
backward imaging and forward imaging areas can be better
separated by band-pass Doppler filtering. As the gain of the
main lobe and the first grating lobe is the same in Figure 3(b),
the AASR in the aft and fore images are equivalent. Compared
with the AASR of the single channel bidirectional SAR system
in [1], the AASR of the proposed MISO-SAR system is better
than the conventional bidirectional SAR system, since the
power of the grating lobes and side lobes of the azimuth
receiving antenna pattern is suppressed by the azimuth
transmitting antenna pattern as shown in Figure 2. In other
words, for the desired AASR level (e.g., about —18 dB) as
shown in Figure 4, the selected PRF should be more than
6500Hz in the single channel bidirectional SAR system,
while the selected PRF only should be more than 5100 Hz
in the proposed MISO-SAR system. In this simulation, the
processed Doppler bandwidth is related to the 6 dB beam
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FIGURE 5: AASR of the proposed MISO-SAR versus acquisition PRF
for different processed Doppler bandwidths.

width of the two-way azimuth antenna pattern and about
1454 Hz.

Similar to conventional SAR imaging modes, the AASR
level can be improved after reducing the processed Doppler
bandwidth under the same condition as shown in Figure 5
but with the impaired azimuth resolution.

From (7), the high AASR level is caused by the inter-
ference between echoes of two transmitted subpulses in
a single pulse repetition interval (PRI). To suppress the
interference in the proposed MIMO-SAR for bidirectional
imaging, two subpulses are transmitted with different range-
frequency bands and their echoes can be easily separated by
range-frequency band-pass filtering. As two subpulses have
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FIGURE 6: AASR of the proposed MIMO-SAR versus acquisition
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FIGURE 7: Block diagram of the system design of two proposed
bidirectional SAR imaging modes.

different carrier frequencies, the AASR for the backward area
and the forward area in the proposed MIMO-SAR system is
computed as follows:
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FIGURE 8: Simulation results of the proposed MISO-SAR with the PRF of 5170 Hz. (a) Azimuth raw data in the time and Doppler frequency
domains. (b) Doppler spectra after separation. (c) Imaging results from different azimuth directions.
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As a result, the AASR level of the proposed MIMO-
SAR system is much better than that of the MISO-SAR
system. Figure 6 shows the AASR versus the selected
PRF in the proposed MIMO-SAR system under the same
condition.

3.2. The System Design. The block diagram in Figure 7 shows
major system design steps of the two proposed bidirectional
SAR imaging modes. The starting point is the desired system
parameters of fore and aft images such as swath width,
geometric resolution, AASR, range ambiguity to signal ratio
(RASR), and noise equivalent sigma zero (NESZ), while
fore and aft images are with the squint angles 6, and -0,,
respectively. First, the transmitted pulse bandwidth B, and
the processed Doppler bandwidth B, related to the azimuth
antenna length are determined by the desired geomet-
ric ground resolution and azimuth resolution, respectively.
According to the squint angle 6, for bidirectional imaging,
the number of T/R modules and the azimuth beam steering
raw controlled by the phase coeflicients in (4) and (5) can be
set. The PRF selection is looking for the satisfied AASR level.
Furthermore, in addition to reducing the selected PRF, we can



International Journal of Antennas and Propagation

L
<
2
=
g
<
1
L
<
2
& 05} g
=8
g
<
0 I I |
-3000 2000  —1000 0 1000 2000 3000
Doppler frequency (Hz)

(a)

Q
ks
2
= 05} E
=
g
<

0 1 1 1

—42 —40 -38 -36 -34

Doppler frequency (kHz)

1 T T
L
]
2
= 0.5 4
=
g
<

0 1

34 40 42

Doppler frequency (kHz)
(b)

L
s}
2
=
g
<
-15 -10 -5 0 5 10 15
Azimuth location (km)
0 - - - -
)
s}
2
2 50
]
<
~100 ) ) )
-15 -10 -5 0 5 10 15
Azimuth location (km)

(c)

FIGURE 9: Simulation results of the original bidirectional SAR with the PRF of 5170 Hz. (a) Azimuth raw data in the time and Doppler
frequency domains. (b) Doppler spectra after separation. (c) Imaging results from different azimuth directions.

enlarge the antenna height to improve the RASR level. Finally,
the average power P, is set to obtain the desired NESZ.

The major difference between the proposed MISO-SAR
and MIMO-SAR for bidirectional imaging is that two sub-
pulses are transmitted with different range-frequency bands
to avoid mutual interference. As a result, a lower selected
PRF is required for the desired AASR level in the MIMO-
SAR system than in the MISO-SAR system under the same
condition as shown in Figures 5 and 6. However, since the
AASR oscillates between high and low values in the MISO-
SAR system, a small PRF range should be selected for a better
AASR level.

4. Raw Data Processing and Simulation

To validate the proposed MISO-SAR and MIMO-SAR for
bidirectional imaging, simulation experiments on point

targets are carried out. Simulation parameters are listed in
Table 1.

In the proposed MISO-SAR for bidirectional imaging,
a much higher PRF than in the conventional stripmap
case with the same antenna length is required according
to Figures 8 and 10 which show raw data and imaging
results of two targets from different azimuth locations by
MISO-SAR mode. Figures 9 and 11 show the results by
original bidirectional SAR mode with the same parame-
ters.

Furthermore, with the PRF of 5170 Hz, spectra of two
targets with the Doppler centroids —3746 Hz and 3746 Hz
can be better separated via Doppler band-pass filtering
and compressed, but the two spectra cannot be well sepa-
rated and this phenomenon would introduce high azimuth
ambiguities with the PRF of 5490 Hz. The weaker targets
are azimuth ambiguities as shown in Figures 8(c) and
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FIGURE 10: Simulation results of the proposed MISO-SAR with the PRF of 5490 Hz. (a) Azimuth raw data in the time and Doppler frequency
domains. (b) Doppler spectra after separation. (c) Imaging results from different azimuth directions.

10(c). Results of Figures 8 and 10 also validate that the
AASR oscillates between high and low values versus the
PRF as shown in Figure 4. By comparing with Figures
8 and 9, it can be seen that the separation and imaging
performances by the proposed MISO-SAR are obviously
better than those in original bidirectional mode. With the
PRF of 5490 Hz, it can lead to the same conclusion by
comparing with Figures 10 and 11. Therefore, the superiority
of the new MISO-SAR mode has been validated. With the
same antenna length and the number of T/R modules,
Figure 12 shows simulation results of azimuth raw data
and spectra from two azimuth directions in the proposed
MIMO-SAR for bidirectional imaging. The operated PRF is
3000 Hz.

5. Conclusion

The paper has put forward two novel imaging modes named
MISO-SAR and MIMO-SAR for bidirectional imaging, and
both modes allow for single-satellite short-term repeated
SAR acquisitions in the range of seconds. In the two imaging
modes, two subpulses are transmitted to different azimuth
locations and the raw data from two directions simultane-
ously arrive at the sensor and are superimposed into the same
receiving window. In the proposed MISO-SAR, echoes from
different azimuth directions are separated by Doppler band-
pass filtering. Echoes from different azimuth directions in
MIMO-SAR are separated in the range-frequency domain
due to different carrier frequencies. Compared with the
bidirectional imaging mode in [1], the proposed MISO-SAR
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and MIMO-SAR modes are with the better AASR under the
same condition, especially the proposed MIMO-SAR.
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