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Abstract: The azimuth multi-channel synthetic aperture radar (SAR) is widely used in marine obser-
vation, because of its excellent imaging ability of high-resolution and wide-swath (HRWS) signals.
Different from the static targets, the azimuth ambiguity of the ships on the open sea resulting from the
radial motion seriously affects the SAR image quality and ship detection probability. As a result, two
methods of azimuth ambiguity suppression for moving ships based on motion phase compensation
are proposed to apply to different practical application conditions. The simulation and real measured
data experiments verify the ability of image quality improvement by proposed methods.

Keywords: azimuth ambiguity suppression; azimuth multi-channel; high-resolution and wide-swath
(HRWS); motion phase compensation

1. Introduction

Geometric resolution and imaging coverage swath are always two major performance
indicators of synthetic aperture radar (SAR) images. However, the traditional single-
channel SAR system cannot realize high-resolution and wide-swath (HRWS) imaging
simultaneously because of their conflicting requirements for the pulse repetition frequency
(PRF) setting of the transmitter [1]. The azimuth multi-channel SAR has been a considerable
technology to produce HRWS images in recent years, which broke through the inherent
limitation of traditional SAR [2,3]. To avoid range ambiguity, the antenna phase center
transmits the signal at the PRF lower than the Doppler bandwidth. Combined with the
advanced digital signal processing technology on the receiver to improve the geometric
resolution. Therefore, the most significant feature of the azimuth multi-channel SAR is that
the data of a certain channel cannot be imaged separately, and the data of multiple channels
must be equivalent to the full-sampling data of a traditional single-channel before imaging.

HRWS SAR is an effective tool for ocean scenes that need wide-area and real-time
monitoring. As for maritime moving ship targets, the additional radial motion results in
serious azimuth ambiguity after the imaging algorithm, which is different from the static
scenes [4]. The performance of azimuth ambiguity in the image is that there are several
pairs of false targets whose intensity decreases in turn on both sides of the real target [5-10].
The existence of false targets seriously degrades the image quality, as well as increases the
false alarm rate of subsequent ship target detection.

There have been some studies on moving target unambiguous imaging algorithms.
Baumgartner et al. proposed that the reconstruction of a moving target can be achieved by
maximizing the signal-to-noise ratio (SNR) by using matched reconstruction filter bank
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(MREB) [5]. Because of the iterative operation, the algorithm requires a large amount of
computation and has poor timeliness. Zhang et al. used the prior knowledge of the radial
velocity to set up an appropriate filter to extract each ambiguous component and got the
complete spectrum free from ambiguity [6]. Similarly, Yang et al. estimated the radial
velocity of the target based on the sparse direction-of-arrival (DOA) estimation and then
used space-time adaptive processing (STAP) to suppress clutter and image the moving
target [7]. As we all know, the most inevitable problem of STAP is the huge amount of
computation. Jin et al. proposed a moving target reconstruction filter method based on
known radial velocity to obtain the unambiguous spectrum [8]. Although the methods
improve the image quality of moving targets, they are developed for a single target. For
the HRWS SAR images, the number of moving targets is usually more than one. Then, the
existing methods need to be iterated many times. Therefore, the reason why they have
a large amount of computation is mainly due to the algorithm complexity for a single
target and iteration operation dealing with multiple targets. Besides, the residual phase
errors between channels will affect the accuracy of velocity estimation [9]. Therefore, the
improvement of ocean scene image quality will have poor performance when the imbalance
between channels cannot be completely corrected. Also, the phase error estimation in ocean
scenes has always been a difficult problem. In [10], the unambiguous imaging scheme
of moving ships for maritime scenarios is proposed. Based on the imaging scheme, this
letter will propose two motion phase compensation methods to suppress the azimuth
ambiguity of marine moving targets. The proposed two methods are suitable for the cases
that the phase imbalance between channels is completely corrected and the residual phase
imbalance between channels cannot be ignored, respectively.

This communication is organized as follows: Short reviews of the multichannel HRWS
SAR signal model of moving target are presented in Section 2; In Section 3, two methods of
motion phase compensation are described in detail; Section 4 gives results of the simulation
data and real data experiments, and the conclusions in Section 5 close the technical note.

2. Signal Model

The geometry of the azimuth multichannel SAR system is illustrated in Figure 1. The
azimuth direction is along the y-axis, and platform velocity is presented as v;. There is
a moving target in the imaging scene, whose shortest slant range is Ry and the incident
angle is 6. It is supposed that the velocity of the target along the ground is v4,,. In general,
the velocity is decomposed into the along-track velocity v, and the cross-track velocity
Urg. The radial velocity v, is the projection of the cross-track velocity in the slant range
direction. During the continuous illumination of the SAR sensor, the radial velocity of
the target is considered as a constant value reasonably. In this letter, we only focus on the
radial velocity, because it is the main factor causing azimuth ambiguity.

According to the imaging geometry, the instantaneous slant range between the n-th
channel and the moving target can be expressed as:

2
Ru(7) = Ro+2,( = 1) & 5= (1 = e + (1 =) T0)’, (1)
where:
T; = d/2vs. 2)

The distance between two receive phase centers is d, and 7. represents the initial
coordinates of the target.

It assumed that the channels are completely consistent, and the system parameters
satisfy the uniform sampling condition [4]. And we use t for the azimuth time of the
single-channel sampling as shown in Figure 2, i.e.,

t={--,no.m0+ Ty 10+ (N—=1)Tg,---}. 3)
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Figure 1. Imaging geometry of HRWS SAR system.
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Figure 2. The relationship between the azimuth time of each channel and that of the reconstructed
equivalent single-channel.

In such a situation, for the static target (v, = 0), when the data of multiple channels
are cross arranged, the equivalent single-channel echo is written as:

o3

2R,

R*(t) = Ry + == (t — t)%. (4)

The instantaneous slant range expression of the static target is consistent with that
in traditional SAR after reconstruction [11]. For a moving target, however, the equivalent
single-channel echo is written as:

2
s

R™(E) = Ry + vp(t — te) + 2 (t — t) — 0, T}, )

2Ry
where:
Tt - { t ,(Tl - 1)Td10/Td1' v ,(7’1 - 1)Td10/ : } (6)

Therefore, when the target has radial motion, the reconstructed signal is no longer
equivalent to the single-channel uniformly sampled signal but introduces a phase error
along the channel dimension.

The essential reason for the existence of false targets is the periodic extension of the
spectrum when the data sampling of each channel does not satisfy the sampling theorem.
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If there are no errors between channels, the ambiguous parts of the signal spectrum can
cancel each other after multi-channel data reconstruction. However, when the amplitude
or phase of the channel is imbalanced, the ambiguous parts cannot be offset, resulting in
false targets. In an HRWS SAR image, even if the channel imbalance is compensated and
the unambiguous spectrum of the scene is obtained after the reconstruction algorithm, the
echo of the moving target still suffers from additional phase errors, which leads to obvious
azimuth ambiguity in the image. Moreover, the location of the false targets is expressed as:

ryi:Ij;—pk, k=+1,2,--- ,N—1, @)
a

where f, represents PRF of the system and K; is Doppler rate. Thus, the number of false
targets is generally 2(N — 1). When k = N, the false target is introduced by the sidelobe of
the antenna pattern.

3. Methods

In this section, the azimuth ambiguity is suppressed by motion phase compensation
for the echo of moving targets. In the processing of multi-channel data of maritime
scenarios, the phase imbalance between channels can be corrected accurately according
to the internal calibration information or estimated value [3,12]. In such a situation, the
radial velocity of the marine ship can be estimated correctly to suppress false targets and
realize relocation. It is worth mentioning that there have been some relatively efficient
and accurate radial velocity estimation algorithms, i.g., the subspace-based method (SBM),
and the modified frequency correlation method (MFCM) [9]. However, strong noise or
too many vessels will affect the phase error estimation performance and even cause phase
error estimation unavailable for ocean scenes. The residual phase error leads to inaccurate
velocity estimation, which results in the poor effect of azimuth ambiguity suppression [9].
In order to suppress the azimuth ambiguity and improve the image quality of ocean scenes
under different practical application conditions, two motion phase compensation methods
will be introduced in detail based on the imaging scheme in [10].

3.1. Method 1

After range compression, the expression of the echo in the range frequency domain is
as follows: (for the convenience of expression and without losing generality, the amplitude
of the received signal is ignored):

A
60 (r) = xp (" Ral) f: + fo) ®
where f, and fj represent the range frequency and radar frequency. And c represents the

speed of light. The wavelength of the carrier is expressed as A.
For a static target, the received signal of n-th channel can be written as:

o) = exp (7R 4 ) ©)

while for a moving target, the echo of n-th channel is expressed as:

1) = exp (~1ZRE G + o)) (10

From (1), the relationship between the static target sj,( f;, 77) and the moving target
su (fr 1) is: :
su(fron) = s (fro 1) -5 (frs 1) (11)
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where: ) )
s (fr) = exp <j27ff’77fr) exp (J’ZHXWO (12)

After motion phase compensation, the echo of the moving target is equivalent to that
of the static target in each channel. From (12), there are two terms in the compensation
phase: the first term is the range walk of the range cell migration curve caused by the radial
motion; the second one is the Doppler center shift result in the position deviation in the
azimuth direction.

In summary, the compensation function (12) is calculated based on the radial velocity
estimation, and the moving target is completely equivalent to the stationary one so that the
azimuth ambiguity is suppressed. Meanwhile, the misplaced target returns to the right
position by correcting the Doppler shift.

3.2. Method 2

For method 1, the higher the accuracy of velocity estimation, the higher the accuracy
of relocation, and the better the performance of false target suppression. However, the
velocity estimation is sensitive to the residual phase error between channels. If the users
only have high requirements for image quality, the additional phase errors caused by radial
motion in the echo of the moving target can be compensated directly, so as to achieve false
target suppression. Therefore, what we focus on is the relationship of the signal between
the n-th channel and the reference channel (1-th channel). The instantaneous slant range of
n-th channel can be written as:

Ru(n) = Ra(n + (n =1)Ty) — v, (n = 1)Ty. (13)
Thus, the expression of the echo in the range frequency domain is as follows:

s{'(fro + (n = 1)Tg) = 83! (fr, 1) - s (fr, ) (14)

where:
2y n) = exp (oD ) (a2 Wig ) )

Given that the frequency of spaceborne SAR usually reaches GHz level, i.e., f; < fo,
the first term of the compensation function (15) can be ignored. Consequently, the signal
of each channel is equivalent to that of the reference channel after a simple time delay
by correcting the linear phase error along the channel dimension. The motion phase
compensation function is approximately by:

s2(fy, 1) ~ exp (—jznz/\vr(n - 1)Td) (16)

It is implied in (16) that the influence of radial velocity on the multi-channel signal of
a moving target is mainly reflected in the additional phase error. If the prior knowledge of
radial velocity is unknown, the aim of azimuth ambiguity suppression can be achieved by
estimating and compensating phase imbalance for the echo of the moving target directly.
The effective phase imbalance estimation methods are the signal subspace comparison
method (SSCM) [3] and frequency domain correlation method (FDCM) [12], et al. After
channel imbalance correction, the reconstructed is completely equivalent to the moving
target echo of the traditional single-channel SAR, which is written as:

s (t) ~ exp(—ji?R"”(t)) (17)
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where:
2
S

R™ (£) = Ro + v, (t — be) + —(t — t.)? (18)

2Rg

Compared with Equations (5) and (18), the core idea of Method 2 is to make the
multi-channel echo equivalent to the traditional single-channel echo by compensating the
motion phase. The azimuth ambiguity is suppressed, while the position deviation caused
by radial motion still exists.

4. Experimental Results
4.1. Simulation Data

A C-band azimuth four-channel SAR system is simulated to verify the difference
of moving target imaging before and after motion phase compensation under different
experimental conditions. The wavelength and PRF of the simulated SAR system are 0.056 m
and 1189.8 Hz. The bandwidth and sampling rate of the signal is 106 MHz and 127 MHz.
The antenna baseline is 1.5 m. The platform moves at the speed of 7614 m/s. A static
target and a moving target with a radial velocity of 5 m/s are simulated in the experiment,
and they are located in the same azimuth position. We simulate two possible cases in the
actual processing: the first case is that the phase error between channels is compensated
successfully shown as in Figure 3a—c while the second case is that there is residual phase
error shown as in Figure 3d—f which shows the azimuth envelope of the imaging result
under different situations. When the phase characteristics of multi-channel are completely
consistent, the static target is free from the azimuth ambiguity, while the moving one has
obvious false targets along the azimuth direction, which is shown in Figure 3a. In this
case, the radial velocity estimation result of the moving target is 4.98 m/s. After motion
phase compensation with Method 1, the false target is greatly suppressed and relocated
to the same position as the static one, which is illustrated in Figure 3b. From Figure 3c,
although the position of the moving target remains unchanged, the unambiguous imaging
result is also obtained with Method 2. However, if there is residual phase error between
channels, not only the moving targets but also the static ones will suffer from the azimuth
ambiguity, shown as in Figure 3d. In this case, the estimated radial velocity is 5.82 m/s,
which deviates from the real value of 5 m/s. Therefore, with Method 1, both the false
targets suppression and relocation fail, which is illustrated in Figure 3e. But the azimuth
ambiguity is suppressed successfully in Method 2, shown in Figure 3f. For the ocean scene
with only bright ships in the open sea, Method 2 has extremely important application value.
For Method 2, because the radial velocity cannot be estimated accurately, we approximate
the compensated phase (15) to (16). Figure 4 shows the omitted phase terms of each channel
for the simulated four-channel SAR system, which is the phase value varying with range
frequency. The maximum value does not exceed 0.5 degrees, which has little influence on
image quality. Therefore, the proposed method is reasonable.

Azimuth ambiguity suppression Azimuth ambiguity suppression(Method1)
20 T

— static P | —tatic
i l moving

moving

Amplitude(dB)
Amplitude(dB)

i i i i
0 5060 1 o(l)oo 15000 0 5000 10000 15000
Azimuth Azimuth

(2 (b)

Figure 3. Cont.
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Figure 3. Simulation imaging results. There is no phase imbalance between channels: (a—c); There is

residual phase error between channels: (d—f).
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Figure 4. The omitted phase terms in (16) of each channel for the simulated azimuth four-channel

SAR system.

4.2. GF-3 UFS Mode Data

Figure 5a shows the HRWS ocean scene SAR image obtained by GaoFen-3 (GF-3)
satellite in ultra-fine stripmap (UFS) imaging mode on 2 July 2018. From Figure 5a, we
can see the false targets on both sides of the real target marked with a red box. And the
false targets are marked with yellow boxes. The serious azimuth ambiguity makes the SAR
image appear disorderly. Besides, from the wake of the ship in the red box, it can be judged
that the ship deviates from the correct position, which is caused by the radial velocity. To
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suppress the azimuth ambiguity, this letter adopts the imaging scheme in [10], and the
results of two motion phase compensation methods are compared with each other.

GEF-3 is the first azimuth multi-channel SAR system in China, and its phase imbalance
correction performance for the land scenes is stable. In boot time in UFS mode, GF-3 can
acquire dozens of SAR images. These images usually contain rich scenes, including ocean,
land, and the ocean-land boundary. However, the phase imbalance of these data can be
considered to be the same [12]. Due to the low signal-to-noise ratio (SNR) of ocean scene
echo data, the phase error estimation has always been a difficult problem to be solved. For
the land scene echo data with high SNR, the phase error estimation result is accurate and
stable. Therefore, the phase error estimation results of adjacent land scenes are used to
compensate for the phase inconsistency of ocean scene echo data. Subsequently, the radial
motion information is obtained by the method in [9]. The ships in Figure 5a are numbered
from left to right, and the radial velocities of the seven ships are listed in Table 1. The
signal-to-clutter ratios (SCR) are measured in the range compression domain.

Table 1. The radial velocity of the seven ships in Figure 5a.

Radial Velocity SCR (Range Compression Domain)
Ship 1 3.28m/s 18.25 dB
Ship 2 2.89m/s 17.03 dB
Ship 3 340m/s 24.45dB
Ship 4 2.46m/s 24.07 dB
Ship 5 3.38m/s 17.11 dB
Ship 6 4.12m/s 21.65 dB
Ship 7 598 m/s 20.87 dB

Figure 5. Cont.
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()

Figure 5. Imaging result of GF-3 UFS mode: (a) Before motion phase compensation; (b) After motion
phase compensation by Method 1; (¢) After motion phase compensation by Method 2.
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From Figure 5b, method 1 can suppress the false targets and improve the image
quality significantly. Besides, it can also realize the relocation of the moving ships after
motion phase compensation. The red box shows that the ship coincides with its wake. And
Figure 5c illustrated that Method 2 also achieved the effect of false target suppression, but
the positions of ships remain unchanged.

5. Conclusions

In order to suppress the azimuth ambiguity of marine moving targets, two motion
phase compensation methods are proposed to apply to different practical application
conditions. When the phase imbalance between channels is corrected completely and the
radial velocity can be estimated accurately, the false targets can be suppressed and the
moving target can be relocated by the motion phase compensation in Method 1. Method 2
is suitable for the situation that the phase error between channels cannot be estimated
accurately. The combination of the two methods can significantly improve the quality of
marine SAR images.
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