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Abstract: Imaging position shift based on the multiple azimuth squint angles (MASA) mode is ef-
fective for target azimuth velocity estimation, whereas accuracy is low when target range velocity
is high. In this paper, the estimation problem for both target azimuth and range velocities is consid-
ered based on the multi-channels MASA (MC-MASA) mode. Firstly, the acquisition geometry of
MC-MASA mode and Doppler characteristics of a moving target are analyzed in detail, especially
in squint mode. Then, for better moving target estimation, the stationary background clutter is re-
moved using the displacement phase center antenna (DPCA) technique, and the failure in range
velocity estimation with sequential SAR images is also discussed. Furthermore, a modified along-
track interferometry (ATI) is proposed to preliminarily reconstruct the azimuth-and-range velocity
map based on the MC-MASA mode. Since the velocity estimation accuracy is dependent on squint
angle and signal-to-clutter ratio (SCR), the circumstances are divided into three cases with different
iteration estimation strategies, which could expand the scene application scope of velocity estima-
tion and achieve a high estimation accuracy along both azimuth and range directions. Finally, the
performance of the proposed method is demonstrated by experimental results.

Keywords: multi-channels and multiple azimuth squint angles (MC-MASA); synthetic aperture ra-
dar (SAR); velocity estimation; DPCA; ATI

1. Introduction

Ground moving target indication (GMTI) and track formation have received grow-
ing attention in both civilian and military applications [1-3], with the development of
synthetic aperture radar (SAR) technique. However, moving targets are defocused and
dislocated in SAR image due to unknown motion parameters [4], especially in the case of
long dwell time. Therefore, velocity estimation is very important for moving target imag-
ing, as well as track generation.

Target motion introduces variations in both Doppler spectrum and range cell migra-
tion (RCM) [5-7], which will result in target position shift and resolution distortion in SAR
image. Moreover, the effect on SAR image is different in side-looking and azimuth squint-
looking. In side-looking, target motion in the range direction leads to shift of Doppler
centroid frequency, which in turn results in azimuth dislocation and extra RCM. Target
motion in the azimuth direction will mainly introduce Doppler frequency modulated rate
variation, leading to image defocusing [8]. However, in azimuth squint-looking, both
range and azimuth motions have influence on azimuth dislocation and defocusing,
providing a new challenge for velocity map reconstruction.

Based on the effects mentioned above, several methods were proposed [9-14]. A
GMTI approach using the reflectivity displacement method (RDM) was proposed [9] by
analyzing the frequency shift and evaluating of Doppler Rate Map with high target radar
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cross section, where the Doppler Rate variation and range cell migration (RCM) were used
for azimuth velocity and range velocity determination, respectively. Additionally, more
efficient RCM evaluation was carried out with geometry-information-aided Radon trans-
form for range velocity estimation in [10]; more accurate two-dimension search methods
based on velocity correlation function (VCF) [11,12] and different geometrical figures due
to target velocity vectors [13] were analyzed with high computational complexity. In order
to obtain better moving target imaging quality in high-resolution SAR system, the higher-
order motion parameters could be estimated based on the polynomial phase signal (PPS)
model [14-16] and the Hough-high-order ambiguity function transform [17]. However,
the estimation performance of these methods would deteriorate in the case of low signal-
to-clutter ratio (SCR) and PPS model is sensitive to RCM effects.

To improve the estimation accuracy, based on the multiple-channel receiving tech-
nique, three classic methods were developed, including displacement phase center an-
tenna (DPCA) [18], along-track interferometry (ATI) [19], and space time adaptive pro-
cessing (STAP) [20], with more degrees of freedom to detect moving targets. For the DPCA
method, the stationary background clutter is removed by subtracting signals from differ-
ent receiving channels. By interference processing using signals from different receiving
channels, the residual phase is used for target range velocity estimation, whereas the de-
tection performance eventually depends on the signal-to-clutter-plus-noise ratio (SCNR).
To address this issue, detectors were constructed by combining amplitude and phase of
ATI information [21,22]. As for the STAP method, it has the best performance in theory.
However, it is very time-consuming and difficult to implement in practice. Furthermore,
a new Doppler-DPCA and Doppler-ATI method was developed in [23], measuring tem-
poral Doppler shift with ultra-narrowband continuous waveforms instead of range in the
conventional wideband SAR system. However, all the aforementioned methods suffer
from the problem of velocity ambiguity and are incapable of azimuth velocity estimation
in side-looking mode. The dual-beam ATI employed with a pair of antennas each produc-
ing a forward and an aft beam in a single pass could resolve surface velocity vector esti-
mate of slow ocean current [24] with low spatial resolution, which is not effective for rel-
atively small-size moving ships and vehicles detection especially with strong stationary
clutter.

Recently, two innovative methods were studied based on sequential SAR images [25—
30], including the bi-directional (BiDi) mode [25-29] and the multiple azimuth squint an-
gle (MASA) mode [30]. The BiDi mode works with two main lobes pointing to different
directions simultaneously in azimuth, and the same area is observed twice with a short
time lag between two acquisitions. However, the pulse repetition frequency (PRF) have
to be doubled for distinguishing the signal from two different directions in the azimuth
frequency domain, with the range-swath reduced in half, which is undesirable for earth
observing. To overcome this shortcoming, a novel MASA mode was proposed, observing
the same area from different azimuth squint angles, without PRF increasing. Nevertheless,
the MASA mode is only suitable for target azimuth velocity estimation. According to the
analysis in [30], the effect of range motion on azimuth velocity estimation is negligible
when azimuth squint angles” absolute value of two acquisitions is equal to each other,
whereas most SAR systems cannot strictly meet this requirement. Therefore, the azimuth
velocity estimation accuracy deteriorates with an unknown range velocity, especially
when target moves fast along the range direction. In addition, moving targets could even
be buried in stationary background clutters and cannot be distinguished, and this issue
has not been considered yet. Therefore, there is a need to deal with the effects on azimuth
velocity estimation caused by unknown range velocity and strong stationary clutter.

In this paper, a novel velocity estimation method is proposed based on multi-chan-
nels MASA (MC-MASA) mode, which introduces multiple-channel receiving technique
on MASA mode. On this basis, the DPCA technique in azimuth squint-looking is intro-
duced for background clutter remove, which has better performance on azimuth velocity
estimation with sequential SAR images. However, the range velocity estimation accuracy
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is low based on MASA mode with imaging position offset no matter along azimuth or
range direction. For target azimuth-and-range velocity preliminarily reconstruction, the
interferometric phase of ATI related to the target line-of-sight velocity is adopted with at
least two acquisitions. Additionally, the detectable velocity range is double after DPCA
process compared with that before clutter suppression, which could improve velocity am-
biguity. However, the ATI method becomes ineffective when moving target energy is sup-
pressed together with stationary clutter at some certain velocity and squint angle combi-
nations. Therefore, in order to achieve a high target azimuth-and-range velocity map re-
construction accuracy even in some relatively complex situations, the circumstances are
divided into three cases with different iterative strategies according to SAR acquisitions,
i.e,, iterative combinations of the method with moving target position shift among sequen-
tial SAR images and ATI interferometric method. The iterative strategies could also make
up the blind spots of velocity estimation based on the traditional ATI method and MASA
mode. Finally, the performance of the proposed method is demonstrated by experimental
results.

This paper is organized as follows: In Section 2, the MC-MASA mode is presented,
as well as an analysis of target motion effects on SAR image. In Section 3, based on the
MC-MASA mode, the background clutter suppression method is introduced. In Sections
4 and 5, azimuth velocity and range velocity estimation methods are derived and analyzed
in detail. Experimental results are provided in Section 6 and conclusions are drawn in
Section 7.

2. MC-MASA Imaging Mode

In this section, the MC-MASA mode is introduced, taking three receiving channels
as an example. Compared with the MASA mode, the simultaneous slant range and Dop-
pler spectrum variation among different channels are discussed in detail, providing the
theoretical foundation for stationary clutter suppression and target velocity estimation.

2.1. Geometry Configuration

The MC-MASA geometry is shown in Figure 1, taking two observations and three
receiving channels aligned in the flying direction of the SAR platform for example. The
same area is observed twice with different azimuth squint angle ¢; and ¢,, obtaining
sequential SAR images with a time-lag t;,. During the time-lag between two observa-
tions, target moves from position P, to P,. Therefore, the moving target will appear at
different positions on sequential SAR images. Actually, six echoes of three channels ob-
serving the same scene during two separate time are obtained in Fig. 1 which is different
from MASA mode, providing more freedom of signal processing.

Figure 1. MC-MASA imaging mode geometry with three channels and two observations.



Remote Sens. 2021, 13, 1632

4 of 22

Multi-receiving channel mode results in different instantaneous slant range variation
of each channel during one observation as shown in Figure 2. The distance of channel
equivalent phase center (CEPC) between the three receiving channels (center of yellow,
blue and purple rectangles in Figure 1) and the reference transmitting channel (center of
the whole antenna) is d;,0,d; , respectively. The platform flies along the azimuth direction
with velocity V,. The target moves with a constant ground azimuth velocity v, and
ground range velocity v, on the horizontal plane. At azimuth reference time t=0,
three CEPCs and the moving target are at O;,0,,0; and A,, respectively. After a time
lag t, they move to O;,0,,0; and A,. R, is the reference slant range between refer-
ence CEPC i and moving target at t=0. Then, the instantaneous slant range between
CEPC i and moving target can be written as (1), of which 6 and ¢ are elevation and
azimuth squint angles, respectively.

R (t) = \/(Vst —vt-R, sin(p+d,~)2 +(Ry cos @ sin€ + vrt)z +(Ry cosqocos@)2
1)

= \/R,ZO +(Vsif—z;at)2 +2(V,t-,t)(-Ro sin(p+d,-)+(v,t)2 +2R, cos @sin Ov,t

where R, =\/ R,* +d} —2Ryd; sing is the range between CEPC i and targetat t=0.In
side-looking, the difference between R, and R, isbasically zero and can be neglected,
whereas as squint angle ¢ increases, it becomes larger and should be compensated. For
targets locating at other azimuth position different from A,, there is only an azimuth
time shift in (1) not influencing the subsequent analysis. For targets at other range cell, the
reference slant range R, is varied. Therefore, Equation (1) is universally applicable for
all moving targets in the observed scene.

Height 4
olO
—

i

Figure 2. The geometry of moving target in the azimuth multi-receiving channel mode.

2.2. Doppler Characteristic of Moving Target

Based on the MC-MASA mode, the range history variation no matter caused by
CEPC interval or target motion is more complicated compared with side-looking mode.
These variations are the basis for stationary clutter suppression and moving target veloc-
ity estimation. Therefore, it is crucial to analyze the effects of CEPC interval and target
motion on Doppler spectrum and the corresponding variations.

According to Equation (1), Doppler centroid frequency f; and Doppler frequency
modulated rate f, are given,
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2| =Ry singp +d, d;
- —Vs+ er — Va
fa /\{ R, Ver =0 RJ )
2 2
f, zi[\@ COSP—0,, — 0, sinGiJ +iv,2 cosze(l—isingoj 3)
AR, R, AR, Ry

where A is the wavelength.
Considering the squint observation, v,,,v, are defined as equivalent azimuth ve-
locity (EAV) and equivalent range velocity (ERV), respectively,

Ve =0, COSP —7, SINOsing (4a)
U, =, Sin@+v, sin6 cos @ (4b)

Here, the line of radar sight is defined as equivalent range direction and the corre-
sponding perpendicular direction is equivalent azimuth direction, as shown by the
green line and blue line in Figure 2, along which the velocity is V,sing and V;cos¢
respectively.

Then, f; and f, can be rewritten as follows,

fa = fao ¥ favi+ fao, * fan @)
fr = frO +fY/Ua +fr,vy + T,0q,0p (6)

where fi, fs,, and f,, are Doppler centroid frequency caused by the platform move-
ment and target movement along azimuth and range directions, respectively. f., f. o
and f,, are the corresponding Doppler frequency modulated rate. f;v,; is Doppler
centroid frequency dependent on d; and f,,, . is the united motion influence caused
by target coupled azimuth and range velocity.

fio =—2V,singp/A (7a)

fov.i =2V.d;/(AR,) (7b)

fin, =2v,sin@/A=20,d;/(AR, ) = 20, sing /A (70)

fi0, =20, sinBcosp/A (7d)

fio =2V cos” ¢/(AR) (8a)

Fro =2(-2Viv, 40, )cos® o [(ARy ) = ~4V,v, cos” p /(AR (8b)

4 . . 2
fro = R Vv, sm@(sm(p—di/Rg)cos P+

v,% sin® Osin® p+v? cos? ) = 2V
T 2 )=2V (80)

frron0, = 40,0, 800 (di/RO - sin(p) cos go/(/\Ro ) (8d)

For simplicity and without affecting the subsequent analysis, the Doppler spectrum
shifts caused by target motion and CEPC interval are ignored in Equations (7c), (8b) and
(8c), whose values are very close to zero. Consequently, the variation of f; and f,
caused by target azimuth and range motion can be analyzed individually based on Equa-
tions (7) and (8). Figure 3 shows these variations with different azimuth squint angles,
using parameters listed in Table 1.

In comparison to the stationary clutter, the effects of f; and f, variation on azi-
muth and slant range directions are analyzed as follows.

(1) Azimuth time offset
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At = fuo/ fro=fi f = =Bfi] fro (9a)

At, == f1, ] fo =Ry, sin go/ ( V7 cos’ go) (9b)

At, =—fi, [ fio *—Rov, sin@/(Vf cos (p) (9¢)

where At is the azimuth time offset due to Doppler spectrum shift, and At, and At,
are caused by target azimuth and range motions, respectively; Af; = fi. + fio, -
(2) Slant range offset

A Afy ) Afy

AR=-— + = | ==
z(fdo > ]fro (10a)

Ry (V. -v,/2)v, sin*
g, < Vv 2)osin’y (100)

Vi cos” ¢
. . 2 .2

AR, = Ryv, sinOsin @ _Ryv;sin” 6 (100)

V, cos 2V7

where AR is the slant range offset due to Doppler spectrum shift, and AR, and AR,
are caused by target azimuth and range motions, respectively.

Table 1. Simulation parameters.

Parameter Value Parameter Value
Wavelength 0.03m Orbit Height 550 km
Elevation 32° d -2.8m
PRF 3000 Hz dy 0
Platform Velocity (m/s) 7500 m/s d 2.8 m

Dopplgr centroid f}*equency ve}riation rDoppler frequency modulated ratve variation

1500 -

—azimuthmotion| LT

. azimuth motion
1000 - range motion _-10 range motion
= E ---------- united motion
T T 20
- =
3 a
S 500 £-30
g s
=1 8
S 5 -40 f
= >
< b=

(=]
'

a1

S

&
S

500 . . . | |
-10 -5 0 5 10 -10 -5 0 5 10
azimuth squint angle [deg] azimuth squint angle [deg]

(a) (b)

Figure 3. Doppler spectrum shift with v, =40 m/ s and v, =40 m/ s : (a) Range velocity leads to a
basically symmetric f; variation and azimuth velocity leads to a basically linear variation; (b)
Range velocity leads to a basically linear f, variation and azimuth velocity leads to a basically
symmetric variation.

'
N
=}

According to Equation (9), the azimuth position offset caused by target azimuth mo-
tion is linear and changes obviously as squint angle varies, which has been adopted for
azimuth velocity estimation in [30]. Similarly, linear offset of range history caused by
range motion as Equation (10) may also provide a possibility for range velocity estimation
based on sequential SAR images, which will be further explained later. However, moving
target could be submerged in stationary clutters, not distinguishable when its energy is
lower than stationary clutters. Especially in complicated urban areas, the vehicles may be
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imaged in the strong building region and cannot be identified. This explains that the ap-
plication scope of the method based on image position shift is just restricted to high SCR.
Stationary clutter suppression could not only expand the application scope of this method
in case of low SCR, but also makes the target contour clearer improving moving target
recognition accuracy. Therefore, clutter remove is the prerequisite of target velocity ex-
traction which would be analyzed firstly in Section 3.

3. Background Clutter Suppression

In this section, a background clutter suppression method is presented based on the
MC-MASA mode with squint observation.

After range pulse compression, the azimuth signal for receiving channel i can be
represented as,

si(t):Awa(t)exp{ ]ZH[RO ]/A}

zA(uﬂ( )exp{ ]27’(|:(R0+R10 //\+fdot+fdv ,t/2]}exp{ ]Zn[Ade ,O+Af /2]}

(11)

where A is the target complex reflectivity, w,(¢t) denotes the azimuth window func-
tion and Af, = f, ., + f.. . In moderate-resolution SAR system, the higher order terms (
> 3) of slant range influence little which could be neglected. Even if in the high-resolution
SAR system, some higher order terms could be compensated during clutter suppression
as the effect of target motion on them is small. Therefore, the approximation in Equation
(11) is meaningful in the following analysis.

Target energy will be focused after pulse compression with increased signal-to-noise
ratio (SNR) which is beneficial for velocity estimation. Based on the principle of stationary
phase (POSP), the signal in the azimuth-frequency domain is

d0 :n, RoHiio . 0t Aa+ fav.,i/2 :
1] 5]

where f denotes azimuth frequency variable with respect to the azimuth time variable.

In some classic SAR image formation algorithms, such as the range Doppler algo-
rithm (RDA) [31], the chirp scaling algorithm (CSA) [32], and the deramp chirp scaling
algorithm (DCS) [33], the azimuth position of target on a SAR image is usually at the time
corresponding to Doppler centroid frequency. Consequently, the azimuth matched filter-
ing function for azimuth signal compression is constructed as,

Hmm(f)=exP{—jn(f+fdo)2/ﬁo} (13)

After multiplying H,ua ( f ) by S ( f ) in Equation (12), one has

)= sn{Jeol )

| ' 2 14
'eXp{chffd'VSrf +Afd2 +f;12,vs,i/4}exp ]'7-[ ZAfd (f +fd,‘/5,i/2)ﬁo _f Afr ( )
f70+AfV (f’0+Afr)fyo

where f = f+f, denotes the equivalent azimuth frequency after frequency shift.
In order to compensate for the variation of receiving signal due to the CEPC interval,
the following azimuth compensation filtering function is employed

R E ettt T
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Discrete processing in the frequency domain incurs a small error when N, f;, / oy
is not an integer and the maximum phase error of channel i canbe deduced as

:nfprffdy;,i/(zNaﬂo)zo (16)

where f,s is PRF of the system and N, is the number of azimuth pulses. However, in
the azimuth time domain, At = fuiv.:/f.o =m/ fuy (m is an integer) is required for com-
pensating for the variation between different channels commented as DPCA condition,
which is not necessary in the frequency domain. When At; # m/ f,; , the time-consuming
interpolation operation is needed. Therefore, it is computationally efficient to perform the
processing in the frequency domain without interpolation.

With phase compensation, the signal is transformed to

Sis(f')z Aw, (— ]{ Jexp{—jn[%Jr f;gfr J}exp{jHAfd (Afd +fjé:,i)+2Afdf} 17)

|Aa

max

r0

After performing azimuth IFFT,

ss(t)= AG,P, (t + ?_fd ]exp{—jn(4RO N Mafare J} (18)

r0 A fr()

where G, denotes compression gain of azimuth and P, () is product of the envelope
of w, (-) after pulse compression and the influence of defocusing, whose amplitude can
be assumed as a sinc(-) function, and then the moving target will be well focused at
t=—Af:/fo asEquation (9a). The defocusing effect is considered in Section VI.

Afterwards, stationary clutters can be removed by subtracting acquisitions from dif-
ferent channels. Taking channels i and j asanexample, one has

siT (1) =i (t) =55 (t) = AG.P, (t+ Afa/ fro )exp(j@i)(l —exp(jO; )) (19)
where
0, = —47Ry [A+70(AfF + Afo fuvi )/ fo (20a)
©; =6, =06, = WAfi (fuv,; = fav.i )/ fro (20b)
Thus

58754 (1) = 4G,

Y

2sin(©; /2)|=AG,

Zsin[n 0,y | AV, cos® (p]‘ (21)

where dz] = d,‘ —d] .

It can be seen from Equation (21) that the stationary clutters would be removed as
®; =0 and the residual intensity of moving target varies with target ERV after DPCA
processing. Unless the residual phase ©; of moving target is proportional to 27, mov-
ing target could be retained and identified. Different from the side-looking mode where
the residual target intensity is related to target range velocity, the intensity is dependent
on target ERV in squint-looking. In other words, the moving target would be subtracted
together with clutter when v, =0 even if the target has velocity both along azimuth and
range direction. This characteristic makes the subsequent velocity estimation complicated
and diversified with different SAR acquisition combinations which would be discussed
in Section V. Generally, moving target would be more obvious after DPCA process and
this is beneficial for the estimation method based on target imaging information in Section
4.
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4. Azimuth Velocity Estimation Based on Position Offset

In this section, target azimuth velocity estimation based on the azimuth image posi-
tion offset is analyzed in detail and the failure for range velocity estimation based on im-
age position offset is also addressed.

4.1. Azimuth Position Offset

Azimuth pixel offset of a moving target due to mismatch of Doppler centroid fre-
quency is

AN =~ for A/ fro (22)

Consequently, the azimuth pixel offset between two sequential SAR images of squint
angle ¢, and ¢, canbe deduced as follows,

AN (k,m)= AN (m)—-AN (k)+ AN, (23)

where AN,_,,, ® U, for (Rk sing, —R,, sing,, ) / V> is the azimuth pixel offset during these
two observations due to target azimuth motion. R, and R, represent the reference
slant range corresponding to the squint angle ¢, and ¢,,, respectively.

As mentioned in Section 2, both target azimuth and range velocities will cause azi-
muth position offset without coupling with each other. Then, AN (k,m) can be divided
into

AN (k,m)=AN (k,m) +AN(k,m) (24)
AN(k m) _ Vs fors . Ry sin ¢y (1+ cos’ @y ) ~ Vo fuf y R, sing, (1+C082 (pm) (25)
7, V2 cos? o v?2 cos’ O
_ v, sin O s [ R R,
AN(k’m)u, v (cos Qr  cos (p,,,j 20

where AN (k,m)vﬂ and AN (k,m)vy are the azimuth pixel offset caused by target azi-

muth and range motions, respectively.
With unknown range velocity, the azimuth velocity can be deduced as

AN(k,m) V2
R, sin g, (1 + cos? gok) B R, sing, (1 +cos? (pm) forf (27)

cos” ¢y cos” @,

z?u(k,m):

(Rk cos@,, — R, cos (pk)v, sin®

5, (K, _
( m)""—”' Ry sin @, (1 +cos” @y ) R, sing,, (1 +cos” @, ) (28)

Cos @, — COS Py
COS Py CoS Py,

where 0, (k,m) is the estimation error due to the unknown range velocity.

Analyzing Equation (28), with the same absolute value of the squint angles, i.e.,
@w=— @i, azimuth velocity estimation error is very small caused by target range motion,
so 0,(k,m) canbe rewritten as

AN (k,~k) V2 cos® gy
2R, sin @, (1+cos2 (pk) for

0, (k,~k) = (29)

However, if the absolute values of squint angles are not equal to each other, the azi-
muth velocity estimation error caused by target range motion cannot be ignored as shown
in Figure 4, with parameters listed in Table 1. In Figure 4a, the azimuth pixel offset with
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different combinations of squint angles is given, on the condition of target range motion
20 m/s and 40 m/s, respectively. As shown, the larger the difference in the absolute value
of squint angle is, the larger the azimuth pixel offset becomes. Furthermore, the corre-
sponding azimuth velocity estimation errors caused by range velocity are provided in
Figure 4b, which should be considered especially when the absolute values of squint an-
gles are not the same.

Notice that although range motion is the dominant factor in azimuth position offset
on one SAR image, position deviation among sequential images is small. As shown in
Figure 4a, a 40 m/s range velocity only causes offset of about six azimuth pixels with the
combination (5°,0), meaning that one-pixel registration error leads to an estimation er-
ror of about 6m/s. Additionally, when range velocity is lower than 6m/s, there is less than
one pixel offset which is hard to be distinguished. Therefore, the method based on azi-
muth position offset is not effective enough for range velocity estimation.

azimuth pixel offset due to range motion azimuth velocity estimation error due to range velocity
; ; ‘ 590 . Ky :
2(50’13)5 T~ -g°-19) | * vr=20m/s (§~ N ) Y vr=20m/s
6l Rt Ss. Lo vr=40mys| | ol N - T O vr=40m/s] 1
(50 2%) a(s°,2% Ei N
e / ‘\ 212 B(s°,2°)
a5 ‘. . 5 ~
R N £ g
— A(5°.3°) 5(5°,-3°) o 17 N
T4 K Y > " \mse oo
Z . B 0 g TE0%)
=5l - 000 K N ST S ause g
S3+t, 275019 G0 g0 Tps o \ 9] Fs T(5°,-1°)
2 oo (5929 (52 ‘50 40 206 73 M. AN
E 5 (5°.4%), + % U(5°,-4°) ,5:5 (5°,2% (5?17’)‘ 50,29
N2 0 20 o \ 1 19 ~ S
N ,,,(5 3% G ‘-3")\‘ | E04 (5!,'0")* . B0 3%
H5°,4°%) x N (5°-1° S, .
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Figure 4. The effect of range velocity on azimuth velocity estimation with v, =20m/s and
v, =40m/s : (a) Azimuth pixel offset is positively related to the difference in the absolute value
of squint angles; (b) Azimuth velocity estimation error is negatively related to the difference
of the angles.

4.2. Slant Range Offset due to Range Velocity

Except for azimuth position offset, the mismatch of Doppler spectrum also causes
extra slant range offset as in Equation (10). The slant range offset between acquisitions of
squint angle ¢, and ¢, is

AR(k,m)=AR(m)-AR(k)+AR;_,, (30)

where AR, =0, (Rk sin@; — R, sin(p,,,) V. is the range offset during these two obser-
vations due to target range motion. AR k) and AR(m) are range offset with squint an-
gle ¢, and ¢, respectively.

Substituting Equation (10c) into Equation (30), the range migration arising from
range velocity is given by

02 (Rk - Rm) v, sinOR; sin ¢ (cos ©x — 1) v, sinOR,, sing,, (Cos O —1)
= + —

AR(k,m) (31)

o 2V2 V. cos g, V, cos @,
According to Equation (31), Figure 5 illustrates range offset arising from range veloc-

ity, using parameters listed in Table 1. Although the range offset caused by range motion
in one image is large, the deviation between two images is much smaller than image res-
olution as shown in Figure 5a,b, making it difficult to be identified. This is because the
offset during two acquisitions AR, almost equals the deviation between two images

as AR(k) - AR(m) . Therefore, since the relative image position offset is small along both
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azimuth and range directions, the method based on sequential SAR images is incapable

of range velocity estimation.

slant range offset due to range velocity slant range offset due to range velocity

0.64
i 04f
E. E
o g 02
|2} n
- =
S ©
& g o0
g g
o ©
- -
= =02t
(8 [
) ®
-0.4
. ' -0.6
1 2.3 4 5 6 7 8 9 10 ~40 2 0 . 40
different squint angle combinations range velocity[m/s]
(a) (b)

Figure 5. Slant range offset caused by range motion among sequential SAR images: (a) With
v, =40 m/ s,v,=0 and this offset is positively related to deviation of the angles; (b) with
squint angle combination (5",0) .

5. Azimuth-and-Range Velocity Estimation Based on MC-MASA Mode

As discussed in Section 4, target range velocity cannot be obtained based on image
position offset, and the unknown range velocity affects estimation accuracy of azimuth
velocity seriously. Therefore, based on the MC-MASA mode, a novel ATI technique is
introduced and discussed in detail to reconstruct the azimuth-and-range velocity map af-
ter clutter removal in this section. Its performance is analyzed by considering interfero-
metric phase and system parameters. Finally, according to the obtained SAR acquisitions
and residual target energy, the circumstances are divided into three cases with different
iterative estimation strategies.

5.1. Target Azimuth-and-Range Velocity Estimation

By multiplying a complex conjugate of one image with the other image, the interfer-
ogram from channels i and j is obtained as

4™ (t) =5, (t)s;s (t) = AG,P, (t+Afd/f,U )exp{j2nvt,,d,7 (/\VS cos? (P)} (32)

where “*” denotes the complex conjugate.
Then, interferometric phase ¢, and ERV estimation result 91" (¢) are given by

¢ =2mv,d; ()\VS cos’ go) (33)

04" (@) = AV, cos’ (p/(anij) (34)

The obtained ERV contains both target azimuth and range velocities because of their
interaction on the linear term of range history in azimuth squint-looking, which is differ-
ent from side-looking. However, clutters would severely affect the interferometric phase
of moving targets, degrading the estimation accuracy. In the worst situation, when mov-
ing target is totally submerged in background clutters, velocity estimation methods based
on ATI only will fail. Fortunately, the signal after DPCA retains the phase information of
moving targets, i.e,, Equation (19) has all the phase information of a moving target in
Equation (18). Therefore, interferometric processing of two acquisitions after clutter sup-
pression is also effective for target velocity estimation. These two acquisitions are based
on signals from three receiving channels of which every two are processed with DPCA.
However, only amplitude with DPCA or interferometric phase with ATI can be obtained
with dual-channel signals from which the velocity of moving targets is difficult to be esti-
mated in low SCR.
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ij ip
clutter suppression are obtained from channel i,j and channel i,p, respectively. Then,
the interferogram is expressed as

SPEL, (t) =" (t)xsgpc’** (t) (35)

According to Equation (35), phase @, and the estimated ERV 9, ((p) based on
DPCA-ATI can be deduced as

Taking channels (i,j,p) for example, two images s;°(¢) and s."*(¢) after

D, = 7UJE,d]-,,/(/\VS cos’ qo) (36)

Do (qo) =, AV, cos’ (p/(ndjp) (37)

From Equation (37), the estimated ERV of a certain squint angle is related to the in-
terferometric phase of channels j and p after DCPA processing. The signal of channel
i plays an important role in clutter suppression and is cancelled during the interference
process.

According to the projection relationship between the moving target equivalent ve-
locity in the slant range plane and actual velocity in the horizontal ground plane shown
in Figure 2, target azimuth and range velocities can be derived based on the combination
of two ERV results with ¢, and ¢,,, as

0, | |sing, sinBcosq; - ®;,AV, cos’ gok/(ndjp) 28
o, | [sing, sin@cose, | | ,AV,cos’p,/(nd;) (38)
With the increase of the azimuth steering span, more than two acquisitions can be
obtained in the MC-MASA mode. Therefore, the least-square solution of an overdeter-
mined equation is the more suitable result

sing, sinfcos, DAV, cos” @, / (ndip)

sing, sinfcosg, {f}a} _ ®,,AV, cos’ g02/(ndjp) 39)

r

sing, sinfcos@, ®;,AV, cos (pn/(ndjp)

where 1 is the number of effective SAR acquisitionsand 7,,9, is the estimated azimuth
and range velocities, respectively.

It can be noticed that the interferometric phase after DPCA is half as before which
can reduce the possibility of ambiguity velocity, i.e., the detectable ERV range is doubled.
Moreover, ATI processing after DPCA can further suppress the clutter.

Phase wrapping results in target ERV ambiguity when the interferometric phase ex-
ceeds [-7,7]. The maximum estimate target ERV in Equation (37) is given by

= AV, cos® p/d,, (40)

~
Uer,max

With the parameters listed in Table 1, 0, o is 40 m/ s(~ 144 krn/ h) when
dp =5.6m and @ =5". The corresponding ground velocity is basically doubled as
80m/s(~288km/h). If d;, =2.8m is chosen, this velocity will be doubled again. There-
fore, the estimated maximum ambiguity-free velocity based on the spaceborne radar sys-
tem can cover the velocity of most ground and maritime moving targets. For airborne SAR
system, there are three baseline combinations if the distance between CEPCs is different
(noted as dj,d;y,dy, ) in MC-MASA mode in this paper which could further expand the
range of estimated velocity. Meanwhile, due to the finite ambiguity number of target ve-
locity, several comparisons of Radon transform results of RCM [10] could resolve the
problem of target ERV ambiguity with low complexity.
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Target azimuth-and-range velocity reconstruction needs two observations based on
the MC-MASA mode and the others can be used to further improve estimation accuracy.

5.2. Velocity Estimation Sensitivity Analysis

Interferometric phase directly determines the estimated target velocity as Equation
(37), so the phase extraction method is important. Apart from phase, the sensitivity of
Dy ((p) is also related to system parameters, such as platform velocity, CEPC interval and
squint angle. These factors will be analyzed specifically. Unless otherwise stated, param-
eters listed in Table 1 and Table 2 are chosen for the subsequent analysis, corresponding
to 0, (¢)=20m/s.

Table 2. Parameters for sensitivity analysis.

Parameter ¢ djy D,
Value 5° 5.6m 1.57 rad

e Sensitivity to interferometric phase @,

a[f’er ((P)J AV, cos’ ¢
ov,  md

(41)
ir ir

With the above parameters, each phase error of 0.1 rad will result in an ERV error of
1.27 m/s. After clutter suppression, the moving target can be distinguished by amplitude
threshold judgment. When the extended target size is larger than one pixel on a SAR im-
age, it will occupy multiple pixels and each point corresponds to one phase which is af-
fected by the residual clutter at the same position. It is generally assumed that clutters are
subject to Gaussian distributions, i.e., its amplitude follows the Rayleigh distribution and
its phase follows the uniform distribution. Therefore, the minimum mean square error
(MMSE) criterion can be used to reduce interferometric phase error by statistical analysis
for this situation.

® Sensitivity to platform velocity V;

Lo (0)]_opicosty
oV, mid

r

(42)

With the above parameters, each platform velocity error of 100 m/s only leads to a
target ERV error of 0.27 m/s, indicating that ERV is not very sensitive to platform velocity.
In spaceborne SAR, the actual path of satellite is approximated to a straight line [34], so
equivalent platform velocity is adopted in SAR imaging.

® Sensitivity to squint angle ¢

olon(e)]  @,AV.sin2p
op Tid,

P

(43)

With the above parameters, each squint angle error of 0.1 rad leads to a target ERV
error of -0.35 m/s and a small squint angle can decrease this error. The same for platform
velocity, it is the equivalent squint angle in spaceborne SAR.

Assuming that AERV, and AERV,, are the ERV estimation error of squint angle
¢r and @, respectively. Then, the estimation error of v, and v, canbe derived as

_ AERV cos@,, —AERV,, cos ¢y
sin @y cos @,, —sin,, cos @
A AERV, sing,, — AERV,, sin @y

AD,

(44)

r

(sin Qyn COS Py — SIN QP COS Py, ) sin@
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In the small squint angle mode, the azimuth velocity estimation error is larger than
that of range direction in most cases, about cotgsinf times, which is negatively corre-
lated with the absolute value of squint angle. Therefore, combination of large squint an-
gles should be chosen for azimuth velocity estimation under the premise of an accurate
squint angle.

® Sensitivity to CEPC interval d;,

6[&,, ((p)} _ D,V cos’ @
ody, nd;,

(45)

With the above parameters, every interval error of 0.1 m leads to a target ERV error
of -0.36 m/s and a large interval is needed for accurate ERV estimation. However, a large
CEPC interval would deteriorate situation of velocity ambiguity. Therefore, the choice of
d;, istrade-off by considering both SAR system parameters and the moving target veloc-
ity range. For higher accuracy, with the actual path of satellite is straightened, this interval
also has a small approximation change. Additionally, the smaller the wavelength is, the

better the accuracy is.

5.3. Estimation Process

The method based on the MASA mode in Section 4 is only capable of target azimuth
velocity estimation with the same absolute values of the squint angles. Both target azi-
muth and range velocities can be extracted from the phase difference as aforementioned
discussion, whereas estimation accuracy of azimuth velocity is poor. Therefore, these two
methods could be combined to improve estimation accuracy and application scope. The
estimation process should be chosen according to the situations considered. Note that in
the subsequent analysis, method 1 and method 2 denote the method in Sections 4 and 5,
respectively.

In order to extract more information of moving targets, the stationary clutter is re-
moved firstly for all acquisitions. As both method 1 and method 2 are based on two ac-
quisitions, only two images with squint angle ¢, and ¢, are analyzed in the following
cases. In addition, the relationship of squint angles is an important factor for velocity es-
timation. Therefore, different cases are discussed, with different corresponding processes.

® Casel: ¢ =—¢,

The estimated azimuth velocity 9, from method 1 has a small error and range ve-
locity o, canbe extracted by method 2 from either of the two images. The worst situation
is that the moving target on image ¢, is removed together with clutter after DPCA pro-
cessing due to a nearly zero ERV. Now azimuth velocity can be estimated firstly if the
targets on both images can be distinguished clearly before clutter removal. Then, range
velocity is obtained from the image of ¢,,.

® Case2: ¢, #—-¢, and ERV can be extracted from both acquisitions

The ERV extraction criterion is that the interference phase of a moving target is clus-
tered around a certain value, which will be further illustrated in subsequent simulations.
The range velocity 7,, can be firstly extracted with method 2 which can compensate the
estimation error in azimuth velocity 0,; of method 1. Finally, with an iterative process,
more accurate 9,, and 0,, are obtained successively with method 2 and method 1, re-
spectively.

® Case3: ¢, #—¢, and ERV cannot be extracted from the ¢, acquisition

For this case, moving target can be distinguished on images of ¢, and ¢, with
method 1 after clutter suppression. However, method 2 is only effective for ERV extrac-
tion with image ¢,,. The erroneous azimuth velocity 0,, from method 1 and interfero-
metric phase of image ¢,, can be combined for estimation of range velocity ,; with
method 2. Finally, with iterations, more accurate 7,, is obtained from method 1 with
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compensation of range motion and then v,, is estimated again with method 2. If the az-
imuth position offset caused by 0,; is less than half a pixel, its effect on azimuth velocity
estimation of method 1 can be ignored. 9,, and 0, are the final results.

In either case, when target EAV exceeds a certain threshold v,, 4. , the moving target
should be refocused, as defocusing will lead to reduction of SCR, which in turn reduces
velocity estimation accuracy. Here, ©,,4, corresponds to the target gain attenuated by
3dB. The criterion for setting the velocity threshold v, sesia  in [30] is the main lobe sep-
aration, not considering the effect of SCR. According to the parameters in Table 1,
Vea thre =11m/ s as shown in Figure 6; V., mesioa  is 24 m/s with resolution p, = 3.2m, larger
than v,, 4. -

gain variation of target due to EAV
——squint angle =0°
—squint angle = 5°
— squint angle =10°

O

gain variation [dB]

-12°

-50 50

0
target EAV [m/s]

Figure 6. Gain variation of target caused by EAV. For isotropic target, gain variation is de-
pendent on EAV and independent of squint angles.

The filter function of quadratic phase error correction in the azimuth-frequency do-
main is given by

Hoy (f) = exp —jn(fl—%j £ (46)

For a small squint angle, estimation accuracy of azimuth velocity depends strongly
on the squint angle, while that of range direction is hardly affected by it. Therefore, it is
better to choose combinations of large squint angles for better estimation performance.
Moreover, if there are more than two acquisitions, it is better to choose combinations cor-
responding to Case 1 with the simplest process and best accuracy.

The flowchart of the proposed method is shown in Figure 7.

[ SAR data based on MC-MASA j

v

‘ Phase compensation in image processing ‘

‘ Stationary clutter remove ‘
|
v v v
Casel Case 2 Case 3

‘ Method 1 for azimuth velocity ‘ ‘ Method 2 for target velocity ‘ ‘ Method 1 for azimuth velocity ‘

A ‘ Method 1 for azimuth velocity ‘ ‘ Method 2 for range velocity ‘
‘ Method 2 for range velocity ‘ I

if EAV >0, | Method 1 and Method 2 | Method 1 and Method 2

T T T T T T T T T T T T T T T T T T T T T T
! i if EAV > Ui if EAV > 0 e
1‘ Refocusing ‘} e {7”””2}17&1‘ — Lﬁ,,,,,?}’,ﬁ’,‘
I i ! }‘ Refocusing ; }‘ Refocusing ‘ !
{ [ |
| i * | v |
i | Lo i
| i !

Repeat the above steps ‘ ‘ Repeat the above steps ‘
| |

Figure 7. Flowchart of the proposed velocity estimation method.
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6. Experimental Results

In this section, simulation results for both point target and extended target are pro-
vided.

6.1. Point Target Results

For point target, it is performed firstly with two sequential images of squint angles
@=5" and ¢@,=-1° as Case 2, with parameters listed in Table 1. This simulation is to
demonstrate the proposed velocity estimation method without cluttering. Figure 8 shows
velocity estimation results of method 1, method 2 and the proposed method with respect
to the real azimuth velocity from 2 to 30 m/s and range velocity is 30 m/s. Refocusing
compensation is implemented when azimuth velocity is greater than 11 m/s. It is observed
from Figure 8a that, estimation accuracy in azimuth velocity with method 2 is higher than
method 1 in this simulation. Additionally, with method 2, the estimation error of azimuth
velocity is larger than that of range velocity, as shown in Figure 8a,b. The range motion
leads to an azimuth velocity error of about 0.55 m/s for method 1 which cannot be ne-
glected. Finally, after iterations, the estimation accuracy of azimuth velocity is signifi-
cantly improved with a maximum error within 0.11 m/s and accuracy of range velocity is
only slightly improved by about 0.03 m/s. Therefore, the range velocity estimation result
using method 2 can be regarded as the final result without iteration.

azimuth velocity estimation error range velocity estimation error

0.7 - 0157 —Avr error with method 2
—Bva error with method 1 —¥—vr error with proposed method A
va error with method 2
061 —O©— va error with proposed method
— 05k ] —
7ol B\B\E_E_EW\E/E/H E ol
= 5 -
504 g
g 5
54 b5 3
g g
£ 03 5
g g
b= "2 0.05
302 3
M W
ol . \ . \ ol \ \ .
0 5 10 15 20 25 30 0 5 10 15 20 25 30
azimuth velocity [m/s] azimuth velocity [m/s]
(a) (b)

Figure 8. Velocity estimation error in both azimuth and range directions with different meth-
ods. Azimuth velocity varies from 2 to 30 m/s and range velocity is 30 m/s: (a) Azimuth velocity
estimation error; (b) Range velocity estimation error.

As can be seen from the above simulation results, a more accurate estimation can be
obtained with the proposed method when the accuracy of method 1 and method 2 is low.

6.2. Extended Target Results

In the following simulation, four extended moving targets with various velocities
and SCRs are employed to further demonstrate the performance of the proposed method,
using parameters listed in Table 1. Clutter energy is coherent in the integration time and
the change of target energy leads to different values of SCR. In order to cover all the three
cases mentioned above, it stipulates that only acquisitions of specific squint angles are
available for each target and then each target corresponds to one case, as listed in Table 3.
The designed experiment is mainly to verify the effectiveness of the combination method
when method 1 and method 2 have large errors, so two targets belong to Case 2 and one
is Case 3. Additionally, T3 corresponds to the worst situation in Case 1. However, in prac-
tice, it is better to choose image combinations belonging to Case 1 with the simplest pro-
cess. In Table 3, ERV1 and ERV2 are target ERV with squint angle ¢, and ¢,, respec-
tively. SCR1 and SCR2 are the corresponding SCR after clutter suppression. SCR is the
value before clutter suppression. Note that the SCR here is calculated in image domain
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and after clutter remove, the profile of the moving target is clear which could be used to
determine the area of the moving target. Only T3 can be distinguished with 7.5 dB SCR,
while the other three targets are submerged before clutter suppression as shown in Figure
9, where gate means the sampling point. Without clutter removal, the velocity cannot be
obtained with the proposed method for the other three targets. Note that, in method 2,
one DPCA result comes from the reference channel with d, and the first channel with
d_; , and the other is from the reference channel and the third channel with d;. Then, the
CEPC interval for ERV estimation is 5.6 m. Certainly there are other reasonable combina-
tions. Since each target corresponds to a different situation, estimation results will be an-
alyzed individually.

Table 3. Motion parameters of four extended moving targets.

Parameter T1 T2 T3 T4
v, (m/s) 5.2 -20.3 15.6 -9.2
v, (m/s) =30 -10.2 -1.5 2.5
SCR (dB) -9.3 -5.5 6.75 -1.9
(§01’§02) (3“,—2") (3“,—2“) (3“,—3“) (3”,—2")
Case Case 2 Case 2 Case 1 Case 3
ERV1 (m/s) -17.16 -7.04 0.01 0.95
ERV2 (m/s) -17.65 -5.19 -1.73 1.79
SCR1 (dB) 25.2 21.1 0 6.8
SCR2 (dB) 26.1 19.5 21.3 14.4

Imaging results (¢: = 3%

(%)

azimuth gate
@
=

o

100 200 300 400 500
range gate

Figure 9. SAR image of squint angle ¢; =3°. Only T3 can be identified and clutter suppression is
needed for the other three targets.

T1 can be clearly distinguished after clutter removal as shown in Figure 10a. How-
ever, there is a different ERV on each image, which then leads to a changing SCR after
clutter suppression, as SCR1 and SCR2 listed in Table 2. The brightness of T1 on each SAR
image can also reflect this variation. The ERV estimation results of T1 are given in Figure
10(b and the red line is based on MMSE as the interferometric phase of extended target
disperses closely around its real value. The results in Figure 10b is after amplitude nor-
malization where value 100 slightly higher than the image intensity of residual clutter
after DPCA processing is chosen as the benchmark. Therefore, in Figure 10 the normalized
amplitude detection threshold is 0 dB and this threshold applies to all the four targets as
the clutter is the same. Then, with method 2, the estimated results are o,; =-29.92 m/ s,

which leads to an azimuth estimation error of 0.29m/s using method 1 and v,, = 4.65 m/ S

. Finally, after the iteration process in Figure 7 for Case 2, v, and v, are, respectively,
estimated as -29.92 m/s and 5.08 m/s. With the proposed method, the estimation accuracy
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for azimuth velocity is greatly improved by 0.43 m/s and that of range velocity remains
the same compared with method 2.
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Figure 10. SAR images and ERV results of T1 with squint angle ¢,=3" and @,=-2°: (a) SAR images after clutter sup-

pression; (b) ERV results.
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The estimation for T2 expands on the result of T1 by adding a refocusing process.
The images of T2 with DPCA processing before refocusing is given in Figure 11a. Based
on the ERV estimation results of T2 shown in Figure 11b, the EAV is obtained as -20.56
m/s for ¢;=3" and -21.12m/s for ¢@,=-2". Asthe EAV results of both images are greater
than v,,4,,=11m /s, refocusing is implemented and the interferometric result is shown in
Figure 11c. The target images on Figure 11b,c also illustrate that after refocusing, the target
outline becomes clearer which is valuable for method 1 and azimuth offset changes to 166
pixels. However, for the extended target, the improvement of SCR is small as the total
energy is constant, only about 0.1 dB. With the estimation process for Case 2, the final
estimated velocity of T2 is 0, =-10.24 m/ s,0, =—20.62 m/ s before refocusing and
9, =-10.21m/s,9, =-20.49m/s after refocusing. The velocity error is reduced by 0.03
m/s and 0.13 m/s along range and azimuth directions, respectively.

after DPCA(¢. =-2°)

ERYV estimation with method 2 (¢, =3", P, =-2%

-5.20m/s
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fter DPCA [dR)
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Figure 11. SAR images and ERV results of T2 with squint angle ¢,=3° and ¢,=-2°: (a) SAR images after clutter sup-
pression; (b) ERV results before refocusing; (c) ERV results after refocusing.

The strong energy of T3 makes it clearly distinguishable before clutter suppression
as presented in Figure 12a. However, due to the nearly zero ERV of ¢,=3’, it is removed
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azimuth gate

after DPCA(e, = 3°)

together with clutter as Figure 12b shows. T3 is a special Case 1 and the azimuth velocity
is obtained before DPCA processing as 15.86 m/s, which is greater than veu,m,fllm/ S.
Then, after refocusing, the estimated azimuth velocity changes to 15.76 m/s and the error
is reduced by 0.10 m/s with a clearer outline. However, the estimated ERV of ¢,=-3"
remains the same after refocusing, as seen from Figure 12¢,d. Finally, with this ERV, the
range velocity is —1.43 m/s. Since the proposed method can perform effective estimation
for the worst situation in Case 1, the accuracy for the general Case 1 is guaranteed.

Figure 13a shows the SAR images after clutter suppression of T4. Different from T1
and T2, the ERV cannot be obtained with ¢,=3° for T4 because of the weak energy after
clutter removal as given in Figure 13b, so T4 belongs to Case 3. The estimated azimuth
velocity is -9.45 m/s with method 1 and then range velocity is estimated as 2.26 m/s with
ERV of ¢,=-2", which only causes an azimuth pixel offset of 0.18. Therefore, the above
results are considered as the final results. Azimuth and range velocity error is —0.25 m/s
and —0.24 m/s, respectively. The reason for the relatively low estimation accuracy is that
T4 is still partly submerged in clutter on image of ¢;=3".
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Figure 12. SAR images and ERV results of T3 with squint angle ;=3 and ¢,=-23’: (a) SAR images before clutter sup-
pression; (b) SAR images after clutter suppression; (c¢) ERV result before refocusing; (d) ERV result after refocusing.
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Figure 13. SAR images and ERV results of T4 with squint angle ¢;=3° and @,=-2°: (a) SAR images after clutter sup-

pression; (b) ERV results.

Therefore, the proposed method can achieve better velocity estimation accuracy
thanks to its ability to remove stationary clutters and the adopted iteration strategy based
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on the two methods. In addition, the proposed method can still be used even if either of
the two separate methods has low estimation accuracy or even fails completely. Moreover,
the mean value of multiple acquisitions with different squint angle combinations can be
used to further improve the estimation accuracy.

7. Conclusions

In order to compensate for the shortcomings of MASA mode in [30] which is only
capable of azimuth velocity estimation with specific acquisitions, a new target velocity
estimation method based on the MC-MASA mode has been proposed in this paper. Based
on the MC-MASA acquisition geometry, the effect of motion parameters on Doppler spec-
trum, azimuth time offset and slant range offset were analyzed in detail. The stationary
background clutter could be removed in the azimuth frequency domain avoiding the
time-consuming interpolation operation, making it possible for azimuth velocity estima-
tion based on sequential SAR images even if the target is totally submerged on the original
images. Meanwhile, the reason for failure in range velocity estimation based on the MASA
mode was addressed, including small azimuth and range position offset. The interfero-
metric phase of ATI could be used to preliminarily reconstruct the velocity map with at
least two SAR acquisitions, whereas azimuth estimation accuracy became low. The pro-
posed iteration strategy improved this situation by dividing all the situations into three
cases and achieve a high estimation accuracy both along the azimuth and range directions.
Additionally, high estimation accuracy could be obtained even in small antenna azimuth
pattern steering mode with low system complexity, expense and signal processing diffi-
culty. Different from traditional DPCA and ATI method, the proposed method utilizes the
amplitude detection and interferometric phase with ATI after DPCA in squint-looking
mode, together with MASA mode, which could expand application scope when method
1 and method 2 are invalid individually. Due to the irrelevance of processing for different
channels and observations, the parallel computing could further increase calculation
speed on the basis of non-interpolated imaging process in practice. Due to lack of real
spaceborne SAR MC-MASA mode data, the effectiveness of this method was demon-
strated by simulated point and extended target.

Since the ATI phase is closely related to slant range, the slant range accuracy directly
determines the velocity estimation performance. Compensation of the slant range error
under large azimuth squint angle could further improve velocity estimation accuracy.
Meanwhile, targets with different motion parameters may be located at the same or neigh-
boring pixel positions, increasing difficulty of the problem. Further investigations will be
focused on these two improvement methods.
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