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Abstract—During the spaceborne inverse synthetic aperture
ladar (ISAL) imaging, the radial velocity between the piggyback
satellite of ladar and the observed satellite is usually relatively
large, which will introduce the inner-pulse Doppler that cannot
be ignored in the echo. In this case, the traditional “stop-and-go”
assumption will no longer hold, and the compressed result along the
range direction would be seriously broaden. Therefore, to obtain a
well-focused ISAL image, this article proposed a spaceborne ISAL
imaging algorithm for high-speed moving targets based on the
inner-pulse Doppler compensation and residue video phase (RVP)
correction. In the article, the estimate method of the radial veloc-
ity, the inner-pulse Doppler compensation method, and the RVP
correction method are given. After inner-pulse Doppler compensa-
tion, RVP correction and translational motion compensation, the
range-compressed result under the ‘“stop-and-go” assumption can
be obtained, and the target can then be imaged by the traditional
ISAL imaging algorithm. The simulation results demonstrate the
effectiveness of the proposed algorithm.

Index Terms—High-speed moving targets, inner-pulse Doppler
compensation, inverse synthetic aperture ladar (ISAL), residue
video phase (RVP) correction.

I. INTRODUCTION

N RECENT years, a large number of artificial satellites
I with detection, identification, jamming, and strike capabil-
ities have been launched into space by many countries. These
satellites can become weapons during a war. Therefore, we need
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to enhance our detection capabilities for space satellites [1], [2],
[3], [4], [5]. However, the satellites distribute in large range
and operates at high speed. So before accurately identifying
and classifying the satellites, the long-range high-resolution
imaging of high-speed moving targets is an indispensable key
technology.

Inverse synthetic aperture ladar (ISAL) realizes high reso-
lution in the range direction by transmitting large-bandwidth
signals, and realizes high resolution in the azimuth direction by
using synthetic aperture technology, whose resolution is inde-
pendent of range. Thus, ISAL can break through the limitation
of diffraction limit of traditional optical imaging [6], [7], [8],
[9] and obtain a 2-D high-resolution images. Meanwhile, since
ISAL is an active imaging technology, it can work all days.

The wavelength of ISAL is about 3—4 orders shorter than the
wavelength of inverse synthetic aperture radar (ISAR). There-
fore, comparing with ISAR, ISAL can obtain a higher resolution
image within a shorter accumulation time. In addition, due to
the absence of atmosphere in space, we need not compensate
for the impact of atmospheric turbulence on the echo during the
spaceborne ISAL imaging.

The traditional ISAL imaging algorithm do not consider the
high-speed motion of the target, it generally assume that the
target moves slowly and use the “stop-and-go” assumption that
the target is stationary during a pulse period and is active
between two adjacent pulses to analyze the target echo. However,
since the working wavelength of ladar is relatively short, ISAL
imaging is sensitive to target motion [10]. If the target moves at
a high speed relative to ladar, and causes v - T}, > p,. (v is the
radial velocity of the target relative to radar, 7T}, is the pulsewidth,
and p, is the resolution along the range direction), the motion
of the target during a pulse period cannot be ignored and the
“stop-and-go” assumption will no longer hold [11], [12]. In fact,
the orbiting satellites usually move very fast, and the imaging
resolution of ISAL is high, the high-speed motion of the satellites
will make the range-compressed result of scatterers shifted and
broadened. Therefore, during spaceborne ISAL imaging, the
high-speed motion of the satellites should be analyzed and
compensated.

The high-speed motion compensation method has been deeply
studied in ISAR imaging area, and it mainly include two cate-
gories. One category method directly utilizes time—frequency
analysis algorithm to produce range-instantaneous Doppler im-
age [13]. However, due to the limitation of cross-terms in
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time—frequency analysis algorithm, the resolution of target is
usually reduced. The other category method is based on the
parameter estimation. Some scholars equate the dechirp re-
ceived signal to a second-order phase [11], [12], [13], [14],
[15], [16], [17] or a higher order phase signal [18], [19], [20],
then compensate for second-order and higher order phases of
the high-speed moving targets’ echo by estimating the radial
velocity or the phase coefficient. These algorithms can focus well
along the range direction to the high-speed moving target, but
during the parameter estimation, they require a large amount of
computation. Furthermore, all of these methods did not consider
the influence of velocity on azimuth phase, which will affect the
focusing effect along the azimuth.

Compared to ISAR, the working wavelength of ISAL is
short, therefore, ISAL requires higher accuracy for high-speed
motion compensation. To analyze the impact of high-speed
target motion on ISAL imaging, some scholars established the
accurate signal model of high-speed moving targets, and gave
the approximation model and its constraint [10]. Some scholars
proposed the high-speed moving target imaging algorithm based
on Fractional Fourier Transform (FrFT)-CLEAN [21], but this
algorithm requires a large amount of computation and cannot
extract weak scatterers, leading to the loss of the imaging details.

For these reasons, an ISAL imaging algorithm for spaceborne
high-speed moving targets based on the inner-pulse Doppler
compensation and residue video phase (RVP) correction is pro-
posed in this article. First, the signal model of high-speed moving
targets is established. By analyzing the signal model, it can be
known that the speed of moving targets will affect the envelope
of the echo, and introduce the inner-pulse Doppler in the echo.
Second, the inner-pulse Doppler compensation method based on
the velocity estimation is proposed. And the velocity estimate
method and the constraint condition of the velocity estimate error
are given. Third, after the inner-pulse Doppler compensation, the
accurate function of RVP along the azimuth is derived. Finally,
after RVP correction and the translational motion compensation,
we can obtain the range-compressed result under the “stop-and-
g0 assumption, and the target can be imaged by the traditional
ISAL imaging algorithm.

The rest of the article is organized as follows. In Section II,
the signal model of high-speed moving targets is established,
and the influence of target speed on ISAL imaging is analyzed.
In Section III, the inner-pulse Doppler compensation, RVP
correction, and imaging algorithm are presented. The simulated
results are provided in Section I'V. Section V is the discussion
section. Finally, Section VI concludes this article.

II. SIGNAL MODEL OF HIGH-SPEED MOVING TARGETS

Below we establish the high-speed moving signal model of a
single scatterer.

Assume that the transmission signal is an LFM (linear fre-
quency modulation) signal

s= A-rect (;) exp (j2ﬂ‘fct +j7Tfy£2) (1)
P
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where A represents the amplitude. 7}, represents the pulsewidth.
t represents the fast time. ¢ =  + t,,, represents the full time.
t., = m/PRF represents the slow time. m represents the mth
transmitted pulse. PRF represents the pulse repetition period. f.
represents the carrier frequency and vy represents the chirp rate.

If the radial velocity of the scatterer relative to ladar is v, the
instantaneous range between the scatterer and ladar at (,t,,)
can be expressed as

R = Ry (ty,) + vt )

where Ry(t,,) represents the range between the scatterer and
ladar at ¢,,,.
Then, the echo can be written as

t—2R/c
s, = oA - rect (T)

p
exp (j27rfc (t—2R/c) + jry(i — 2R/c)2> 3)

where o is the attenuation coefficient.
If the reference signal is

t — 2Rt/ c
Sref = TeCt (T’Tf/>
. . . 2
- exp (]27rfc (t = 2Ryet/c) + jﬂ"‘y(t — 2Rref/C) )
4)

where R, represents the reference range. 7, represents the
pulsewidth of s, which is longer than T),.
Then, the dechirp received signal can be written as

at — 2R () /c>

Sdzsr-s:efzoA-rect( T
P

exp (_j“; (Ro (tn) - Rref))
- exp (j477012 (R (tm) — RrQef))
. exp (— jar (z (Ro (tm) — Rrer)+v—2vvROC(2w) f)

- exp (j477%’y (% — 1) 7?2) 5)

where []" represents the conjugate operator. o = (1 — 2v/c)
represents the scale factor.

However, the dechirp received signal under the “stop-and-go”
assumption is given as follows [6]:

t—2Rq (ty,) /c)

Sstop_go = O A - rect

exp <—j4; (Ro () — Rref)>

. R Ry (t,,) — R,
- exp (—j47w <t—2 Cref> 70( ) ref

C

+4m (6)

gy 0 ) = Rmf)Q).
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By comparing (5) with (6), we can know that due to the high-
speed movement of the target, the scale factor « is added to
the envelope of (5), and the first-order and second-order phases
are also be added to (5), which will affect the range resolution
and make the range-compressed result of scatterers shifted and
broadened. This means that the imaging algorithm under the
traditional “stop-and-go” assumption cannot be directly used to
image high-speed moving targets.

The influence of high speed on ISAL imaging in (5) is further
analyzed as follows:

1) The influence of high speed on the echo envelope

Since the envelop is affected by the scale factor «, the fast
time £ in (5) should meet

_34_2@ a<it< &4-2& a.
2 c 2 c

This indicates that the length of the received signal of high-
speed moving target is Af = T, /a.. When the target is far away
from the ladar, ie., v > 0, Af > T),, the length of received
signal envelope is increased. If we take the Fourier transform
of (5) along the fast time #, the range-compressed result in
frequency-domain will be smaller than 1/7,,, and the range
resolution is improved. When the target is close to the ladar,
ie, v <0, Al < T,, the length of received signal envelope is
decreased. If we take the Fourier transform of (5) along the fast
time , the range-compressed result in frequency-domain will be
greater than 1/7,, and the range resolution becomes deteriorate.
As aresult, the high speed of targets affects the range resolution
of scatterers.

2) The influence of high speed on echo phases

In (5), the first and the second phases are all independent of the
velocity v, which have no effect on the range compression result
of the scatterer. Compare with (6), the third phase of (5) includes
an additional speed-dependent first-order phase of fast time
—4m(§ — 2y % )t, which will make range-compressed po-
sition of the scatterer shifted. And the fourth phase of (5) is
the speed-dependent second-order phase of fast time, which
will make the main lobe of the range-compressed result of the
scatterer broaden.

In order to further analysis the influence of high speed on echo
phases, we calculate the instantaneous frequency of (5) and (6)
along the fast time-domain, respectively, and can obtain

R tm _Rre
N 0 (tm) i

(N

fn= -2 -
RO (tm) v v v N
+ (471) - 2/\) +429 (E - 1) i@
Ro (L _Rre'
fo= — QV¥. )

By comparing (8) and (9), we can know that f, is a constant.
Thus, after taking the Fourier transform of (6) along the fast
time-domain directly, the well-focused range-compressed result
can be obtained. While fj, is an LFM frequency and it has a
constant term 4’yv% — 27 more than f,. After taking the
Fourier transform of (5) along the fast time-domain, the range-

compressed result will be shifted and broadened.
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Fig. 1. Range-compressed results and its partial enlargement. The range-
compressed results when (a) v = 0 m/s ; (b) v = 2000 m/s; (c) v = 5000
m/s and (d), (e), (f) are the partial enlargement of (a), (b), (c), respectively.

In this article, the frequency (471}% —27) +4%y
(2 — 1)t in (8) is called the inner-pulse doppler frequency. The
compensation algorithm for the inner-pulse doppler frequency
will be given later.

Assume that a single scatterer moves at a uniform speed
relative to ladar, the range-compressed results of this scatterer
at different radial velocities are given below.

SetT,, = 7 us, pr = 0.94 cm, Ryer = 100 km, and Ry (t,,) =
Ryet. Fig. 1(a), (b), and (c) are the range-compressed results
of single scatterer when v = Om/s, v = 2000m/s, and v =
5000 m/s, respectively. Fig. 1(d), (e), and (f) are the partial
enlargement of Fig. 1(a), (b), and (c), respectively.

From Fig. 1, we can see that the radial velocity of the
scatterer relative to the radar will make the range-compressed
position shifted and the main lobe of the range-compressed result
broaden, which verify the conclusion that the influence of high
speed on echo phases.

III. INNER-PULSE DOPPLER COMPENSATION AND
IMAGING ALGORITHM

According to the above analysis, we can know that the impact
of the high speed on range-compressed mainly includes two
aspects as follows:

1) The first-order phase introduced by radial velocity shifts

the range-compressed position of the scatterer.

2) The second-order phase introduced by radial velocity
broadens the main lobe of the range-compressed result
of the scatterer.

Therefore, the first-order and the second-order phases of the

echo caused by the high speed need to be compensated.

A. Inner-Pulse Doppler Compensation

1) Radial Velocity Estimation: Since the first-order phase
and second-order phase are all related to the radial velocity
v, the radial velocity v must be estimated before the phase
compensation.

At present, the radial velocity estimation methods based on
ISAL echo data mainly include: 1) the methods based on Doppler
frequency rate, such as map drift [13], Radon—Wigner method
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Fig. 2. (a) Range compression result of echo. (b) Estimated value of velocity.

[22], etc.; 2) the methods based on pulse frequency rate along
the range direction, such as Chirp—Fourier [23], FrFT [15], [24],
etc.; and 3) the method based on the offset of adjacent pulse
envelopes [25].

In the above velocity estimation methods, method 1 and
method 2 first estimate the frequency rate of the echo along
the azimuth and range direction, respectively, and then use
the frequency rate to calculate the radial velocity. These two
methods have a high accuracy of velocity estimation, but they
also require a large amount of computation. In contrast, the
method 3 based on the offset of adjacent pulse envelopes re-
quires a small amount of computation. Although the velocity
estimation accuracy obtained by the method 3 is not high, it
can meet the accuracy requirement for the high-speed motion
compensation proposed in this article according to the analysis in
Section III-A2 below. Therefore, we estimate the radial velocity
by cross-correlation method of adjacent pulse envelopes in this
article. The steps of the radial velocity estimation are as follows:

1) Calculate the cross-correlation function of adjacent pulses
p(m) (m=1:M — 1, M is the number of accumulated
pulses).

2) Search for the location of the maximum value of p(m)
and calculate the range units offset Num(m) between the
adjacent pulses.

3) Calculate the radial velocity v(m) between the adjacent
pulses based on Num(m), minimum range resolution
unit Ar and PRF (pulse repetition frequency), where
Ar = Fs/nrn-c/(2v) and F's is sampling frequency.
The specific expression of the estimated velocity is

v (m) = Num (m) * Ar x PRF. (10)

4) Take the average value of v(m) as the radial velocity
estimation value .

Assume that a scatterer moves at a speed of 5000 m/s relative
to ladar, the process of the radial velocity estimation is as
follows:

After dechirp receiving and Fourier transformation along the
fast time-domain, the range-compressed result of the scatterer
is shown in Fig. 2(a), in which the range-compressed result is a
diagonal line. First, calculate p(m ), the location of the maximum
value of p(m) is Num(m). Then, calculate the radial velocity
v(m) based on Num(m), Ar, and PRF, the curve of v(m) and
the mean value of v(m) are shown in Fig. 2(b). According to
Fig. 2(b), we can know that the mean value of v(m) is 5000.1,
so the radial velocity estimation value is ¥ = 5000.1, which is
close to the true value 5000. Based on the above process, we can
know that the velocity estimation algorithm used in this article
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requires a small amount of computation. Meanwhile, the range
units offset Num(m) between the adjacent pulses can be used
for envelope alignment before ISAR imaging.

Next, we will compensate for the inner-pulse Doppler term
and RVP term by using .

2) Compensation of the First-Order Phase and the Second-
Order Phase: When the target moves relative to ladar, the radial
velocity of all scatterers on the target are considered to be same.
So according to (5), the dechirp received signal of all scatterers
have the same first-order phase —471'%2? and second-order phase
42y (2 — 1)2, and the dechirp received signal of a high-speed
moving target can be viewed as the sum of multiple LFM signals
with the same chirp rate. Therefore, we can construct the first-
order and the second-order compensation functions based on the
radial velocity and compensate the dechirp received signal of all
scatterers uniformly.

Assume that the estimated speed is equal to the true value,
i.e., U = v, in order to obtain the well-focused range-compressed
result of the scatterers, we first construct the second-order com-
pensation function h; using v

hy = exp (—j47rgfy (E — 1) fZ).
¢’ \c
After multiplying (5) by (11), we can obtain

at — 2R (tm)/c
=)

(11)

s,ﬂ:sd~h1:aA-rect(

. exp (j47r (W - cl2 (RS (tm) — Rfa)))

. v R

- exp (—]471 (% (Ro (tm)— Reer) + 5 _QC%RO (tm) v) t).
12)
Then, to avoid the shift of the range-compressed position of

the scatterers, we construct the first-order compensation function
ha

U
hy = exp (J4ﬂit)' (13)

After multiplying (12) by (13), we can obtain

t —2Ro (tm
Sq2 = 841 - ho = 0 A - rect (QRO()/C>
Tp
o (Ro(tw)—Ret 7
- exp (—3477 (()(/\)ref - (RS (tm)_Rr?ef)))

. exp (—j47r (% (Ro (tm) — Reet) — 261230 (tm) v) i).
(14)

Taking the Fourier transform of (14) along the fast time , we
can obtain
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According to (15), the range-compressed position of the scat-
terer is

fr = —2% (@Ro (tm) — Ruet)- (16)

Equation (16) shows that the range-compressed position of
the scatterers is relative to «. Therefore, when performing range
calibration for high-speed moving target, the influence of veloc-
ity needs to be considered.

It should be point out that to avoid the main lobe of the
range-compressed result be broadened, we define the velocity
estimation error Av meet the following constraint during the
second-order phase compensation:

A A
4r 220, <”+ - 1)T§4w”7(”1)T5 <Z
c c c c 4
(17
The solution of this constraint is
c—2v— \/(0—21))2 — /(4B - T,)
Av >
2
c—20—1/(c—20)* + /(4B - T,)
Av < v 5 Al (18)

This means that the velocity estimation error Av is related to
vand B - T,

B. Azimuth Focusing
1) RVP Correction: Submitting (16) into (15), we can obtain

Sa2 (fr) =cA- % sinc <€f (fr + 27 (aRy (tm)Rref)))

C

- Lle 2 2
exp (par ol = ot o (g (1 2) £
A o ol

-exp (jo) 19)

where the first exponential term is the Doppler term. The second
exponential term is the RVP term. The third exponential term is
the residual phase term, whose expression is

47 47 2
p=-— frRuet — = [(2& - > RietRo (tm)
o?c c «

+(1—-a®) R} (tm)] . (20)

As shown in (20) that the first phase of ¢ is a constant phase,
the second phase of ¢ is the first-order phase of Ry(t,,), and
the third phase of ¢ is the second-order phase of Rq(t,,). In this
article, we assume that «v is close to 1 and ¢ < 7/2, so that the
residual phase ¢ can be ignored.

To eliminate the RVP term in (19), we construct an RVP
compensation function hg

hs = exp (jw (1—22> f?)
a?) v

After multiplying (19) by (21), we can obtain the range-
compressed signal after RVP correction

saz (fr) = saz (fr) - h3

21
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Fig.3. ISAL turntable imaging geometry.

= CTA% -sine <€f (fr + 2% (aRy (tm) — Rref)))

Ry (t,,) — R, .
- exp <—j4ﬂw+]go).

2) Translational Motion Compensation: ISAL imaging al-
gorithms are all based on the turntable model. Therefore, before
imaging, the translation component of relative motion between
the target and ladar needs to be compensated.

Equation (22) is the range-compressed signal after RVP cor-
rection, in which Ry (¢,,) can be expressed as

(22)

Ro (tm) = R™ (tm) + R™ (tm) (23)

where R"™(t,,) represents the translation component of relative
motion between the target and ladar. R™'(¢,,) represents the
rotation component of relative motion between the target and
ladar.

R™(t,,) can be expressed as

Rtra (tm) = vt,, + 1/2 . artfn + ... (24)

where v represents the radial velocity. a, represents the accel-
eration.

Fig. 3 shows the ISAL turntable imaging geometry after the
translational motion compensation. In Fig. 3, O is the center of
the turntable and the turntable rotates around o. The distance
from the ladar to o is Ro(0). The y-axis is the line of sight of the
ladar, and the x-axis is perpendicular to the y-axis. Initially, the
scattering point Sg, is located at P;. The distance from P; to o
isr,and r < Rp(0). The initial angle between P; and the x-axis
is fp. Assume that the scattering point S, rotates from P; to
P, with angular velocity w, the rotation component of relative
motion between the target and the ladar can be expressed as

R™ (t,,) = Ro (0) + rsin (6 + wtp,). (25)

After the translational motion compensation of (22), we can
obtain

saa (fy) = oA % sinc (1;’ ( £+ 2% (aRor (tm)—Rref)))

Rrot (tm) - Rref

y (26)

- exp (—j47r +p — <po>
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where (g is the compensated constant phase during translation
compensation.

Up to now, we can know that when the change of ¢ during
the synthetic aperture time is less than 7 /2, (26) can be equiv-
alent to the range-compressed result under the “stop-and-go”
assumption, and then the traditional ISAL imaging algorithm
can be used for high-resolution imaging of the target.

3) Imaging Algorithm: In traditional ISAL imaging, an ap-
propriate imaging algorithm needs to be selected based on the
size of the coherent accumulation angle of the target and whether
the target is maneuvering.

If the coherent accumulation angle of the target is small, and
the MTRC (migration though resolution cell) of the scatterers on
the target not occur during the synthetic aperture time, we can use
the RD (Range Doppler) algorithm for imaging. If the coherent
accumulation angle of the target is large, and the MTRC of the
scatterers on the target occur during the synthetic aperture time,
the algorithms such as keystone and back projection can be used
for imaging. And if the target exhibits strong maneuverability,
the instantaneous imaging algorithms, such as short-time Fourier
transform and Wigner Ville Distribution can be used for imaging.

To clearly describe the proposed algorithm, a flow chart is
presented in Fig. 4.

As depicted in the flow chart, the first step of the proposed
algorithm is to estimate the radial velocity and compensate
for the first-order and second-order phases to eliminate the
influence of inner-pulse Doppler caused by high-speed moving
of targets. Then, the signal is Fourier transformed along the
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TABLE I
PARAMETERS USED IN THE SIMULATION

Parameter Value Parameter Value
Wavelength 1064 nm  Rotation speed 2 mrad/s
Pulse width 7 us Radial velocity 5000 m/s
Bandwidth 16 GHz PRF 130 kHz

Fs 5 GHz RO 100 km
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azimuth sampling cells azimuth sampling cells

(a) (b)

Fig.6. (a)Range-compressed results of satellite target. (b) Partial enlargement
of the red box in (a).

N
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[
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(@) (b)

Fig. 7.  (a) Range-compressed results of satellite target after the second-order
phase compensation. (b) Partial enlargement of the red box in (a).

"
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range sampling cells
range sampling cells

2.455
1000 2000 3000 4000 2180 2182 2184 2186 2188 2190
azimuth sampling cells azimuth sampling cells

(@ (b)

Fig.8. (a)Range-compressed result of satellite target after the first-order phase
compensation, the RVP correction, and the translational motion compensation.
(b) Partial enlargement of the red box in (a).

fast time-domain to obtain the range-compressed signal after
inner-pulse Doppler compensation. Next, the RVP correction
and the translational motion compensation are performed to the
range-compressed signal. Finally, the focused ISAL image is
obtained by selecting an appropriate imaging algorithm.

IV. PROCESSING RESULTS OF THE SIMULATED DATA

Next, to verify the effectiveness of the proposed algorithm,
different experiments are designed. Section IV-A shows the
compensated results of the proposed algorithm. Section IV-B
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Fig. 10.

shows the performance of the proposed algorithm under dif-
ferent radial velocity estimated value. Section IV-C shows the
performance of the proposed algorithm under different SNRs
(signal-noise ratio).

A. Satellite Target Simulation Results

The simulated 3-D models of the satellite target from different
perspectives are shown in Fig. 5, and the size of satellite is
2277 m x 13.97 m x 8.3 m (x-axis X y-axis X z-axis).

Assume the ladar transmits an LFM signal with the parameters
given in Table I. The coordinates of the satellite target are
shown in Fig. 5, with the target rotating around the z-axis. The
coordinate of the ladar is (R 0, 0, 0), where RO represents the
initial range between the satellite and the ladar. During the echo
generation, RO is set to 100 km, the satellite moves away from
the ladar at the radial velocity of 5000 m/s along the x-axis and
rotates around the z-axis at the rotation speed of 2 mrad/s.

Assume the coherent accumulation angle of the target is small,
we choose RD algorithm as the imaging algorithm.

After dechirp receiving and Fourier transformation along the
fast time-domain, the range-compressed result of the satellite
target can be shown in Fig. 6. Fig. 6(b) is the partial enlargement
of Fig. 6(a), which shows the main lobe of the range-compressed
resultis broadened. By compensating for the second-order phase
of the echo, the range-compressed result with narrowed main
lobe can be obtain as shown in Fig. 7. Fig. 7(b) is the partial
enlargement of Fig. 7(a). By comparing Fig. 7(b) and (b), we
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500 1000 1500 2000
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(a) Imaging result of satellite target by using FC algorithm. (b) Partial enlargement of part 1. (c) Partial enlargement of part 2.

can know that after the second-order phase compensation, the
main lobe of the range-compressed result is narrowed.

Fig. 8(a) is the range-compressed result after first-order phase
compensation, the RVP correction, and the translational motion
compensation. Fig. 8(b) is the partial enlargement of Fig. 8(a),
which shows that after the translational motion compensation,
the range-compressed result changes from a diagonal line to a
straight line.

Taking the Fourier transform of Fig. 8(a) along the azimuth
direction, we can obtain the imaging result of the proposed
algorithm shown in Fig. 9(a). Fig. 9(b) and (c) is the partial
enlargement of part 1 and part 2 in Fig. 9(a), respectively. The
scatterers in Fig. 9 are all well-focused.

The high-speed movement compensation algorithm in litera-
ture [21] is refers to as FC algorithm. Fig. 10(a) is the imaging
result by using the FC algorithm, Fig. 10(b) and (c) is the partial
enlargement of part 1 and part 2 in Fig. 10(a), respectively.
Fig. 11(a) is the uncompensated imaging result. Fig. 11(b) and
(c) is the partial enlargement of part 1 and part 2 in Fig. 11(a),
respectively.

For comparison, Fig. 12(a), (b), and (c) shows the contour
images of the point “P” in yellow circle in Figs. 11(c), 10(c),
and 9(c), respectively. It can be seen that the point “P” in
Fig. 12(a) is defocusing, and the point “P” in Fig. 12(b) and
(c) exhibit better focus quality. This indicates that both the
FC algorithm and the proposed algorithm all can eliminate the
influence of high-speed movement of the target during ISAL
imaging.
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Fig. 12.  Contour images of point “P” in yellow circle. (a) Uncompensated algorithm. (b) FC algorithm. (c) Proposed algorithm.

However, by comparing Figs. 9 and 10, we can know that
some weak scatterers in Fig. 10 have been lost. This is caused
by the nature of the CLEAN algorithm. In addition, the FC
algorithm is computationally expensive, as it requires a search
for the rotation angle that corresponds to the projection plane. In
contrast, the proposed algorithm only needs to estimate the radial
speed using a less computationally expensive speed estimation
method. Therefore, compared to the FC algorithm, the proposed
algorithm can retain more detailed information about the target
while requiring less computation.

B. Performance of the Proposed Algorithm Under Different
Radial Velocity Estimated Value

Based on the above analysis, we know that in order to avoid
the main lobe of the range-compressed result broadened, the ve-
locity estimation error Av needs to meet the constraint of (17), in
which the threshold value of the secondary phase compensation
error is 7 /4. Submitting the parameters in Table I into (18), we
can know that the corresponding range value of Av is 166. If
the threshold values of the secondary phase compensation error
are 7 /2 and m, the corresponding value of Av are 334 and 670
m/s, respectively.

We set the range of estimated radial velocity values v to be
4300-5700 m/s, with a step size of 2 m/s. Fig. 13 presents the
entropy curve of the satellite imaging results under different v.
In Fig. 13, the corresponding image entropy values at Av = 0,
166, 334, and 670 m/s are marked. From Fig. 13, we can know
that as Awv increases, the image entropy value becomes larger.

9.95F
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g \ X 4666 /
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9.92
4500 5000 5500

velocity(m/s)

Fig. 13.  Entropy curve of imaging results of the proposed algorithm under
different radial velocity estimated value.

To further analyze the threshold of Aw, Fig. 14(a), (b), (c),
and (d) shows the contour images of the point “P” in satellite
target when Av = 0, 166, 334, and 670 m/s, respectively. In
which, Fig. 14(a) and (b) is well-focused, while Fig. 14(c)
and (d) appears adhesions. This phenomenon indicates that
when the threshold value of the secondary phase compensa-
tion error smaller than 7 /4, its effect on imaging can be ig-
nored. Thus, the constraint of Av derived in (17) and (18) is
correct.

C. Performance of the Proposed Algorithm Under
Different SNRs

To verify the performance of the proposed algorithm under
different SNRs, the white Gaussian noise is added to the echo
to generate different SNRs echo date.
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Fig. 15. Local imaging results of satellite solar panel obtained by different algorithm under different SNRs. (a), (d), (h) Uncompensated algorithm when

SNR=5dB, 0dB and —5dB; (b), (e), (i) FC algorithm when SNR=5dB, 0dB and —5dB; (c), (f), (j) Proposed algorithm when SNR=5dB, 0dB and —5dB.

Fig. 15 shows the local imaging results of the satellite solar
panel obtained by different algorithm when the SNR is 5, 0,
and —5 dB, respectively. The velocities used for the phase
compensation are all estimated by the number of sampling units
offset of adjacent pulses.

The images obtained by the uncompensated algorithm are
shown in the first column in Fig. 15, in which the scatterers
are all defocused. The images obtained by the FC algorithm are
given in the second column in Fig. 15, in which the number of
scatterers reduces with the SNR decreases. When the SNR is

0 dB, the outline of the satellite solar panel can no longer be
seen. The images obtained by the proposed algorithm are given
in the third column in Fig. 15, in which the scatterers are all
well-focused.

Table II presents the entropy values of the images shown in
Fig. 15, in which the entropy value of the images obtained by
the FC algorithm is smallest. This is because that the number
of scatterers obtained by the FC algorithm reduces with the
SNR decreases, but when the SNR is —5 dB, the outline of
satellite solar panel can no longer be seen. Compared with the
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TABLE I
ENTROPY OF THE IMAGING RESULTS
SNR value 5dB 0dB -5dB
Uncompensated 12.8362 15.0828 17.0474
FC algorithm 7.7139 8.1306 9.0943
The proposed algorithm | 12.5211 14.8756 16.9485

uncompensated algorithm, the images obtained by the proposed
algorithm have smaller image entropy. This means that the
proposed algorithm has good noise robustness.

V. DISCUSSION

Since ISAL is sensitive to the motion, the high-speed mo-
tion of the satellites will make the range-compressed result
of scatterers shifted and broadened. To solve this problem, an
ISAL imaging algorithm for spaceborne high-speed moving
targets based on the inner-pulse Doppler compensation and RVP
correction is proposed in this article, which derives the signal
model of high-speed moving targets accurately and compensates
for the phase related to velocity along the range and azimuth
direction.

According to the processing results in Section IV, we can
know the following conditions:

1) The proposed inner-pulse Doppler compensation method
based on the velocity estimation is valid, which can sup-
press the main lobe broadening along the range direction.

2) During the inner-pulse Doppler compensation, the con-
straint condition of the velocity estimate error is derived.
If the threshold value of the secondary phase compensation
error is smaller than 7 /4, the velocity estimation error can
be ignored.

3) When the SNR is —5 dB, all scatterers on the satellite are
all well-focused, which means that the proposed algorithm
has good noise robustness.

4) The proposed algorithm requires a small amount of com-
putation and will not lose detail information of target.

In the following research, we can further analyze the residual
phase ¢ shown in (20), for example, we can analyze how large
the velocity is, ¢ can no longer be ignored, and given the
corresponding compensation algorithm.

VI. CONCLUSION

The large radial velocity between the ladar and the observed
satellite will make the range-compressed result of scatterers
shifted and broadened. Therefore, we proposed a spaceborne
ISAL imaging algorithm for high-speed moving targets based
on the inner-pulse Doppler compensation and RVP correction.
In this article, we give the estimated method of the radial velocity
and the constraint condition of the velocity estimation accuracy,
and the exact functions of inner-pulse Doppler compensation
and RVP correction. By formula deducing, we find that after
the RVP correction and the translational motion compensation,
the date can be equivalent to the range-compressed result under
the “stop-and-go” assumption, and then the target can be imaged
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by the traditional ISAL imaging algorithm. Various simulation
experiments have verified the effectiveness of the proposed
algorithm.
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