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Abstract: For ship targets with complex motion, it is difficult for
the traditional monostatic inverse synthetic aperture radar (ISAR)
imaging to improve the cross-range resolution by increasing of
accumulation time. In this paper, a distributed ISAR imaging al-
gorithm is proposed to improve the cross-range resolution for
the ship target. Multiple stations are used to observe the target
in a short time, thereby the effect of incoherence caused by the
complex motion of the ship can be reduced. The signal model of
ship target with three-dimensional (3-D) rotation is constructed
firstly. Then detailed analysis about the improvement of cross-
range resolution is presented. Afterward, we propose the me-
thods of parameters estimation to solve the problem of the over-
lap or gap, which will cause a loss of resolution and is neces-
sary for subsequent processing. Besides, the compressed sens-
ing (CS) method is applied to reconstruct the echoes with gaps.
Finally, numerical simulations are presented to verify the effect-
iveness and the robustness of the proposed algorithm.
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1. Introduction

Inverse synthetic aperture radar (ISAR) imaging is a very
important tool for target classification and recognition ap-
plications [1]. For advantages of all-weather and all-day
capabilities, ISAR technology has received much atten-
tion [2]. The ISAR obtains high range resolution by trans-
mitting linear frequency modulated (LFM) signal with
wide bandwidth and high cross-range resolution by the
synthetic aperture. For targets with smooth motion, such
as fast-flying aircraft, cross-range resolution can be im-
proved by extending the coherent processing interval
(CPI) in the traditional ISAR system. However, ship tar-
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gets tend to move at a low velocity and rotate three-di-
mensionally with sea waves, which results in complex
echoes. There is a contradiction in monostatic ISAR sys-
tems that it is difficult to obtain the sufficient accumula-
tion angle when the usable CPI is limited by the complex
motion of the target.

To overcome the limitation above, the real antenna ar-
ray technique was proposed, which obtains the image of
target with complex motion in a single snapshot [3,4].
However, the technique with real antenna array greatly
increases system complexity and computational burden.
Another instantaneous imaging method was proposed to
obtain the image of target with complex motion, includ-
ing the time-frequency analysis method and the LFM sig-
nal parameter estimation method. Considering the time-
varying characteristic of the Doppler, the range-instanta-
neous-Doppler (RID) algorithm is applied to image these
maneuvering targets [5—10]. However, the instantaneous
imaging methods are strongly dependent on the assumed
motion model [11,12], which could degrade the image
quality when the model is not satisfied.

In this paper, a distributed ISAR algorithm is proposed
to image the targets with complex motion in a short CPI.
Compared with the monostatic ISAR system, the distri-
buted ISAR system provides multiple virtual equivalent
sensors. Hence, the distributed ISAR system has the po-
tential to obtain more spatial sampling data than the
monostatic ISAR system at the same time [13]. Moreo-
ver, with the guarantee of the same cross-range resolu-
tion of the monostatic system, the distributed system re-
quires a shorter CPI. The concept of the distributed ISAR
was proposed very early [3], but it has not been further
developed due to the limitation of techniques at that time.
Some work has promoted further development of the dis-
tributed ISAR imaging technology.

The distributed ISAR imaging technology is deve-
loped from monostatic ISAR imaging technology. When
the single station accumulation angle is insufficient, the
radar platforms are separately arranged in the distributed
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system to expand the coherent accumulation angle and
obtain high cross-range resolution.

In this paper, the distributed ISAR system is divided
into two scenarios. The first is the transmit/receive (T/R)
distributed ISAR system called multistatic distributed
ISAR. In this scenario, only one platform carries a T/R
element, and the others only carry the receiving element.
The second is the T/R integrated ISAR system called
multiple input multiple output (MIMO) distributed ISAR.
In this scenario, every platform carries a T/R element,
which requires orthogonal waveforms design to distin-
guish the echoes from different transmitters.

An actual distributed ISAR system is shown in Fig. 1.
For simplicity, four stations are presented. Actually, the
distance between the ship and the radar is much longer
than the baseline length. In the multistatic distributed
ISAR, only sensor 4 transmits LFM signals, and all
sensors receive the echoes. In the MIMO distributed IS-
AR, every sensor transmits and receives echoes, which
requires appropriate transmitted waveforms to allow the
separation of the echoes.

Fig.1 Distributed ISAR imaging of ship target

The phase center approximation (PCA) [14] theory is
suitable in this paper. The PCA theory is described as fol-
lows: in certain conditions (such as in the far field), a
transmitting element and a receiving element can be ap-
proximated by a T/R element, whose position is in the
midpoint of the transmitting element and the receiving
element [15]. This approximated element is called an
equivalent sensor. When the real stations are properly ar-

ZA o]

ranged, a wider observation angle will be obtained by the
distributed ISAR algorithm.

Depending on the imaging geometry and the rotation
of the target, there may be overlaps or gaps between the ac-
cumulation angle of two adjacent equivalent sensors [13].
The theoretical derivation of the distributed ISAR algo-
rithm without gap is firstly given to improve cross-range
resolution in [16], where smooth motion is assumed, but
the method of calculating overlap size is not mentioned.

Based on the derivation of the principle and the nume-
rical simulation, it is concluded that the distributed sys-
tem can obtain higher cross-range resolution, depending
on the number of the stations and their relative positions.
However, the number of stations is limited for two rea-
sons: (i) the backscattering coefficient of the target will
be different due to the change of the observation angle;
(ii) the scattering points occlusion is inevitably in the real
targets. These two problems limit the improvement of the
cross-range resolution of ISAR imaging [17].

In this paper, the imaging geometry of the ship target
with complex motion is presented firstly, with 3-D rota-
tion (roll, pitch, and yaw). Next, the combined imaging
method of radar platforms along the cross-range is
presented, and the improvement in cross-range resolution
is analyzed. Furthermore, the compressed sensing (CS)
theory is introduced to solve the observation angle gaps
of the adjacent sensors. The numerical simulations are
presented to verify the effectiveness and the robustness of
the proposed algorithm.

2. Signal model and principle of distributed
ISAR imaging algorithm

2.1 Signal model of 3-D rotation ship target

The imaging geometry of the distributed ISAR system is
shown in Fig. 2. The ship consists of P scattering points,
and their scattering coefficients remain constant approxi-
mately in the CPI. With the action of sea waves, the ship
target swings in three dimensions.

Tt p (”,;()avpo,wpo)

pitch

Fig. 2 Imaging geometry of the distributed system
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Other than the translation, the target behavior has three
degrees of freedom: roll, pitch and yaw. The rotation cen-
ter of the ship is located at the origin of Cartesian co-
ordinate system (O’,U,V,W). Point p(p =1,2,3,---,P) is
an arbitrary scattering point of the ship, whose initial co-
ordinate is (9, V,0, wpo)T.

According to the regular variation law [18] of the tar-
get with 3-D rotation, the instantaneous angular variation
can be expressed as

6,(t) = A;cos(wit +¢,;), [ =rollpitch,yaw (1)

where A4,is the maximum angular amplitude in radians,
is the rotation velocity, and ¢ is the initial phase of 6,(¢).

The rotation matrices [19] of roll, pitch and yaw can be
expressed as

1 0 0
roll (0, (¢)) = { 0 cos6,(t) —sinb, (1) ]
0 sin6,(r) cosH,. ()
cosB,(r) 0 sinb,(?)
pitch (6, (1) = l 0 1 0 l . 2)
—sinf,(f) 0 cosB,(?)

cosb, (1) —sinf,(r) O
yaw (0, (1) =| sinf,(r) cos,(r) O
0 0 1

After combining the 3-D rotation matrices in (2), the
synthetic rotation matrix Rot(¢) can be expressed as

Rot (7) = roll (6, (1) pitch (6, (t)) yaw (6, (1)).  (3)

Then, the position of p in the coordinate system
(0',U,V,W) at time ¢ can be described as

u, (1) Upo
[ v,(#) [=Rot(?)| vy \ . €]
Wy, ) Wpo

For ship targets, the translational velocity is generally
small, and due to the heavy weight of the ship, the trans-
lational velocity is generally relatively stable. Therefore,
the complex motion of the ship is more reflected in the
3-D rotation with the sea waves. The Doppler of the azi-
muth signal has a complicated form as

2f. d
S = 2L X SIRO.0.0,0.00)  ©

where f. denotes the carrier frequency, c is the light
speed, R(6,(1),0,(1),6,(r)) is the distance of scattering
point and radar.

Assume that the station baseline is perpendicular to the
line of sight (LOS) of radar A. Because the distance
between the ship and the radar is much longer than the
baseline length, the baseline is perpendicular to the LOS
of other radars approximately. Radars are located along
the X-axis. The angle between the coordinate system

(0,X,Y,Z) and system (O’,U,V,W) is «,. In the coordi-
nate system (O,X,Y,Z), the coordinate of point O’ is
(0,R,,0)" and the coordinate of pis

x, (1) cosa, sina, 0 u, (1) 0

l v, () ]:l —sina@, cosa, O “ v,(®) |+| Ro

Z,(2) 0 0 1 w, (1) 0
(6)

It is worth noting that the optimizations of the sensors
position in multistatic or MIMO are different. In Fig. 2, a
uniform formation is given with baseline length d, and
the LOS angular interval between adjacent stations is «
approximately. Then, the coordinates of A, B,C, D are

A(-1.5d,0,0)
B(-0.54,0,0)
C(0.54,0,0)
D(1.54,0,0)

The distances between sensors and scattering point p
at time ¢ can be expressed as

RAD) = () + L5d) +, (1 +2,(07°
RE() = (5, () +0.5d) +, (1) +2,(0)°
RE(1) = (1) = 0.5d) +y,(0" +2,(0)°
RE (1) = 5, (0) = 1.5d) + 3,07 + 2,17

(7

The antenna transmits LFM pulse with the form as
~ f . 1 Az
S, (f1,) =rect| — |exp|j2n| fut + =i ®)
T, 2

1, lul<0.5
0, [ul>0.5 °
the slow time, ¢ = t,, + , Tp is the pulse width, and y repre-
sents the frequency modulation rate. The echoes are ex-
pressed as

where rect(u) = { is the fast time, t,, is

P P RTR (1) Jc
ST (t,t,) = o-,rect(p—).
(2.1,) Z -

RI*0\ 1 (, RF@)
exp[j2n(ﬁ.(l— pc )+Ey(t— )H )

C

where o, is the scattering coefficient of scattering p, and
T,R = A, B,C, D represent the transmitter and the receiver
respectively, and the distances are R)* (1) = R}, () + R} (7).

2.2 Principle of distributed ISAR imaging algorithm

The concept of the abovementioned equivalent sensors is
used here. N equivalent sensors can be obtained through
S real sensors. Each equivalent sensor independently ob-
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serves the target at an angle of «,(n=1,2,3,---,N). For
the short CPI in the distributed system, the target rotates
approximately at a constant velocity. Then the accumu-
lated angle can be expressed as Af = wT, where w is the
rotation velocity of the target, T is the CPL

Assuming the observation time is centered around
t =0, the phases of echoes received by sensors n—1, n,
and n + 1 in the case with gap are shown in Fig. 3.

n+l T

Fig. 3 Phases in the case with gaps between observation angle of
adjacent sensors

The observation angle experienced by the equivalent
sensor n about time ¢ is given by

T T

0, =a,+twt, n= 1,2,~~~,N;—E <t< 7

(10)

T T .
When 6, (E) = 0"”(_5)’ there is no overlap or gap

between equivalent sensors n and n+ 1. When 6, (E) >
T
6,1 (—5), there will be an overlap between the two adja-

T T
cent observation angles. When 6, (5) <0 (_E)’ there

will be a gap which is shown in Fig. 3.

In the case with overlap, the global observation angle
of equivalent sensors n—1, n, and n+1 can be ex-
pressed as

—1,n,n+ T T
Ag(e’flf b = 0’1+1 (_)_0)1—1 (__) =

2 2
T T
[anﬂ +(L)§] - |:a,nfl _(’-)E] =
Ay — @y +T. (11)

The size of the overlap can be expressed as

T T
By =0n(5 )00 (-3 )=
wT—(an-H _Q’,,). (12)

Considering all N equivalent sensors, the global obser-
vation angle can be written as

T T
A6 =6 —)—9(——):
! N(z "\ 2

ay—a, +owT. (13)

To quantify the improvement of resolution, a parame-
ter vy, is defined as the ratio between the global observa-
tion angle and the single observation angle.

_ Ageﬁ' _ aN_(Yl"l‘(A)T

A6 wT (19

Yer
When there is no overlap or gap between all the equi-
valent sensors exactly, namely

T T
6, —):9,,+ (——), =1,2.3,N-1. (15
(2 2" (15)

The global effective observation angle in (13) can
provide the highest cross-range resolution. The relation-
ship of @, and «,,, is expressed as

O —a,=wl,n=1,2,3,---,N—1. (16)
Then the upper bound of y,, is
NowT
max - L9 _ N, (17)
wT

It is worth noting that the overlap part of the observa-
tion angle should be estimated and removed before the
imaging process.

In the case with gap, the observation angles of the adja-
cent sensors are separated by a gap size as

i T T
8 =un(-3)-6(5) =

(an+] —CY,,)—(A)T. (18)

It can be equivalent to the sparse aperture situation of a
single station radar. The monostatic ISAR sparse aper-
ture imaging has been studied a lot [13,20,21]. In this
paper, the CS method is applied to solve the sparse aper-
ture problem.

The size of the overlap or the gap needs to be obtained
for further processing. It can be seen from (12) and (18)
that the fundamental issue to calculate the size of overlap
or gap is to estimate «,,; —a, and w, which is presented
in Section 3.

3. Parameters estimation and CS

In this section, the estimation methods of two parameters
w and «a,,, —a, are presented firstly to calculate the size
of overlap or gap. Then the CS method is introduced to
deal with the sparse aperture problem in the case with gap.

3.1 Target rotation velocity estimation

In this section, the phase frequency modulation method is
introduced to estimate the fundamental parameters of the
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echoes. Then the slope of the echoes in difference range
bins is calculated by linear fitting, and the rotation velo-
city could be obtained.

Since the antenna configuration has been fixed, only
the horizontal rotation can be used for imaging. Point p is
located in the plane XOY, and the distance between the
point p and the origin O can be expressed approximately as

R, () = Ry + x, sin(w?) +y, cos (wt) . (19)

The phase of the echo reflected from the point p can be
described as

4 4
@, (1) = %Rp OE 7n [Ro + x, sin(wt) +y, cos (wt)]. (20)
Since the CPI in the distributed ISAR system is relat-
ively short, the Taylor expansion of (20) can be expres-
sed as

4n 1
p, (D)= 5 Ry+x,wt+y,— Eyp(wt)z]. (21)

After translation compensation, the phase of echo in
(20) can be expressed as

4n 1
QOI, (t) = 7 |:xpwt+y17 - Eyp(wt)z] . (22)

The signal in a range bin has an initial frequency
4nx,w ?

A
the LFM signal.

The discrete form of the LFM signal can be expressed as

Yy, W

, and a chirp rate , which has the form of

2
S(m)= exp{j [womAt+ a(mzAt) ]} m=0,1,---M—1
(23)

1. . o .
where Ar = — is the time sampling interval, f; is the samp-

ling frequencsy, m is the discrete time number, w, de-
notes the initial angular frequency, and a represents the
frequency modulation rate. The discrete form of the refer-
ence signal is

L 2
ja' (mAr) } (24)

S0 =
ref (m) exp [ 2

where @ is the frequency modulation rate to be selected.
After multiplying the conjugate reference signal with the
original LFM signal, the following expression (25) can be
obtained:

So=5-S% =

a(mAr?  a'(mAt)?
SR } (25)

exp {j [a)omAt +

1329

2 ’ 2
A(mAr) =4 (mA?) after the careful selec-

Suppose

tion from a range of values of «’, then there only exists a
single frequency signal. In this paper, the matched filter-
ing method is used to estimate the frequency modulation
rate a of the signal. The method of the least squares fit-
ting is applied to optimize the selection of a’. By mini-
mizing the mean square error, the optimization of a’ can
be obtained. At this point, the fast Fourier transform of
(25) is depicted in the following:

M-1

2mik.
FFT(SO):;eXp[j(wOmAt_ Tz[w m)} (26)

By searching the spectrum peak of the energy distribu-
tion of (26), the real initial frequency can be estimated
though

2mk

wo = (27)
where
ag=d (i). (28)
The rotation velocity is calculated as the following:
aoﬂ
= . /|==. 29
@ 4n 29)

Therefore, if the slope of the echoes in difference range
bins is obtained, the rotation velocity of the target can be
calculated by simple calculation.

The flowchart of the phase frequency modulation
method is shown in Fig. 4.

Radar echo signal after
motion compensation

v

Dechirping [«

v

Selecting different
range bins

v

Chirp calculation

v

Fitting the chirp

v

Angular velocity
calculation

Reference signal

Fig. 4 Flowchart of the phase frequency modulation method

3.2 Station angle estimation

In this section, the observation angle difference «,,;—
a, of the adjacent sensors is addressed as the station
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angle. The configuration of the actual antennas deter-
mines the positions of the equivalent sensors, which is
known in advance. Then the estimation of the station
angle is transformed into locating the target. When the
target position is known, the station angle could be ob-
tained by simple geometric calculations.

Considering the characteristics of the distributed sys-
tem, the target can be located by multi-sensor ranging,
which avoids the angle measurement with low accuracy.
Substitute the distance between the equivalent sensor n

and target into
P 1=2R) (,,)
S (Ft,) = Z a,,rect[ / ]
p=1

. 2Rt 1, 2Rﬂ%)2
exp[ﬂn[ﬁ(r— c )+§y(t— c )H (30)

Both the profile and the phase contain distance inform-
ation in (30). In a short time, the profile translation of the
low-velocity target is not obvious. The estimated profile
shift will introduce a larger error. Therefore, the dechirp
method is applied to estimate the target distance from the
phase term. Ignoring the profile, the reference signal is
expressed as

1
S et () = exp [jZn (ﬁ.t+ Eytz)} . 31
After multiplying the conjugate reference signal with

the original echoes, the intermediate frequency can be ob-
tained:

Sn (t) S (t tm) Sref - ZO-

2R'(t)  2R'(1)’
T A ; ﬂ (32)

C

2R (1)
exp[—jZn[)f 2 t

It can be seen that the signal after dechirp processing is

a series of single frequency signals with frequency
Y2R;(1) .
P. After the Fourier trans-

, where p=1,2,3,---,

fomcl of (33), the frequency spectrum related to distances
can be obtained. Due to the high range resolution, the tar-
get scattering points are located in different range bins
after dechirp. It is necessary to set a criterion to deter-
mine the center frequency to calculate the target distance.
In this paper, taking the amplitude of the 1-D range pro-
file as weights, the center frequency f is obtained by
average. The center frequency f! is used to represent the
target location. Then the distance of the equivalent sensor
n and the target can be expressed as

C
R, ==~f. 33
w 2,)/ w ( )

Similarly, the distance between the equivalent sensor

n+ 1 and the target is presented as

R = 1, (34)
2y

According to the law of cosines, the station angle
a,.1 — @, can be expressed as

(Ry)' +(Ri)’ = (d,)’
2R Ry

Qe — @, = arccos( (35)

where d, is the distance of equivalent sensor n and n— 1.
3.3 CS application in the distributed ISAR

When there is no gap between the observation angles of
the adjacent sensors, it needs to estimate the size of the
overlap (if any) by (12), then cut off the overlap and com-
bine the echoes directly. When gaps occur, however, a
new method is hoped to solve the problem.

In the case with gaps, the azimuth signal is processed
by the CS method in this section. The target only occupies
a small part in the ISAR image, which means the image is
sparse in a certain domain. The information of ISAR data
in frequency is redundant. The raw data can be com-
pressed by some techniques, and we can only retain K
main components in the sparse domain to recover the data
almost perfectly. A common compression technique is
the orthogonal transform. Assume a one-dimensional sig-
nal x € R" and an orthogonal transformation matrix

¥, where YWPH = WHW =T (I is the identity matrix).

The transformation and the inverse transformation are
y=%Yx

{x:W% : (36)

Since the correlation in x is removed, the energy of y
is more concentrated. The larger components with the
number of K are retained, and the other N — K compo-
nents are zeroed. After the inverse transformation, the
original signal can be reconstructed. We address the sig-
nal x with the characteristic above as K sparse signals.
The accuracy of signal recovery can be described as relat-
ive error in the following:

=2l _ =5l _, a7

llxl, lyll,

where X and y are the estimated signals, and ¢ is a small
positive number. The abovementioned discussion bases
on an assumption that the positions of the K main compo-
nents have been known, which is illogical in the real system.

The CS method provides another idea for the problem
of sparse aperture. Firstly, M times linear measurements
of x are made as s = dx, @ € R, Each row of &
can be regarded as a sensor, which obtains part informa-
tion of the signal x. Then it can be described as an opti-
mization problem as

min||$||,, s.t. PP =s5. (39)
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There are two fundamental issues to be considered
here: first, how to select the measurement matrix @;
second, how to deal with the nondeterministic polynomi-
ally (NP) problem of the optimization with /, norm.

Consider an extreme case where @ and Y are ex-
tremely coherent. Specifically, the first M components are
considered as the main components. Then the following
formula can be obtained:

sM><l

y= QN-M)x1 (39)

which is obviously wrong. It needs to enumerate C% ti-
mes to get the accurate position of the main component. In
contrast, it is more appropriate to make @ extremely in-
coherent with ¥". In other words, the measurement ma-
trix @ should have the greatest randomness. In this paper,
the Gaussian white noise matrix is set as the measure-
ment matrix @ and T = &PH is set as the recovery matrix.

As for the NP problem of the optimization with [,
norm, it can be converted into /; norm in some special
cases, which has been proved.

Then the optimization problem can be expressed as

min||p|l,, s.t. Ty =s. (40)

The azimuth signal in frequency domain is regarded as
the signal to be recovered. It only needs to construct a
suitable recovery matrix to achieve azimuth imaging.

The CS method set a low bound of echoes number.
When there are K important components, the number of
observations M is usually four times of K in order to per-
fectly recover the signal. Mathematically more strictly the

N
number of observations can be limited by M > Klog, (E)’
the worse the image quality is.
Finally, the complete flowchart of the distributed IS-

AR algorithm is shown in Fig. 5.

Sensor 1 Sensor 2 Sensor N
echo echo echo
| Range FFT |

|Range FFT|
I

|Key parameters (o, a,.,—a,) estimation |

T

Calculate the size Calculate the size

of overlaps = of gaps
v v
Cut off the
overlap cs

Signal fusion

Signal fusion
Cross-range FFT

| Combined ISAR image |<7

Fig. 5 Complete flowchart of the distributed ISAR algorithm

4. Numerical simulations of distributed ISAR

In order to verify the effectiveness and the robustness of
the algorithm proposed in this paper, the numerical simu-
lations of ship targets with complex motion are presented
in this section.

The parameters of the imaging system are set as Table 1,
and the ship model of 66 scattering points is shown in
Fig. 6.

Table 1 Simulated system parameters

Parameter Value
Carrier frequency/GHz 3
Bandwidth/MHz 300
Pulse width/ps 1.28
Pulse repetition frequency/kHz 2
CPI/s 0.512

Wim

Fig. 6 Ship target scattering points model

The target rotation parameters are shown in Table 2.

Table 2 Simulated target rotation parameters

Parameter Value

Roll amplitude/(°) 1.00

Pitch amplitude/(°) 0.95

Yaw amplitude/(°) 0.85

Roll angular velocity/(rad'sil) 0.40
Pitch angular velocity/(rad- sil) 0.45
Yaw angular velocity/(rad's ) 0.48

After the processing of time-frequency analysis, the
Doppler of the signal in a certain range bin is presented in
Fig. 7. Due to the time-varying Doppler, the cross-range
resolution is poor.
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Doppler frequency/Hz
=)

10

20

-1 0
Time/s

—_

Fig. 7 Doppler frequency of the azimuth signal

The simulations in multistatic and MIMO are respect-
ively given in the following section.

4.1 Imaging results of the multistatic distributed
ISAR with four stations

The imaging results of the monostatic ISAR is presented
in Fig. 8. The image with short CPI before scaling is
shown in Fig. 8(a). After the rotation velocity estimation
by the phase frequency modulation method, image with
real size is shown in Fig. 8(b). For the short CPI, the
cross-range resolution is poor, but the ship motion is
smooth relatively. When the CPI increases to four times,
the image in Fig. 8(c) is obtained, where the resolution of
some points is worse than that with short CPI.

Cross-range bin

100 200 300 400
Range bin
(a) Image before scaling

—-100

Cross-range/m
S

50

100
—-100 0 100

Range/m
(b) Image with short CPI
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Cross-range/m

-100 0 100
Range/m
(c) Image with long CPI

Fig. 8 Imaging results of monostatic ISAR system

For the complex motion of the ship, the longer accu-
mulation time does not provide a higher cross-range res-
olution. Obviously, this traditional ISAR system cannot
overcome the contradiction of high resolution and com-
plex motion.

The distributed ISAR can overcome this contradiction
very well. In the multistatic ISAR, if the stations are ar-
ranged properly, there is no overlap or gap between these
four equivalent sensors. One of the optimized multistatic
configurations is as follows:

O - = Q3 — Q) = Uy — Q3. (41)
The schematic diagram of the optimal arrangement is
shown in Fig. 9.

v 2 3 4

Fig.9 Schematic diagram of optimized configuration in multistatic

The imaging results of the multistatic distributed ISAR
with four stations are shown in Fig. 10. The separate im-
ages of four equivalent sensors are shown in Fig. 10(a)
to Fig. 10(d) respectively. Their observation time is the
same, and the observation angle is slightly different ac-
cording to the location of the stations. Their images are
also slightly different. When there is no overlap or gap
between the adjacent sensors, Fig. 10(e) is obtained after
multistatic combined imaging. Obviously, the cross-range
resolution has been significantly improved. In order to
analyze the improvement of resolution, the cross-range
point spread function (PSF) in the range bin of —27.5 m is
shown in Fig. 10(f). Comparing the width of the main
lobe, it can be seen that the proposed algorithm achieves
a cross-range resolution improvement of a factor of 4
which is the same as the number of equivalent sensors.
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Fig. 10 Imaging results of four stations multistatic ISAR system

Images with overlaps or gaps are shown in Fig. 11. Set
every overlap or gap part as half of the monostatic entire
aperture and get the combined image in Fig. 11(a) and
Fig. 11(b) relatively. It can be seen that when there are
overlaps or gaps, the cross-range resolution can be im-
proved, but they do not perform well as Fig. 10(e). In the
case of overlaps, the actual effective available aperture

length is less than that in the case of no overlap or gap, so
the improvement is poor. In the case of gaps, the CS
method can reconstruct the signal perfectly. However, the
sparse aperture in this case is obviously not completely
random sparse, which causes the cross-range PSF slightly
defocused in Fig. 11(b). The cross-range PSF in the range
bin of —27.5 m is shown in Fig. 11(c). It can be seen that
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there is the highest cross-range resolution in the case of
no overlap or gap. When overlaps or gaps occur, the cross-
range resolution will decrease.
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Imaging results of distributed ISAR system with overlaps

4.2 Imaging results of the MIMO distributed ISAR
with four stations

In the MIMO distributed ISAR, all stations carry trans-
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mitting element and receiving element. The number of
equivalent sensors can be theoretically expressed as
4+ C? =10. Actually, the resolution cannot be improved
up to a factor of 10, because there are overlaps in the ob-
servation angles of these equivalent sensors. One of the
optimized MIMO configurations is as follows:

{ a3 —ay =2(a;—ay) (42)
-3 = —
where «@; is the observation angle of the ith actual
sensor.

According to the PCA theory, there are nine equivalent
sensors in the MIMO ISAR with four stations. The sche-
matic diagram of optimal arrangement is shown in Fig. 12.

Fig. 12 Schematic diagram of optimized configuration in MIMO

The images of the MIMO distributed ISAR with four
stations is shown in Fig. 13. The image of the equivalent
sensors 1 is shown in Fig. 13(a). For the short CPI, the
cross-range resolution of single sensor image is poor.
When there is no overlap or gap between the adjacent
sensors, Fig. 13(b) is obtained after MIMO combined
imaging. Obviously, the cross-range resolution has been
significantly improved. Set every overlap or gap part as
half of the monostatic entire aperture and get the com-
bined image in Fig. 13(c) and Fig. 13(d), respectively. It is
worth noting that the result of the CS method in Fig. 13(d)
is relatively poor. It does not work well as that in the
scenario of multistatic. There are more equivalent sensors
in the MIMO case, which means more gaps between
apertures. For more sparse apertures, the performance of
the CS method will be worse. The conclusion can be
made that the cross-range resolution cannot be improved
indefinitely when there are gaps between the adjacent
sensors. The cross-range PSF in the range bin of —27.5 m
is shown in Fig. 13(e).

In order to compare the performance of multistatic and
MIMO, the cross-range PSFs are shown in Fig. 13(f). It
can be seen that with the same number of real stations,
MIMO can provide higher resolution.
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Fig. 13 Imaging results of four stations MIMO ISAR system

4.3 Robustness analysis

To verify the robustness of the proposed algorithm,
Monte Carlo simulations are presented in various signal-
to-noise ratios (SNR). In order to quantify the image
quality, the information entropy of the image [22] is in-
troduced. Define the power normalized image as

I (m,n)[*

PIONUCR

T(m,n) = (43)

where I(m,n) is the 2-D image. The 2-D entropy func-
tion of radar image is defined as

H, =- Z Z I(m,n)In [I_(m,n)] (44)

where the unit is “nat” related to the base of logarithm.
Similar to the 1-D entropy, the 2-D entropy represents
the confusion of the image. The higher the entropy, the
worse the image quality. When all the power of the im-
age is concentrated in one pixel, its entropy reaches the
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minimum value of 0.

In the case of different SNRs, 100 Monte Carlo simula-
tions are carried out. Setting w=0.01rad/s and
@, — @, = 0.005 rad as the reference value, the estima-
tion values of these experiments are recorded in Table 3.

Table 3 Estimation errors in various SNR

SNR/dB w'/(rad + s71) Aa,'[rad
5 0.0155 0.0070
10 0.0139 0.0065
15 0.0125 0.0062
20 0.0114 0.0059
25 0.0110 0.0054
30 0.0108 0.0052
35 0.0102 0.0051

The 2-D image information entropy at different SNRs
is shown in Fig. 14. It can be seen that with the increase
of SNR, the image entropy gradually decreases, that is,
the image quality is improved.

10 20 30
SNR/dB

Fig. 14 2-D image entropy at different SNRs

5. Conclusions

To improve the ISAR cross-range resolution of the ship
target with complex motion, a novel distributed ISAR al-
gorithm is proposed in this paper. The smooth motion of
the target can be approximately considered when the CPI
is short enough. However, sufficient cross-range resolu-
tion cannot be obtained in the monostatic system with a
short CPI. Then the distributed ISAR imaging algorithm
is proposed in this paper.

First, the signal model of the ship target with 3-D rota-
tion is constructed. In order to verify the improvement of
resolution by distributed ISAR, the increase has been ana-
lyzed in details in two scenarios: multistatic and MIMO.
There will be a different number of equivalent sensors in
these two scenarios. Theoretically, MIMO scenario can
provide higher resolution with the same number of real
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stations. Nevertheless, the distributed systems lead to
some new problems that there will be overlaps or gaps
between the observation angles of the adjacent sensors.
The phase frequency modulation method is presented to
estimate the rotation velocity of the target and the multi-
static locating method is presented to estimate the station
angle. Finally, the numerical simulations are presented to
verify the proposed algorithm.

The contribution in this paper are in the following two
aspects. First, the distributed ISAR algorithm is applied
to image the ship target with complex motion. The es-
sence of this algorithm is to achieve a transform from the
observation of a maneuvering target in a long time to the
observation of a stable target in a short time. Second, this
paper points out the new problems brought by the distri-
buted system and gives detailed solutions.

Although the proposed algorithm can successfully ob-
tain the high solution images of the targets with complex
motion in most applications, it increases the system com-
plexity and computational burden. Compared with the
monostatic system, the synchronization errors between
stations will also reduce the image quality. In the further
research, the analysis of synchronization error and com-
pensation need to be taken seriously to make the pro-
posed algorithm more adaptive and practical.
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