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Imaging of High-Speed Aerial Targets
With ISAR Installed on a Moving Vessel

Dau-Ming Wu and Jean-Fu Kiang

Abstract—An inverse synthetic aperture radar (ISAR) technique
is proposed to acquire high-resolution steady images of high-speed
aerial target with radar installed on a moving vessel. The phase
changes due to target motion and attitude perturbation of the vessel
are compensated. A 2-D ISAR imaging method is enhanced to ac-
quire 3-D-compatible images of uncooperative targets. The target
motion parameters are fine-tuned iteratively to better focus the
targetimage. A (Cp, ¢, ) plane is proposed to display 3-D targets for
visual-like perception. The 2-D ISAR images, thus, focused on the
preserve features of the original 3-D targets, including shape and
size. Imaging of several aerial targets is simulated to demonstrate
the efficacy of the proposed approach.

Index Terms—Attitude perturbation, inverse synthetic aperture
radar (ISAR), iterative focusing, visual-like perception.

1. INTRODUCTION

NVERSE synthetic aperture radar (ISAR) techniques [1]

have been widely used to acquire images of aircrafts [2], [3],
maritime vessels [4], [5], and space targets [6], [7], by exploiting
the relative motion between target and radar platform during an
aperture time. The 3-D motion of a target is typically mapped
to a 2-D image project plane (IPP). The motion parameters of a
target are needed to derive an azimuth scale for estimating the
target size [8].

A high-speed and highly maneuvering target yields a compli-
cated range model within the aperture time. In [9], an entropy-
based ISAR image autofocusing approach was proposed to
acquire well-focused images of highly maneuvering targets.
In [10], a coherent integrated smoothed generalized cubic phase
function was proposed to acquire well-focused ISAR image of
a space target. In [11], an ISAR imaging method on an aerial
target with low signal-to-noise ratio (SNR) was proposed, by
combining a multidelay discrete polynomial-phase transform
and keystone transform.

Typical ISAR systems, including bistatic [12] and multi-
static [6] variants, are assumed to operate on a stationary plat-
form for surveillance of moving targets. ISAR imaging was also
conducted on moving platforms, such as ship, satellite [13], or
aerostat [14], for the sake of mobility and flexibility, under the
challenges of nonstationary IPP and line of sight. A platform
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under perturbed motion induces additional phase error to the
backscattered signals [14], [15], imposing more challenges on
conventional ISAR imaging methods [13]. In [13], a satellite-
borne ISAR imaging approach on moving ship was proposed. A
nonstationary IPP was derived and a particle swarm optimization
algorithm was applied for compensating the 2-D spatial phase
error to acquire a well-focused ISAR image.

Computational electromagnetic models have been used to
simulate the backscattered signals from an aerial target, which
is more convenient and flexible than measuring real radar
echoes [16]. In [17], a computer-aided design model of a target
was built, and its surface was approximated as perfect electric
conductor. The backscattered signals from the target were com-
puted by using a shooting-and-bouncing ray technique. In [16],
an interferometric ISAR (InISAR) approach was proposed, with
a target ship modeled as 3-D point cloud.

3-D ISAR images can be acquired with techniques of sequen-
tial ISAR [18], InISAR, and polarimetric InISAR [19]. A 3-D
high-resolution ISAR image is typically reconstructed from a
sequence of 2-D ISAR images on the same target acquired in
monostatic configuration [5], [18]. Conventional interferometric
techniques require at least three radar antennas to form two
orthogonal baselines [5], and the 3-D target information is
retrieved from the interference term.

In [20], a 3-D InISAR imaging method based on range-
Doppler algorithm was proposed. Instead of processing the
interference term between baselines, specific peaks in a series of
defocused images were used to construct a high-resolution 3-D
image at reduced computational cost. In [21], a radar system
model for 3-D InISAR imaging was proposed, relaxing the
constraint that the two baselines be strictly orthogonal.

Compared with ISAR system of single polarization, polari-
metric InNISAR can be used to extract more precise geometry
of targets [22]. In [19], a 3-D polarimetric InISAR imaging
method on noncooperative target was proposed, with three fully
polarized radars forming two orthogonal baselines. The 2-D
ISAR images acquired at three radars were coregistered and a
coherent optimization approach was applied to extract relevant
3-D information.

In this work, an ISAR imaging method on high-speed aerial
target is proposed, with one active radar and one passive re-
ceiver installed on a moving vessel bearing attitude perturba-
tion [23]. However, most 3-D ISAR imaging approaches were
based on static radar platform, which cannot be applied to a
moving platform without modifications. Hence, a 2-D ISAR
imaging configuration is adopted in this work, and an iterative
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Fig. 1. Schematic of ISAR imaging on aerial target centered at Q(n), vessel
centered at P(7) moves in y direction at constant speed V},, and radar antennas
are located at Aq,,(n) and Az (n), respectively.

coordinate estimation procedure is developed to reconstruct a
faithful visual-like image, which can be augmented with range
information to form a holograph-like 3-D image. A 3-D ISAR
imaging approach based on moving platforms will be developed
on top of this technique later.

In this work, physical optics (PO) approximation is used to
simulate the backscattered signals from the target [16]. The
phase error induced by vessel attitude perturbation is approxi-
mated as a polynomial of slow time. A range-frequency reversal
transform (RFRT) and a fractional Fourier transform (FrFT)
are applied to estimate the target motion parameters, which
are then used to compensate for the phase error attributed to
target motion. An iterative procedure is developed to update the
target velocity vector, correct the image distortion, adjust the
cross-range scaling, and fine-tune the target position.

The rest of this article is organized as follows. The range
model incorporating target motion and vessel attitude pertur-
bation is presented in Section II. The method to compensate
the phase error induced by attitude perturbation is presented in
Section III. Motion compensation and imaging of the target are
presented in Section IV. Image quality and target recognition are
demonstrated and discussed in Section V. Finally, Section VI
concludes this article.

II. RANGE MODEL

Fig. 1 shows the schematic of ISAR imaging on an aerial target
centered at ()(n), with radars located at Aq,(n) and Asp(n),
respectively, on a vessel. The vessel is centered at P(n) and
moves in y direction ata constant speed V},. The target is modeled
as a collection of N, scatterers, {Q,,(n)}, around the target
center (7). During the aperture time interval, the position of
the target center is given by

Q(n) = Q(0) + vn
where Q(0) = (4, yq, 2¢) is the target position at n = 0, with
xq = R(0) cos O cos s,
Yq = Rs(0) cos b sin ¢
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2g = R4(0) sin b,

where R;(0) is the slant range at n = 0, ¢, and 0. are the
azimuth and elevation angles, respectively, measured from an-
tenna s, and 0, = [v,, vy, v.]" is the target velocity vector. The
position of the vessel center is given by

P(n) = V,n = (0,V,n,0)

where V,, = [0, V,, 0]" is the platform velocity.

_ The attitude perturbation of the vessel is characterized with
Q4(n), the product of three rotational matrices specified by yaw
0,(n), pitch 6, (n), and roll 6, (n), respectively. Explicitly, the
position of antenna s is given by

Agp(n) = P(n) + 105 (n) = Vyi + Qu(n) - @5(0)

where w () is the displacement of antenna s with respect to the
vessel center.

Let us define the reference points B, (n) and C'(n) by laterally
shifting antenna s and the target at = 0, respectively, with an
amount V7, namely

By(n) = Ap(0) + Vo = Qa(0) - @,(0) + Vpy
0(77) = Q(O) + Vp77~

Since By(n)C(n) is independent of 7, it is relabeled as B,C,
with length of R,(0) = |BsC| = |Q(0) — Q4(0) - ws(0)]. As
shown in Fig. 1, the range difference due to the translational
motion of the target is approximated as

ARy = ‘Bs(n)Q(n)} — |BC| ~ aan + aon®. (1)

Similarly, the range difference due to the attitude perturbation
of platform is approximated as

A-Rsa - ’Asp(n)c(n)‘ - !BSC| ~ 55177 + 552772 + 553773~

The range between antenna s at A, (77) and the target center at
Q(n) is thus approximated as

Rs(n) = 'Asp(n)Q(n)‘ ~ |B,C| + ARy + ARy,

=~ RS(O) + (asl + 551)7] + (a52 + ﬂs2)772 + 553773~

The position of the nth scatterer at ) is given by

Qn(n) = QM) +7n

where 7, = (@, Yn, 2n ) 18 its relative position about the target
center. The range between antenna s and the nth scatterer is
computed as

Ron(n) = [Ay Q)| = [A5mQW) + 7

~ [A,0QW)| + 7. - By @G/ [ Q)|

P
—RS(O)+TTL (bS + RS(O) >T)

+ (asl + ﬁsl)n + (a82 + 532)772 + 553773 (2)

where [By(n)Q(n)| ~ [BsC| + b - (B4 — V)0 ~ R4(0), and
b, is the unit vector of B,C.
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Fig. 2. Flowchart of proposed ISAR imaging approach.
TABLE I
RADAR PARAMETERS USED IN SIMULATIONS
| parameter | symbol] value [ ref |

carrier frequency fe 10 GHz [24]
chirp pulse duration Ty 10 us [25]
range chirp rate K, 100 THz/s
bandwidth B, 1,000 Mz [26]
range sampling rate F 1,200 MHz
number of range samples N, 2,048
pulse repetition frequency I, 512 Hz [24]
number of azimuth samples Ng 512
platform velocity Vp 16 m/s
position of antenna 1 w1(0) | [0,0,23.46]" m
position of antenna 2 w2(0) | [0,—100,20]° m

III. COMPENSATION OF ATTITUDE PERTURBATION

Fig. 2 shows the flowchart of the proposed ISAR imaging
approach, and Table I lists the radar parameters used in the
simulations. A linear frequency modulation pulse

so(1) = rect(r /T, )el2™feT I mHrT?

is periodically radiated toward the target, where 7 is the fast
time, K. is the chirp rate, T, is the pulse width, and rect(t) is a
window function, which is one if |¢t| < 1/2 and zero, otherwise.
The backscattered signal from the moving target is received at
antenna s and demodulated as

Ny

ss1(7ym) = rect (n/T,) Z Agprect (T_TTW>

n=1 r

e*j47rfcRsn(n)/cejﬂ'Kr(T*Tsn)Q

where 7 is the slow time, and Aj,, is the amplitude of backscat-
tered signal from the nth scatterer, which is received with time
delay 75, = 2R, (n)/c.
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Fig.3. Attitude data of a moving vessel [23]. s roll angle (0,.). — — —:
yaw angle (6,). — - —: pitch angle (6,,).

The received signal is range compressed by first taking the
range Fourier transform of s41 (7, 77) to have

Nq
=F: {531(7.7 77)} = rect (U/Ta) Z Asn

n=1

SsQ(fT7 77)

rect (fr/B,) e I/ Krgmidm(fetfr) Ron(n)/ ¢

which is multiplied with a range compression filter H,.(f-,7) =
eI 17/ K (o have
Ss3(frin) = Ssa(frsn)Hee(fr,m)
Nq

= rect (n/Ty) Z Asnrect (fr/By)

n=1

X €7j47r(fc+fT)Xsn(7l)/c

efj47r(fc + fT)[RS(O) + (asl + 551)77

+ (o2 + Bs2)n” + Bssn®] e 3)
where
Al
Xsn(n) =Tn <bs + R. (0) 7l> . “4)

Fig. 3 shows the attitude data (yaw, roll, and pitch) of a moving
vessel [23], which are used in the simulations.

IV. MOTION COMPENSATION AND IMAGING OF TARGET

Typical ISAR methods map the target image on the range-
Doppler plane. The range information of target can be retrieved
by processing the backscattered signals. However, to focus the
image of a target with translational motion, the target velocity
components (v, and v,/) are needed to compensate for geometri-
cal distortion and conduct Doppler—azimuth scaling. Moreover,
since the target velocity (v,, v,) and position (2, y,) are inter-
twined in the phase of received signals, the target position at a
reference slow time (n = 0) is needed to attain accurate velocity
estimation.

Let us assume that the target at = 0 is located at ((;55(,)1) , 9(0))
with confidence interval of (—0.1°,0.1°), at SNR = 5 dB [27].
The unit vectors in range and cross-range directions with respect
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to antenna s at 77 = 0 can be estimated as
4% = [cos Y cos (), cos 89 sin ¢ sin #D)E (5)
a0 = —cos ), 0] (6)

9(/7" [Sln (rbea )
and the target center with respect to antenna s at 7 = 0 can be
estimated as

(0) = R( c0s 09 cos ¢(0) @)
(0) = R(0 cos 9(0) sin ¢(0) ®)
2y = R sin ) ©

which are averaged over s = 1, 2 to determine the target center
atn =0as Q(()O) =(z (0), y((lo)7 z(go)) with

1 0
o = L0 + )

0 0
v =3 260 +2)
L 0
2 = (21 + 239 (10)
The target position will be fine-tuned by iteration. In the ¢th iter-
ation, the target position is updated as Q(() [xéz), y,(l ), zé“] ,

and its distance to radar s is

R(sf)) = \/(zgé) — Tsa)? + ( - Ysa)? + (Zy) — Zsa)?.

The range difference caused by attitude perturbation of platform
is represented as

ARG () = [A5mCOm)| - [BLOG)|  an

where
CO(n) = Q) + V.

Since the attitudes of platform and radar s (A, (7)) are known,
the range difference due to attitude perturbation of platform

is represented as a polynomial of 7 as AR%)( )= B(Z)n +
802 + Y13, The coefficients 8, ), and 8% are es-

timated by applying regression fit on AR&Q (n) given in (11).
With the estimated coefficients 5552 n=1,
sation filter is designed as

2,3), a compen-

£, 2

H(ﬁ (f 77) _ ej47r(fc+f1—)[,8£1 77+,3£2 n +5(g>n3]/c

which is multiplied with (3) to have

S (frum) = Ssa(fr ) HLG (Frm)
Nq
~ rect (n/T,) Z Agnrect (f/By)

n=1

e_j47r(fc+f7)[Rs (O)+Xsn(7])]/ce_j4ﬂ-<fc + f‘l’)

(as1m + cv2n®) fc.

Thus, the attitude perturbation of platform can be compensated.
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A. Estimation of Motion Parameters

The range-compressed signals of a high-speed aerial target
migrate over many range cells, hence conventional techniques
of range alignment and phase adjustment may not work well,
especially atlow SNR [11]. In this work, an RFRT [28] is applied
to compensate the range-cell migration embedded in Sgi) (frym),
squeezing the range-compressed signals into a small number of
range cells.

First, reverse the range frequency in .S S(fi)

it with Sii) (fr,m) to have

(f-,n) and multiply

Nq
SO (frim) = SL(from) S (— frim) = rect (n/T0) Y A2,
n=1

rect (.fT/BT') *ngfr[ (0)+X<'n( )]/Cefjgﬂ'fc(asl"7+a52n2)/c'

Then, take the inverse Fourier transform of S§§) (fr,n) in range
to have

NCI
s(rm) = F {80 (frm) } = rect (1/T0) > A2, B

n=1

SinC{BrT}67j8ﬂ'f“ [Re(0)+xen(m]/c =387 fe(aaintasn?)/c

where the translational motion of target is embedded in the last
phase term.

Next, take an FrFT of sgq) (7,m) to have [28]

(1,6, u) / Ky(u,m)s$ (r,n)dn (12)

with the kernel

1 —jcot ¢ei7f(n2 cot ¢—2un esc ptu® cot ¢ )

¢ # nm
d(u+mn), ¢=2nx1)m.

Explicitly, (12) is reduced to t

SO (7, 6,u) mz oot
T, /2
/ e—j%(’vsm+’v32n2)dn (13)
~T, /2
with
dog
Ys1 = fj ! + wcsc ¢ (14)
4o
2 = 22 () 5 cot ¢ (15)

c

where L. = ¢/ f. is the wavelength at the center frequency. If
Ys2 = 0, (13) becomes

Nq
1 —jcot(bz dmu? cot ¢

n=1

4
SO (7, ¢,u) =
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TABLE II
PARAMETERS OF SIMULATED TARGET

| parameter | symbol] value |
x coordinate | x4 6000 m
y coordinate Yq 3464.1 m
z coordinate | zq 12000 m
velocity in = | vy 50 m/s
velocity in y | vy —300 m/s
velocity in z Vs 0 m/s

Tusine {Ty, (ucesc ¢ + das /Ac)} (16)

where the sinc function indicates a peak value at (u,¢) =
(ug, dq), leading to

olf = —tahecscdy an
By imposing 7,2 = 0 and ¢ = ¢4 in (15), we have
Ac cot
oY = %% (18)

From (1), the coefficients ai? and aéé) are related to the target

position and velocity, in the ¢th iteration, as

l Y4 Y4 Y4
0 0@ —2) + 0 — V)W - ya)
sl — (g) (19)
RSO

@ _ v+ () —V)?
s2

2R

¢ ¢ 4 J4

(@ —ws) + (08 = V) 0 — )
2R3

(20)

where Ws(0) = (Zsa, Ysas 2sa) 18 the displacement of antenna s
with respect to the vessel center at = 0.

B. Velocity Estimation and Fine-Tuning

The target position can be specified in terms of the propagation
delay and the direction-of-arrival (Hgﬁ), gﬁ)) of the backscat-
tered signal. Since the target is far away from the radar, a tiny
error in the estimated target direction will yield significant offset
in the target position, which in turn will yield inaccurate velocity
estimation. An iterative procedure is developed to update the
velocity first, followed by adjustment of target position and
angular direction of the target center. The loop continues until
convergence is reached.

Table II lists the parameters of a simulated target. The target
velocity vgi) and vgf,) can be estimated by solving (19) and (20)
to have

@ 0.0

Ry [xg’ — Tsal
(0 _ s0 ¥s1 1Tq sa 0 _ ()12
Us:c - :t [y ySa} [ S ]
287 — woa)? + [ — peal? b 1
[ RN
x ([xy) Zsa)® + [y((le)iysa]z - [Rgo)] )+2Rgo) 2
1/2
[y((ze) Ysal? <[x((f) — T2+ [yge) _ ysaP)}

21
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TABLE III
VELOCITY ESTIMATION ON =+ SIGNS

| + sign ‘ vig (M/s) ‘ V2q (/) ‘ v1y (M/s) ‘ vay (m/s) ‘
(+,+) | 49.99 49.99 193.4 187.6
(+,—) | —234.8 —239.5 193.4 187.6
(—+) | 4999 49.99 —300.08 —300.1
(=, — —234.8 —239.5 —300.08 —300.1
ubr

(OENO)

Fig. 4. Geometrical relation between ug,’, uggyr, and x-axes.
RO [®
"Ug:ey) = Vp + © s0 812[ (Z)ysa] 2 + {[.Tl(f) - xsa]2
[2g" = Tsal® + [Yg ' — Ysal

[O‘gel)P ([Sﬁff) - zsa]Q + [yc(;e) -

+ 2R§€)a(2)[ o xsa]Q
x ([xl(f) — sa]? + (Y80 — ysa]2>}

-1
X ([z((f) — ZTea)? + [y((]e) - ysa]2>

where the ambiguity created by the 4 sign can be eliminated
by crossreferencing the estimated velocities from both radars
s = 1, 2. Table III shows that picking - sign for s = 1 and + sign
for s = 2 yields consistent vgz) and vgf,), which are also close to

the true values. It is observed by simulations that picking wrong

sign for vgz) distorts the acquired image in range direction, and

picking wrong sign for v( )
target in azimuth dlrectlon

ysal? = [RGP?)
1/2

(22)

reverses the moving direction of the

Fig. 4 shows the geometrical relation between ugﬁ), ugeg)r,

)

and x-axes, where ug,’ axis points from antenna s at the

origin to the target at (z4,%q,24), and ug?T axis is the pro-
jection of ugf)

axis onto the xy plane. The unit Vectors in
)
ST 9 sgrs

and z-axes are 4 = [:C((f),yf] )2 ] /R ( ),

‘
g = L2 g 0\ |24 2 4 g 2. and & = [1,0,0]", re-
spectively. The elevation angle of ug,«)

is Héﬁ , and the azimuth angle of ug?,' axis from z-axis is ¢£€)

axis about the zy plane

The ugr s ug g)r, and z coordinates of a point target are related
by

W) = 0l cos 60
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uf

0 _ ¢
g)r = 2 cos Qﬁfm).

The spatial resolutions along these three directions are related
as

Aug, = Au' cos 9(6)

sgr
Augg)r = Az cos oY)

leading to

Aug, B c

B 2B, cos Hg? cos qﬁgﬁ)

where the spatial resolution Aug, is determined by the signal

bandwidth and is independent of iteration. Hence, the x coordi-
(e

Az = (23)

oS 92‘;) oS (;Sgl)

nate of the nth range cell counted from x4~ is given by
AT

20 (7,) = 20 cn

2 cos 92‘;) cos ¢ff2

with —N,./2 <n < N,./2.

Given the estimated aﬁ) and ai‘;, a compensation filter

jAm (&) a(e) 2
Hsﬁ)(fﬁ??) — el (fetfr)(ag nt y/e

is multiplied with S(Ei) (f-,m) to derive

SO Frun) = Saa(fromHD (1, 1)
Nq

= rect (n/T,) Z Agprect (fr/By)

n=1

o IAT(fetfr)[Rs (0)+70-bs] /e
e*j477(fc+f7')[wnvz+yn (vyfvp)]”]/(Rs (O)C)

which is inverse Fourier transformed in range to have

Q0 = F {50 (em |

Nq
~ rect (n/Ts) Z Agne
n=1

T,m) =
—jAT fe[Rs(0)+7n-bs]/c

e I4m feyn (vy=Vp)n/(Rs(0)c) o —j4m fewnvan/(Rs (0)c)

bil/e)}

where the second phase and the third phase terms contain infor-
mation of target position (z,, ¥,) and velocity (v, vy).
Next, design a geometrical correction filter

O (mwn/(RE (0)e)

B,sinc{ B, (1 — 2([Rs(0) + 7, - (24)

HO (1,n) = edam few

sgc

(25)

with vl = (1, @4 vé?)/? Multiply Hs(g)c(T 1) with sgs) (1,m)
to have

Nq
Y4
549 (rm) = 38 (o) HE.(r.m) = rect (7/T.) > A
n=1
67j4ﬂ'fc [Rs(0)+7p 'Bs]/ce*j‘lﬂfcyn (vy—=Vp)n/(Rs(0)c)

B,sinc{ B, (1 bs]/c)}

2[Rs(0) + 7
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Fig. 5. Unit vectors in range and cross-range directions.

which is Fourier transformed in azimuth to have

$Q(r, ) = F {5 wm }
N‘I

= 3 Aurect(f, /Fy)e 4ROt e

n=1
Tosine {T, (fy + 2fc(vy — V;
Bysinc{ B, (1

)yn/[Rs(
2[R (0) + 7 - byl/¢)}

where the sinc functions in 7 and f,, indicate the nth scatterer is
located at (7, fy,) = (Tn, fun)-
Fig. 5 shows the definitions of ug. and ug.. in range

and cross -range directions, respectively, with uﬁ@ = [sin gbgi),

— Cos qbgﬁ)

0)c)}
(26)

— Cos (bga , ] and Augﬁ)r = Ay. A scatterer located

at (7, fyn) in 55?(7’, fr) is mapped to the g, Usc plane as

=5
RO
ull) = 7608 Oho Ry fon 7
2f. (v} — V)

where v(e) (vgf} + v(é))/Q The resolutions in the g, Uger

plane are given by

Aug, = EAT

W _ cosqbsa R(Z)
SCT’ 2fc( (Z) )

The parameters listed in Tables I and II imply that Aug, = 25
cm and Aug., = 75 cm.

Fig. 6 shows the image after motion compensation and geo-
metrical correction before iteration procedure, where the target

Af,. (28)

center is offset by (5usr , 5u§2r) from the origin of the ug,usep
plane, with

x(z) = u(z cos d)“ cos 9(5

0) — @ g;
z4 ) = ulY sing¥
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Uscr

Ugy

Fig. 6. Acquired ISAR image S‘i? (7, fn) in Usruse, plane before iteration
procedure (¢ = 0).

Since the perturbations in nge) and ¢§‘;’2 are much smaller than

5u§9 and 5u§‘2, we have
512{'1) = 6ulY) cos p) cos 69 (29)

sull),
@

Syl = — (30)

cos ¢

3240 = 50l sin o) o

which are used to update the coordinates as
a:gffl) = ngl) + 53&&9
vl =y + oyl

Zg@]-s-l) _ Zgg) + 52;52)- (32)

Then, the position of the target center is updated as

(£+1) (£+1)
LU+ T1q + Taq

“ 2
£+1 4+1
(ErD) D)

(t+1) _ Y1q :
yq - 2

41 l+1
24 4t

2
Finally, the angular direction of the target center is updated as

24D = 33)

(+1)
sq

(6+1) _ -1 7
Os. ) = tan ) (34)

Tsq

(+1)
sq

(e+1) _ 1Y
Ose /= tan Tk
Tsq

(35)

The iteration procedure is summarized as follows.

Step 1: Set ¢ = 0, estimate the initial target position with
(1)—(10).

Step 2: Estimate coefficients Bi?, ﬁg?, and 5%) embedded in
(11).

Step 3: Estimate coefficients ag) and agé) with the RFRT-
FrFT algorithm in Section IV-A.
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Fig.7. Estimation errors with iterations. (a) Position errors, 20w, — —
—: dy and : 0z. (b) Velocity errors, 1 0v, and — — —: dvy,.

Step 4: Estimate the target velocity vgi) and vgf) with (21) and
(22).

Step 5: Acquire ISAR image with the geometrical correction
filter in (25) and map it to the ug,us., plane with (27).

Step 6: Compute the position deviation with (29)—(31), then
update the target position with (32) and (33).

Step 7: Update the target angular direction with (34) and (35).

Step 8: Set £ +— ¢ + 1, then go to Step 2. The iteration is halted
if R — Y| < A,

Fig. 7 shows that the estimation errors of position and velocity,
respectively, of the target diminish with iterations. The acquired
image also becomes more focused as the iteration moves on.

V. IMAGE QUALITY AND TARGET RECOGNITION

Fig. 8 shows the orientations of (y,, Cy, Usr, and 4, in the 2y 2
coordinates. The (3 (, plane is orthogonal to the wug, direction,
and (j, is parallel to the xy plane. Coordinates ((y, ¢,,) are related
to coordinates (ts;., User) as

Cp cosBse = sinOsetig,

Ch = Uscr
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Ugy

(b)

Fig. 8.  Orientations of (3, Cv, Usy, and usg, (a) in zyz coordinates, (b) on
Usgr2 plane.

-8 -4 0 4 8 -8 -4 0 4 8
Ch (m) Ch (m)
(c) (d)
Fig. 9. ISAR images (in dB) of an F-16 Fighting Falcon acquired with the

proposed approach after iteration £,. (a) £ = 0. (b) £ = 4. (c) £ = 8. (d) Scan
image of a 3-D model.

and the resolutions in the (;,(, plane are
A, = tan b, Aug,
Alh = Auger-

An acquired ISAR image mapped to the (;(, plane resembles
a visual-like image viewed from the origin.

Fig. 9(a)—(c) shows the ISAR images of an F-16 Fighting Fal-
con acquired with the proposed iteration procedure summarized
at the end of Section IV. At ¢ = 0, the target center deviates
from the image center because the initial target direction is
not accurately estimated. Such deviation affects not only the
estimation of target motion parameters but also the reconstructed
target shape and features. As the iteration moves on, the target
center gradually shifts to the image center. After iteration / = 8,
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-4 0

Ch (m)
(d)

Fig. 10.  Acquired ISAR images (in dB) of an F-16 Fighting Falcon, SNR = 5
dB. (a) Proposed approach, £ = 4.54. (b) Method in [30], £ = 4.75. (c) PGA
in [29], £ = 4.81. (d) Proposed approach but without compensating attitude
perturbation, £ = 4.92.

the target shape and features become more similar to the scan
image of the true target shown in Fig. 9(d).

Equation (25) indicates that error in the target velocity com-
ponent v, contributes additional Doppler shift in the range
direction. Equation (27) indicates that the correct target velocity
component v,, is needed to map the azimuth-frequency coor-
dinate to the cross-range coordinate. In this work, an iteration
procedure is developed and summarized at the end of Section IV
to estimate accurate target position and acquire a more faithful
ISAR image. The simulations are run with MATLAB R2019a
on a PC with 17-3.00 GHz CPU and 32 GB memory. It takes 83
CPU s to conduct one iteration.

A. Comparison With Other Techniques

Nonparameteric approach, such as phase gradient algorithm
(PGA), has been widely used to compensate the phase error em-
bedded ina SAR or ISAR image [29]. FrFT method has also been
used to estimate the phase error induced by target motion [30].
For a high-speed aerial target, the range-compressed signals
spread across many range cells, increasing the computational
time for estimating the phase error terms and decreasing the
estimation accuracy, especially at low SNR. In this work, RFRT
is applied first to concentrate the signals to a small number of
range cells, followed by FrFT to estimate the motion parameters.

Fig. 10 shows the acquired ISAR images of an F-16 Fighting
Falcon with different approaches. The partial images within a
dash-square marked in Fig. 10(a) are magnified and shown in
Fig. 11. Both Figs. 10(a) and 11(a) show clear images after
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Cr (m)
(© (d)

Ch (m)

Fig. 11. Zoom-in of dashed-square area in Fig. 10 (in dB) of an F-16 Fighting
Falcon, SNR = 5 dB, (a) proposed approach, (b) method in [30], (c) PGA in
[29], (d) proposed approach but without compensating attitude perturbation.
Parameters are the same as in Fig. 10.

TABLE IV
COMPARISON OF CPU TIME

[ method | CPU time
proposed approach 657 s
method in [30] 597 s
PGA in [29] 768 s
proposed approach w/o | 642's
compensating  attitude
perturbation

applying the proposed approach to compensate the errors caused
by target motion and attitude perturbation of platform. Fig. 10(b)
and (c) shows the smeared images because the phase errors
are not completely removed. Fig. 10(d) shows that the phase
difference aroused by attitude perturbation of the platform can
seriously blur the image.

The required CPU times to run eight iterations with the
methods referred to in Fig. 10 are listed in Table I'V.

Entropy of an image is often used to evaluate its clearness [31]
or concentration of energy among pixels [9]. In this work, the
entropy of an image is computed as [9]

N, Ny 72 I
Z Z nml Lftot

where N, and N,, are the numbers of pixels in z and y directions,
respectively,

Inm = 2010g1()‘§s7(73 fn)‘
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Fig. 12.  Range estimation error &,, versus SNR. : proposed approach.

— — —:[30].

: PGA [29].

is the intensity (in dB) at the nmth pixel, and

N, Ny
Lov=_ > I
n=1m=1
is the square-sum of pixel intensities.
To characterize the noise level in the backscattered signals,
an SNR is defined as [30], [32]

Py
SNR = 10log; P, £

where P, is the average power of the backscattered signal
ss1(7,n) and P, is the power of white Gaussian noise.
Let us define a range estimation error as

S22 | ARG(n) — ARg(n)dn
S5 | AR (n)dn

Esa = 100 X

Fig. 12 shows the range estimation error £, versus SNR as-
sociated with the ISAR images of the F-16 Fighting Falcon.
A smaller error of the proposed approach is attributed to the
RFRT-FrFT method for yielding more accurate estimation on
the « coefficients, especially at low SNR.

B. Target Recognition

Four different high-speed aerial targets are simulated for
ISAR imaging, including F-16 Fighting Falcon, F-35 Lightning,
J-10 Mighty Dragon, and Dassault Rafale. The surface of these
fighter planes are approximated as PEC [17], and the backscat-
tered signals are simulated by applying the PO method on these
surfaces [16], ignoring edge diffraction, and absorbing coating.

Fig. 13 shows the ISAR images of these four fighter planes
in the (3¢, plane acquired with the proposed approach. The
geometrical features of each aerial target are well discernible
for identification.

Fig. 14 shows the cumulative distribution function (CDF) of
pixel intensity in the acquired SAR images of the four fighter
planes. The backscattering radar cross section of F-35 is much
lower than the other three, due to its stealth geometry. Note that
the absorbing coating is not considered in the simulations.

To enable automatic recognition, the contour of targets shown
in Fig. 13 are first extracted by applying edge detection filters
hp, and h,, for horizontal and vertical edges, respectively, with
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Fig. 13.  Acquired ISAR images (in dB) in (;(, plane, SNR =5 dB.

(a) F-16 Fighting Falcon. (b) F-35 Lightning. (c) J-10 Mighty Dragon. (d)
Dassault Rafale.

Pr.( I < abscissa)
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Fig. 14. : F-16.

— — —: F-35.

CDF of pixel intensity in the acquired SAR images.
:J-10. — — —: Rafale.

the explicit forms [33]

1 1 1 10 1
hh=10 0 0|, hy=|-1 0 1
1 -1 -1 10 1

By taking 2-D convolution of these two filters with image
intensity /., the horizontal edges are detected from

Ih,n77L - I7:,(m+1) - In(mfl)
and the vertical edges are detected from

Iv,nm = I(n+1)m - I(nfl)m~
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Fig. 15. Contour of fighter planes, SNR = 5 dB. (a) F-16 Fighting Falcon.

(b) F-35 Lightning. (c) J-10 Mighty Dragon. (d) Dassault Rafale.

The intensity for edge detection is given by [33]

— 2
Ivh,nm - Ih,nm

+ 12

v,nm:*

Fig. 15 shows the contours of fighter planes presented in Fig. 13.
Salient geometrical features of each fighter plane are manifested,
including fuselage, wing, and canard, which are useful for
identification. The image and contour of each fighter plane is
pending on the relative position between target and platform, as
well as the target attitude.

Fig. 16 shows the acquired images at SNR = —10 dB, which
are smudged by noises and look fuzzier than their counterparts
in Fig. 13. Fig. 17 shows the contours of fighter planes extracted
from the images in Fig. 16.

At SNR = 5 dB, the ISAR images in Fig. 13 are clear and
free of speckles, hence the contours of these four fighters are
definitely drawn, as shown in Fig. 15. At SNR = —10 dB, the
noise tends to jitter the boundary between target and background
in the image, as shown in Fig. 16. Moreover, more speckles
appear in the background around the target, making it more
difficult to draw the contour of a target, as shown in Fig. 17.

Next, a geometrical matching method is proposed to recognize
different types of fighter. The center of each target is first
determined from the contours shown in Fig. 15. Let r,(¢) be
the distance between the center and a point on the contour
with perimeter angle ¢, where g stands for the gth target, and
¢ € (—m, m]. The range difference between the gth and the gth
targets at ¢ is

ARgy(¢) = 14(¢) — 74().
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Fig. 16.

(d) Dassault Rafale.
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Fig. 17.  Contour of fighter planes, SNR = —10 dB. (a) F-16 Fighting Falcon.

(b) F-35 Lightning. (c) J-10 Mighty Dragon. (d) Dassault Rafale.

Then, a matching factor between these two targets is defined as

1 Ny—1
My, = m quio [Aqu(¢)]2

where Ny, is the sample number of ¢’s along the whole perimeter.

Acquired ISAR images (in dB) in (,(, plane, SNR = —10 dB.
(a) F-16 Fighting Falcon. (b) F-35 Lightning. (c) J-10 Mighty Dragon.
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TABLE V
MATCHING FACTOR M g4: (A) SNR = 5 DB AND (B) SNR = —10 DB

| (a) | F-16 | F-35 | J-10 | Rafale \
F-16 0m 3.09 m 2.48 m 245 m
F-35 3.09 m 0m 2.40 m 2.89 m
J-10 2.48 m 240 m 0m 2.66 m
Rafale 245 m 2.89 m 2.66 m 0m

[ (b) ] F-16 ] F-35 | J-10 | Rafale \
F-16 0m 3.39m 2.94 m 12.99 m
F-35 339 m 0m 2.03 m 13.01 m
J-10 2.94 m 2.03 m 0m 13.05 m
Rafale 12.99 m 13.01 m 13.05 m 0m

Table V lists the matching factors between all possible pairs
among the four fighters, with SNR = 5 and —10 dB, respectively.
The matching factors are effective for recognizing different
fighter planes, even when the acquired images become blurred.

C. Highlight of Contributions

The contributions of this work are highlighted as follows.

1) A novel ISAR imaging approach, based on a moving
vessel bearing attitude perturbation, is proposed to acquire
high-resolution ISAR image of high-speed aerial targets
within a short aperture time.

2) A (¢, Co) plane is proposed to display ISAR images in
visual-like format, which can be upgraded to holograph-
like images.

3) An iteration procedure is developed to fine-tune the target
velocity (vy,v,) and target position (z4,yq,2,) more
accurately.

4) Geometrical distortion is compensated with accurate v,,,
and correct cross-range scaling is achieved with accurate
Vy.

5) PO method is used to simulate the backscattered sig-
nals from different aerial targets in various attitudes and
relative positions. The radar parameters can be flexibly
adjusted to prove the concept of various potential applica-
tions of ISAR imaging.

VI. CONCLUSION

An ISAR imaging approach on high-speed aerial targets,
with radar installed on a moving vessel, has been developed
and verified by simulations. The range difference caused by
platform perturbation is compensated by using the attitude data
of the vessel. The backscattered signals are simulated with a
PO method. The motion parameters of the target are estimated
with an RFRT-FrFT approach. An iteration procedure has been
developed to achieve more accurate target velocity and target
position, as well as acquire more faithful targetimage. A (¢p,, ()
plane is proposed to display ISAR images in visual-like format,
which can be upgraded to holograph-like images. The acquired
images are well recognizable among four similar fighter planes
by simulations, even at low SNR.
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