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Non-Cooperative Targets
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Abstract—A new Polarimetric Interferometry Inverse Syn-
thetic Aperture Radar (Pol-InISAR) 3D imaging method for non-
cooperative targets is proposed in this paper. 3D imaging of non-
cooperative targets becomes possible by combining additional in-
formation of interferometric phase along with conventional 2D
ISAR imaging. In the previously reported single-polarimetry In-
ISAR based 3D imaging, only a single-channel based interferomet-
ric phase is available that can be exploited to reconstruct the 3D
ISAR image. This limits the ability to obtain a full target’s scatter-
ing response and therefore limits the estimation of an accurate in-
terferometric phase. To overcome this constraint, full-polarimetry
information is being exploited in this paper, which allows to select
the optimal polarimetric combination through which the highest
coherence can be obtained. A higher coherence leads to a reduction
(optimally a minimization) of the phase estimation error. Conse-
quently, with an optimal phase estimation, an accurate 3D imaging
of the target is possible. To validate this proposed Pol-InISAR based
3D imaging approach, both simulated and real datasets are taken
under consideration.

Index Terms—ISAR, pol-InISAR, polarimetry, interferometry,
In-SAR, 3D imaging, non-cooperative target, Tank-72.

I. INTRODUCTION

YNTHETIC Aperture Radar (SAR) and Inverse SAR

(ISAR) systems are well known to obtain high-resolution
images by exploiting the relative motion between radar-platform
and target. The SAR systems are usually mounted on the
spaceborne or airborne radar-platforms moving with the known
motion v( f, t). Considering stationary target under observation,
SAR systems exploit v(f, ¢) information to coherently process
the received echoes. But lamentably, these type of systems are
sensitive to the uncertainties in the target motion that results
in blurred and misplaced images for non-cooperative moving
targets [1]. In contrast, ISAR processing is non-reliant to the
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prior knowledge of the relative motion between target and
radar platform, that makes ISAR systems most suitable for
non-cooperative targets imaging.

The conventional way of imaging non-cooperative target us-
ing ISAR is by forming two-dimensional (2D) electromagnetic
images [2], [3], [4]. The 2D ISAR images do not map the target
in its actual form, rather, these images are only filtered projection
of actual 3D targets’ reflectivity onto an image projection plane
(IPP). Moreover, the IPP orientation is not priory known as it
firmly depends on the unknown parameters of the target, such
as target-movement and target-geometry [5]. To overcome the
demerits of 2D ISAR imaging system, 3D imaging is attempted
in the literature that tries to detect the target in its true 3D
form [6], [7], [8], [9], [10], [11], [12], [13]. The most promising
and reliable attempt reported so far is Interferometry ISAR
(InISAR) based approach that performs 3D imaging in the form
of point cloud indicating the actual shape of the target [14].
This 3D InISAR algorithm is in fact validated through real
implementation of ground-based as well as airborne-platform-
based Interferometric ISAR systems [14], [15], [16], [17]. In 3D
InISAR approaches, the 3D image of the target is generated by
combining the interferometry phase along with the traditional
2D ISAR imaging.

Almost all the reported 3D InISAR approaches utilize single-
polarimetry (single-pol) information. Single-pol systems trans-
mit on one polarization and receive the same (like) polariza-
tion that produces limited information about the target. This
single-channel backscattering information is not sufficient to
identify the wide variety of scattering responses coming from the
scatterers constituting complex target structures, such as ships,
tanks, aircraft, etc. As a result, these conventional systems can
miss to identify reliable or strong scatterers generating responses
in polarimetric channels other than the one acquired by the cor-
responding single-pol system [2]. Furthermore, the single-pol
3D InISAR system allows to calculate single-channel based
interferogram information only. These conventional systems
are forced to use the available single polarimetric channel for
height estimation, although it could happen that the estimated
interferometric phase is not the optimal one. To overcome these
limitations of single-pol 3D InISAR systems, a new Polarimetric
Interferometry Inverse Synthetic Aperture Radar (Pol-InISAR)
3D imaging approach is established in this paper that takes full-
polarimetry (full-pol) back-scattered information into account.
This proposed method is the first attempt to establish a complete
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Fig. 1. General block diagram explaining the steps involved in 3D imaging of
the target using Pol-InISAR based proposed approach.

n

procedure of polarimetric interferometry based 3D imaging of
non-cooperative targets that utilizes the most reliable scatterers
to form 3D images with their optimized phase information. Con-
sequently, high coherence levels and correct 3D imaging results
are being achieved. The proposed Pol-InISAR approach also
significantly reduces the computational burden by discarding
the un-reliable scatterers. As a result, this method can become
a vital asset for establishing a real time ATR (Automatic Target
Recognition) system for non-cooperative targets. The utilization
of full-polarimtery information in this presented 3D imaging
approach facilitates to obtain the interferogram phase from all
possible linear combinations of the polarization states. Further
among these combinations, the optimum one, generating the
highest possible coherence level, can be selected. As one of the
vital steps of the proposed Pol-InISAR method, this coherence
optimization technique is implemented here for the first time for
ISAR application of non-cooperative target detection.

The complete description of the proposed Pol-InISAR method
is presented in Section II. The whole process of 3D image gen-
eration involves five vital steps as depicted in Fig. 1. These steps
are explained in details in Section II. The proposed Pol-InISAR
method has been validated using both simulated and real ISAR
datasets. A detailed description of both datasets is added in

Section III. Further, the results and corresponding analysis are
added in Section IV. Final conclusion is drawn in Section V.

II. POL-INISAR BASED 3D IMAGING OF TARGET: A PROPOSED
APPROACH

The proposed Pol-InISAR method involves five significant
steps to form 3D image of the target. These steps are depicted in
the block diagram shown in Fig. 1. Among the five steps of the
proposed approach, the coherence optimization and scatterers
extraction involve full-polarimetry information and require to be
implemented together to get optimized 3D results. These steps
are described below in detail followed by the other steps involved
in the proposed Pol-InISAR based 3D imaging method.

The single-polarimetry based conventional 3D InISAR sys-
tem acquires propagation delay phase (¢,,) that allows to calcu-
late single-channel based interferogram information only. Con-
versely, the full-polarimetry based 3D InISAR system acquires
scattering information phase (¢,) and the propagation delay
phase. By combining the ¢, and ¢, phase values along with
the other information associated with full-polarimetry, the inter-
ferogram from all possible linear combinations of polarization
states can be obtained. Further among these combinations, the
optimum one associated with maximum possible coherence, can
be selected. The polarimetric combination achieving the highest
possible coherence reduces any chance of uncertainties in the
interferogram phase [18], and therefore can generate the most
reliable height estimation leading to the optimum 3D target
reconstruction.

The coherence optimization based selection of optimum po-
larimetric combination has previously been investigated for
natural scatterers [19], [20]. In general, these types of scatterers
exhibit common polarimetric features. Contrarily, in the case of
man-made complex non-cooperative targets, each scatterer can
exhibit proper polarimetric behavior and therefore the corre-
sponding processing should be applied to each scatterer individ-
ually that composes the target. In this paper, the full-polarimetry
ISAR based coherence optimization approach is being first
time investigated for Inverse SAR applications of complex non-
cooperative target detection. The two datasets implemented for
the validation are real Tank-72 (T72) ISAR data and Astice boat
simulator ISAR data, both exhibiting complex target structure
scenarios. The Tank-72 and boat simulator datasets exhibit
two-acquisitions or single-baseline and three-acquisitions or
dual-baseline based InISAR scenarios, respectively. The coher-
ence optimization based algorithm differs for these two different
conditions. For two-acquisitions condition, the single-baseline
coherence optimization approach is useful, while for the more
than two-acquisitions condition, multiple-baseline coherence
optimization can be used. Both of these methods are described
below in detail.

A. Two-Acquisitions Based Coherence Optimization Approach

The full-polarimetry ISAR data acquired by the two antennas
situated at two different points in space can be expressed in terms
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of the scattering vectors k1 and ko, as follows.
ki = [Suu® + Syv' S’ — Swv! 2Suv']"

ko = [Sun® + Syv? Suu® — Sww? 2Suv?]”

ey
@)

Further, by performing the outer product formed from %; and
ko, the 6x6 polarimetric interferometry matrix ([T5]) can be
generated as

(] 1)

where 1 and (.) indicate Hermitian matrix transpose and en-
semble averaging, respectively. The matrices 7; and Ths con-
tain polarimetric information, whereas the matrix €25 contains
polarimetric as well as interferometry information. By jointly
utilizing these matrices, the projection vector/vectors can be
derived that helps to project k1 and k5 into two new polarimetric
combinations which maximize the coherence between two ac-
quisitions. The most general approach based on two projection
vectors (wy and wo) was established by Cloude et al. in [19].
Being these vectors complex, the use of two different projection
vectors (wy and ws) for the two channels, can iI}duce an unde-
sired phase shift in the interferogram, if arg(wjws) # 0 [20],
[21]. This erroneous phase shift can be avoided by using a single
or unique projection vector (w) based new approach, established
by modifying the conventional optimization theory [22], [23]. In
this new approach, the scattering coefficients for two different
acquisitions can be estimated by projecting the feature scattering
vectors (kq and kp)as 11 = w'ky and pio = wks. Consequently,
the coherence (7,,) and phase (arg(y,,)) can be calculated as

T
al,

Q12

, 3
T 3

_ (1ps) _ wl[Q1p]w 4
W i) G @@ D)
arg() = arg((uups3)) = arg(w!Quslw). )

Further, the value of the unique projection vector leading to
the highest possible coherence value is obtained based on the
following optimization function

w = arg mué)%X ‘71u| (6)
This optimization criterion can be met, and w can be evaluated
by setting gradient of |7, |? to zero and solving it with the help of
(4). A detailed derivation of this approach is added in Appendix.
As derived in Appendix, the solution of coherence optimization
converges to the following 3x3 eigenvalue problem through
which the requisite w can be obtained.

Hw = Aw )

where H is a Hermitian matrix [22] that can be represented as
H= (T11 + To2) " (2 + Qb) (8

It is worth noting from (27) of Appendix that the parameter X in
(7) is nothing but the amplitude of coherence value. Equation (7)
provides three eigenvectors among which the one corresponding
to the highest eigenvalue Ay, (indicating maximum coherence
condition) needs to be selected as an unique projection vector w.
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Further, by putting w = w in (4) and (5), the optimized coher-
ence (¥,,) and the optimized phase (arg(.,)) can be obtained,
respectively. The coherence 7, is the optimized coherence value
attaining highest possible value and the corresponding phase
arg(~,,) is the optimized phase leading to a better and reliable
3D reconstruction.

This aforementioned approach is suitable for the scenario
when full-polarimetry data acquired in two acquisitions from
two different points in space, generating Pol-InISAR informa-
tion, such as for the case of T72 data implemented in this paper.
However, for the condition of more than two acquisitions, an
extended version of this method, i.e. multiple-acquisitions based
optimization approach [24] is described below in details.

B. Multiple-Acquisitions Based Coherence Optimization
Approach

In more than two acquisitions from different points in space,
such as for the case of boat simulator data implemented in
this paper, the acquired full-polarimetry information can be
expressed in terms of scattering vector as,

ki = [Sun" + Svv' Sun’ — Svv' 2Suv’]" 9

where i € (1,2,...,N) for N number of antennas. In this pa-
per, we implemented multiple-acquisitions based coherence
optimization approach only for three-acquisitions condition, so
hereafter N = 3 is considered. For this condition, the combined
polarimetric interferometry matrix can be written as follows.

ky T Q12 3
[Tg] = < ]{72 . |:k} k; k;:|> - Q;Q T22 Qgg
ks Qly; Qb s

The matrices 771, T52, and T35 contain polarimetric information
associated with the three different antennas, whereas €25, {213,
and (o3 contain polarimetry as well as interferometry infor-
mation associated with antennas: first - second, first - third, and
second - third, respectively. Similar to the two-acquisitions based
optimization approach, in this three-acquisitions condition, the
sum of coherence parameters, i.e. y  |;;] is taken as the opti-
mization criterion to evaluate the unique projection vector (w)
based on the following optimization function

3 3
W = arg max E E [7vis]
w
=1 j=1£i

where ;; can be expressed as

(1)

Yij = wij;w (12)

In (12), the parameters II;; and w can be estimated as

3
T, L
" VT.ow Ly — T@A/QQMT{UZ;TE = ZTu
3 1

wivTow’
(13)

We adopted here the Multi-Baseline ESM (MB-ESM) optimiza-
tion approach of [24] to estimate the unique projection vector
(w). The simplified version of the corresponding method for our
three-acquisitions condition is summarized in the iterative based
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R,

Fig. 2. Radar target geometry of boat simulator full-polarimetry (full-pol)
ISAR data.

TABLE 1
RADAR PARAMETERS OF BOAT SIMULATOR

Parameters Value
Polarization HH, HV, VH, VV
Career Frequency 10 GHz
Frequency Range 9.85 GHz - 10.15 GHz
Frequency Step 1.17 MHz
Frequency Bandwidth 300 MHz

No. of Transmitted Frequency 256

No. of Sweeps 128

Target Velocity 20 m/s

[Roll, Pitch, Yaw] [10°,20°,60°]
[Horizontal & Vertical Baseline] | [1m , Im ]

approach described in Algorithm 1. Further with the estimated
w, the full-polarimetry information of the three antennas V¢, C¢,
and H can be projected to estimate the corresponding scattering
coefficients as 1, = wiky, po = w'ko, and 3 = w'ks. These
three scattering coefficients can generate optimum ) |7;;] as
well as optimum interferometric phases leading to better and
reliable 3D reconstruction.

However, before implementing the coherence optimization
approach in the proposed Pol-InISAR 3D imaging method, the
scattering center extraction through the polarimetry CLEAN
(Pol-CLEAN) is required. This Pol-CLEAN process not only
reduces the computational burden significantly but also gives
rise the reliable scatterers that can be taken as input in the
aforementioned coherence optimization process. The coherent
optimization approach needs to be applied individually only on
these extracted scatterers, which are reliable and can generate
the highest possible coherence values. In this proposed work,
the modified version of Polarimetry CLEAN (Pol-CLEAN) [25]
is used, which extracts scatterers better than the classical Pol-
CLEAN [26] by additionally suppressing the interference com-
ing from nearby scatterers.

With the help of the two aforementioned full-polarimetry
information based steps: coherent optimization and modified
Pol-CLEAN, the reconstructed 3D point cloud can be formed
through the procedure indicated in Fig. 1. The block diagram
shown in this figure indicates steps for general Pol-InISAR based
3D target formation, where N, VN > 1 number of Pol-ISAR
datasets acquired from N different points in space, are utilized to
form the 3D point cloud. In this paper, we outlined the procedure
for two specific cases of N =2 and N = 3 corresponding to
the T72 and boat simulator datasets, respectively. However,

Algorithm 1: An Algorithm for Three-Acquisitions Based
Coherence Optimization.

Procedure

Step-1

Initialize the eigenvalue as Apx = 0 and calculate the
optimal phase shift as 6;; = arg(tracell,,)

Step-2

Calculate the Hermitian Matrix (H) as

3 3

H= Z Z Hijeibeu .

i=1 j=1#i

Consequently, the eigenvalues and eigenvectors can be
obtained from Hw = Aw.
Step-3
loop:
Update maximum eigenvalue Ap,x = Ak, and
eigenvector (w) by selecting the largest obtained
eigenvalue, and corresponding eigenvector, respectively.
Step-4
Further with the updated information, it is needed to
estimate the optimal phase 0} = arg(wiIl;;w) and again
with 6%, calculate the updated H* from:

i7°
3 3
HY = Z Z Hije_bagj.
i=1 j=1#i
By solving H*w = Aw, the parameters A,, and w can be
further updated by selecting maximum eignevalue and

corresponding eigenvector.

Step-5
if Al - Amax < €pSs
goto Step-6.
else
goto loop.
close;

Here eps indicates the smallest positive number that does
not underflow to zero.

Step-6

Finally, the unique projection vector can be calculated by

1
Te 2w

L
wiT, 2w

further extension of the proposed work can be carried out in the
future for multi-baseline configuration by utilizing N (VN > 3)
number of independent observations together to get a more
accurate 3D results.

The co-registration step (as mentioned in Fig. 1) is essential to
mitigate the effect of images mismatching at each antenna, due
to the target motion characteristics and wave path information
collected at the different points of acquisitions in space [27]. The
complete details of the image co-registration and its utility in 3D
target formation can be found in [27], [28], [29]. The following
steps are implemented to perform the co-registration [28].
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(a) )

Fig. 3. Image of the target under observation: (a) Actual image of the target (Astice boat) (b) CAD-model corresponding to the target (c) The simulated 3D point
scatterer model corresponding to the target.

O =48725° Oq=91.225° 0q=133.725°

N

turret

TN e e o7\

7’
s

o

oil barrel

~o M N, 1 ’

v\mudguard.—‘

‘road wheel

Fig. 5. Radar target geometry of Tank-72 (T72) full-polarimetry (full-pol)
ISAR data acquisition. The three azimuth angles (6, ), 48.725°,91.225°, and
133.725° based acquisition scenarios are also indicated in the image.

Fig. 4. Image of the target Tank-72 (T72) under observation.

TABLE II

. . . . RADAR PARAMETERS OF TANK-72 GTRI DATASET
e Select one reliable scatterer, possibly with the highest

intensity (brightest scatterer).

Parameter Value
o All the images, collected from different points in space are Polarization HH, HV, VH, VV
required to be translated or shifted in such a way that the Central Frequency 9.6 GHz
selected scatterer becomes new center of the images at zero Frequency Range 9.27 GHz - 9.93 GHz
Doppler and range coordinates. Frequency Step 3 MHz
e The phase term of the selected scatterer is estimated and No. of Transmitted Frequency 221
further subtracted from the entire images. No. of Sweeps 9
. . . . . 1 o o
The last vital step in Pol-InNISAR 3D imaging method is the Total Azimuth Angle Coverage 0°- 360
H o
height estimation (see Fig. 1), which is separately described Azimuth Increment Rate 0.05
o C . . Total Aspect Angle for Each File 39
below for two-acquisitions and three-acquisitions conditions. ,
. . . . - Total Elevation Angle Coverage 29.3°-30.7°
After estimating the interferometry phase in two-acquisitions Elevation Tncremental Rate 012°
'condltl'on, between sca.ttermg coefficients ;1 and po as described Resolution (Range x Cross-Range) | 1 foot x 1 foot
in Section II-A, the height (H; 4) of scatterers can be calculated Effective Baseline Coverage 015m - 4.3m
by using the following equation.
CR() A912
MM T (14) " condition (as depicted in Fig. 2), the height (F3) estimation
\'2

can be performed through the following equations [6], [28].
where Af;5 is the interferometry phase between the acquired
data of two antennas: antenna 1 & antenna 2, as shown in Fig. 5. oo _C R Aby - Al . s
In the L-type antenna arrangement based three-acquisitions AT A fo v d, cos ¢ d, sin ¢ s
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TABLE III
COMPARISON OF SINGLE-POLARIMETRY (SINGLE-POL) INISAR AND
FULL-POLARIMETRY (FULL-POL) INISAR RESULTS BASED ON THE BOAT
SIMULATOR DATA

Mean Coherencee | Mean Coherence

Noise Condition .
(Single-pol InISAR) | (Full-pol InISAR)

Without Noise 0.9265 0.9393
With Noise (SNR 40 dB) 0.9261 0.9367
With Noise (SNR 30 dB) 0.8963 0.9329

r
100 100
120
50 0

100 150 200 25

(b) HV Without Noise

| - m
0 250

100 150 200 s 10 150 200 250

50
(e) HV With Noise (f) VV With Noise

. - ‘
20
0 250

s 0 10 20

(h) HV With Noise

s 100 150 200 250

(a) HH Without Noise

s 10 150 200 250

(c) VV Without Noise

w0 250

S w0 150
(d) HH With Noise

0 10 150

(i) VV With Noise

0 10 150

(g9) HH With Noise

Fig. 6. HH, HV, and VH channel ISAR images before and after adding noise.
(a)—(c) Without noise (d)—(f) With noise (SNR 40 dB) (g)—(i) With noise (SNR
30 dB).

Ty 0t

_ RoQ [ Ay Aby
c 2

sin ¢> (16)

where c is the speed of light, fo, d,,, and d,, are the radar-
geometry parameters indicating central frequency, horizontal
baseline, and vertical baseline. The angles Afy and Afy are
the interferometry angles between antennas: Ve & C¢, and H¢
& C¢, respectively. The angle ¢ in (15) is the angle between y3
and .y, as shown in Fig. 2. As suggested in [6], [28], the ¢
angle and (2 indicating orientation and modulus of €.f, can
be calculated through (16), by means of the least square error
approach.

III. DATASET DESCRIPTION

Validation of the proposed Pol-InISAR based method is car-
ried out by using simulated as well as a real polarimetric ISAR
datasets. The implemented simulated polarimetric ISAR data
is a combination of point-like scatterers forming a boat type
structure. Furthermore, the implemented real polarimetric ISAR
data of a full-size Tank-72 (T72) is captured under Moving
and Stationary Target Acquisition and Recognition (MSTAR)
program by Georgia Technology Research Institute (GTRI). The
Radar Geometry and the complete description of both the used
datasets are added in the subsections below.

Coherence (|v])
0.7 0.8

0.5 0.6 0.9 1

-
N

|yl vs. Hgiy

SNR (in dB) vs. Hg,

-
0

d |

e
©

Height Error (Standard Deviation value)
o o
[ IS o

\
H

H

i Saturation in
i height error

o
=)

20 40 60 80 100
SNR (in dB)

Fig. 7. The plot of height error (standard deviation value) in meter versus
coherence (|7y|) and signal to noise ratio (SNR in dB).

A. Radar Geometry and Dataset Description of Simulated
Boat Data

The radar geometry of the simulator is shown in Fig. 2.
The assumed geometry is the conventional 3D InI[SAR imag-
ing geometry that contains three antennas located in the same
plane orthogonal to the line of sight (LOS) and simultaneously
lying on two orthogonal baselines as depicted in Fig. 2. The
concept is to utilize three 2D complex ISAR images obtained
from the three antennas Vg, C¢, and Hg, possessing similar
range- and cross-range patterns but different phases [11]. Fur-
ther, the processing of the phase information can lead to the
three-dimensional position of the scatterers (through (15) and
(16)). Ry in Fig. 2 indicates the radar-target distance and is
aligned with &. Qp is the angular rotation vector which is
applied to the center O of the target. The projection of )7 onto
the plane orthogonal to the LOS defines the effective rotation
vector (2.7 ¢. The IPP is the plane orthogonal to (.. In this
in-house developed boat simulator, we use 24 scatterer points
situated in such a way that they resemble a boat like structure (an
old military minesweeper ship named “Astice”) as depicted in
Fig. 3. The advantage of using a simulated point-like target is that
it allows point-to- point comparison between the actual target
model and the reconstructed one and therefore to numerically
evaluate the accuracy of the reconstruction, as performed in the
Section IV. The real image of the target, and the corresponding
CAD model are shown in Fig. 3(a) and (b), respectively, whereas,
the implemented scatterer points-like boat simulator is shown
in 3(c). The real boat is capable of generating six following
different types of scattering mechanisms [30], [31].

1 0 1 0 cos27  sin2t
Sl.= (5], = : —
1515 0 1 [STo 0 -1 [STon sin27 —cos27
0 1 cos’t Llsin2r 1 =£j
S|, = 1S] = 2 ;15],=
(S 10 (S isin2r  sin?r (Sl +j -1
(17)

where 7 indicates orientation angle of scattering structure. To
make the target constituting more realistic scatterers, the scat-
tering matrix of each 24 scatterers are randomly selected within
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(¢) YZ-plane view (d) XZ-plane view. The error parameters obtained for this condition are MDE = 1.9613 and RMSE = 1.5690.
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Three dimensional full-polarimetry (full-pol) InISAR results of boat simulator for without-noise condition (a) 3D view (b) XY-plane view (c) YZ-plane

view (d) XZ-plane view. The error parameters obtained for this condition are MDE = 0.4004 and RMSE = 0.2946.
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Three Dimensional single-polarimetry (single-pol) InISAR results of boat simulator for with-noise SNR = 40 dB condition (a) 3D view (b) XY-plane

view (c¢) YZ-plane view (d) XZ-plane view. The error parameters obtained for this condition are MDE = 2.1962 and RMSE = 1.9076.
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Three dimensional full-polarimetry (full-pol) InISAR results of boat simulator for with-noise SNR 40 dB condition (a) 3D view (b) XY-plane view

(¢) YZ-plane view (d) XZ-plane view. The error parameters obtained for this condition are MDE = 0.5027 and RMSE = 0.3840.
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view (c) YZ-plane view (d) XZ-plane view. The error parameters obtained for this condition are MDE = 2.9815; RMSE = 2.7236.
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Three dimensional full-polarimetry (full-pol) InISAR results of boat simulator for with-noise SNR 30 dB condition (a) 3D view (b) XY-plane view

(c) YZ-plane view (d) XZ-plane view. The error parameters obtained for this condition are MDE = 0.6930 and RMSE = 0.4607.

TABLE IV
COMPARISON OF SINGLE-POLARIMETRY (SINGLE-POL) INISAR AND
FULL-POLARIMETRY (FULL-POL) INISAR RESULTS BASED ON REAL TANK-72

DATA
Elevation-Azimuth Angle Pair Mean Coherence | Mean Coherence

Elevation Angle pair|Azimuth Angle|(Single-pol InISAR)|(Full-pol InISAR)
[Oct 5 Oct + AOey] (042)

[29.5754°, 29.7162°] 48.7250° 0.9132 0.9454
[29.7162°, 29.8603°] 48.7250° 09115 0.9484
[29.8603°, 29.9994°] 48.7250° 0.9339 0.9752
[29.9994°, 30.1409°] 48.7250° 0.9233 0.9455
[30.1409°, 30.2801°] 48.7250° 0.9196 0.9627
[29.5754°, 29.7162°] 91.2250° 0.9316 0.9755
[29.7162°, 29.8603°] 91.2250° 0.9265 0.9752
[29.8603°, 29.9994°] 91.2250° 0.9228 0.9731
[29.9994°, 30.1409°] 91.2250° 0.9166 0.9730
[30.1409°, 30.2801°] 91.2250° 0.9234 0.9742
[29.5754°, 29.7162°]]  133.7250° 0.9224 0.9781
[29.7162°, 29.8603°]]  133.7250° 0.9174 0.9677
[29.8603°, 29.9994°1]  133.7250° 0.9206 0.9317
[29.9994°, 30.1409°]]  133.7250° 0.9038 0.9441
[30.1409°, 30.2801°]]  133.7250° 0.9179 0.9621

TABLE V

THE ACTUAL AND RECONSTRUCTED SHAPE DIMENSIONS OF TANK-72

Tank \ Dimension L W |H % ﬁ % Ext. Gun
Actual Tank-72 9.54 |3.59(223]2.66|4.28|1.61]|2.58
Full-pol 3D InISAR 11.22 1420 [2.57|2.67|4.36 | 1.63|2.41
Single-pol 3D InISAR | 11.00 | 6.52 | 6.62 | 1.68 | 1.66 | 0.99 | 1.72

the aforementioned six scattering mechanisms. Among these six
scattering mechanism types, the surface (S), dihedral (Di), and
oriented-dihedral (ODi) type scattering generation are preva-
lent which occur due to boat-deck, boat-dihedrals, or boat-sea-
dihedral. The part of antenna, tower, and guardrails of boat are
made up of dipole like structures and hence can contribute to H,
V, or oriented dipole scattering mechanisms. The four dipoles in
combination can generate helix scattering mechanism too [31],
[32]. Also, the complex structures on the boat can contribute
in multiple-bounces generating multiple-interaction or volume
scattering mechanism [31]. The complete list of the parameters,
used to simulate the corresponding boat simulator data is added
in Table I.

B. Radar Geometry and Dataset Description of Real Tank-72
Data

The target Tank-72 is a Soviet-designed main battle tank
of dimension 9.54 m (length) x 3.59 m (width) x 2.23 m
(height) [33]. The actual image of Tank-72 is shown in Fig. 4.
The real Tank-72 ISAR data was collected by performing turn-
table experiment similar to the one depicted in Fig. 5. The
parameters 6., 0., and Ry, mentioned in Fig. 5 indicate nom-
inal azimuth angle, elevation angle, and radar-target distance,
respectively. The complete dataset is publicly available and can
be accessed through Air Force Research Laboratory (AFRL)
website [34]. The whole data is stored in 29 different folders each
one corresponding to a specific elevation angle. Each folder con-
tains 85 fully-polarimetric files, corresponding to the 85 different
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0... Each file contains the target echo recorded from 79 angles
equally spaced of approximately 0.05° forming 3.90° around the
nominal azimuth angle of 6,,. Data have been acquired using a
central frequency equals to 9.6 GHz. The 221 frequency samples
equally spaced by 3 MHz covering a total bandwidth of 660 MHz
are collected. The range and cross-range resolution of this data
is 1 ft x 1 ft. In this paper, 6 different elevation angle based
T72 ISAR datasets are used that forms 5 elevation angle pairs
([Oets b1 + Ab;]) generating five interferograms for a fixed
nominal azimuth angle. Further, three different azimuth angles
(as depicted in Fig. 5) have been selected that forms combinedly
15 interferogram pairs. The detailed list of the radar parameters
associated with this Tank-72 data is summarized in Table II.

IV. RESULTS AND ANALYSIS

The results and the corresponding analysis of the proposed
Pol-InISAR based 3D imaging are reported in the subsequent
subsections. For both the implemented datasets (simulated and
real), the results are compared with single-polarimetry InISAR
3D imaging methods.

A. Validation of the Proposed 3D Pol-InISAR Imaging by
Using Simulated Boat Data

The coherence values obtained by using single-pol InISAR
and full-pol InISAR boat simulator data are calculated and
reported in Table IIT for comparison. For full-pol condition,
the coherence values are evaluated with the help of (11)-(13)
whereas, for the single-pol condition, the coherence values are
evaluated as 37, Z?:l;&i s JH |, where

’Yij - 7 Tk 1 %
\/<SHH Sun"*) (Sun’ Sun’")

(18)

Further, the mean coherence is evaluated by averaging the
coherence values of all the scatterers taken under considera-
tion for 3D point cloud formation. The coherence results are
generated for with- and without-noise scenarios to make the
performance analysis more robust. In with-noise condition, the
white Gaussian noise are added directly to the data in the
ISAR image domain. The two different with-noise conditions
of SNR ~ 40 dB and SNR ~ 30 dB are reported in this paper.
The SNR is evaluated in the ISAR image and represents the
mean signal to noise power ratio in each resolution cell. With-
and without-noise ISAR images of all the three polarimetric
channels HH, HV, and VV, are shown in Fig. 6(a)—(i) for visual
interpretation.

The plot shown in Fig. 7 indicates the standard deviation of
the error on the estimated height (Hgy) against the SNR and
coherence value (|y|). The corresponding relationship (shown
in (19)) is established with the help of Cramer-Rao bound
expression presented in [35], [36].

CRO
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where d is the baseline-distance, L is the number of looks, and
v can be expressed in terms of SNR [35], as
1

1+ sg

By analyzing SNR versus Hgyq plot, SNR = 40 dB can be
considered as the saturation value of the curve. Further, by
analyzing coherence versus Hgy plot in the same figure, it is
worth to observe that the minimum value of Hgq can be achieved
atthe highest possible coherence value. By comparing the results
shown in Table III, it is worth to note the improvement in the
mean coherence value using full-polarimetry data in comparison
with the single-polarimetry. In without-noise or ideal signal
receiving condition, the improvement is not extensive while for
the noisy scenario, and especially for SNR 30 dB, a significant
improvement in the coherence level can be observed. The 3D
results generated for both the without- and with-noise scenarios
are shown in Figs. 8-13. The images shown in Figs. 8(a)—(d),
10(a)-(d) and 12(a)—(d) indicate the single-pol 3D InISAR based
results superimposing with the original reference model points,
whereas, Figs. 9(a)—(d), 11(a)—(d), and 13(a)—(d) indicate the
full-pol 3D InISAR based results superimposing with the origi-
nal reference model points, for the conditions of without-noise,
with-noise (SNR 40 dB), and with-noise (SNR 30 dB), respec-
tively. In all of these images, the reconstructed 3D points are
indicated by the blue filled circles, and the actual reference
simulator points are indicated by the red hollow circles. By
comparing these images one can conclude that the obtained
reconstructed 3D points of full-pol InISAR results are closer
to the actual reference simulator points. Contrary to this, in the
single-pol InISAR based 3D results, the reconstructed points
are missing the actual model (reference) points, indicating poor
3D results generation of the target. Hence, through the visual
interpretation, it can be concluded that the proposed approach
of full-pol 3D InISAR performs better than the single-pol 3D
InISAR. However, for the quantitative performance evaluation,
we estimated two parameters: mean distance error (MDE) and
Root Mean Square Error (RMSE). MDE results in overall
displacement of reconstructed points in comparison with the
reference simulator. The formula used to calculate MDE for m
number of extracted scatterers, is as follows.

v (20)

o (B — ML+ (R — M{)? + (R — M1)?
MDE = :
t=1 m

(21
where (R%, R!, R.) and (M}, M}, M!) are the t*" point’s (x,
y, z) coordinate of reconstructed results and reference model,
respectively. Another standard error evaluation parameter, i.e.
RMSE is calculated through (22) to further quantify the mis-
match between the reconstructed and original (reference) 3D
point cloud.

RMSE = \/mean(HR—MH%), (22)

where ||.|| is Frobenius norm and, R and M are the two
matrices of dimension 3 xt, and each row of R and M indicate
the " point’s (X, y, z) coordinate of reconstructed results and



KUMAR et al.: THREE-DIMENSIONAL POLARIMETRIC INISAR IMAGING OF NON-COOPERATIVE TARGETS 219

-0. $

¢ . Ches n°, %v;3°00
-1 ° %W e o o
. g o “Padd B I y
IR b"%%a g, IRt
1T % PO o

T

2 0 2 4 6

(e)

Fig. 14.  The results obtained using real Tank-72 data, where (a), (b), & (c) indicate Pauli decomposition false RGB images for azimuth conditions 48.725°,
91.225°, and 133.725°, respectively. (d), (e), & (f) indicate the full-polarimetry (full-pol) InISAR based 3D imaging results for azimuth conditions 48.725°,91.225°,
and 133.725°, respectively. (g), (h), & (i) indicate the single-polarimetry (single-pol) InISAR based 3D imaging results for azimuth conditions 48.725°, 91.225°,

and 133.725°, respectively.

(©)

(@) (b)
Fig. 15. (a) Tank-72 CAD Model (down-sampled point-cloud) (b) Full-polarimetry (full-pol) InISAR based 3D result (c) Single-polarimetry (single-pol) InISAR
based 3D result.
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Side View

(b)

Fig. 16.  Superimposition of the results obtained using Full-pol 3D InISAR
over target (Tank-72) CAD model. (a) 3D view (b) Top, front, and side views.

reference model, respectively. The MDE and RMSE calculated
for the condition of full-pol 3D InISAR and single-pol 3D
InISAR, are directly added in the figures to have a clear visibility
in comparing the results. The MDE calculated for the condition
of full-pol 3D InISAR is 0.4004, 0.5027, and 0.6930 for without-
noise, with-noise SNR 40 dB, and with-noise SNR 30 dB con-
ditions, respectively, which indicates better performance over
single-pol 3D InISAR that obtains MDE value 1.9613, 2.1962,
and 2.9815 for without-noise and SNR 40 dB, and with-noise
SNR 30 dB conditions, respectively. Further, the lower RMSE
values of 0.2946, 0.3840, and 0.4607 are achieved by using
full-pol 3D InISAR in comparison with the RMSE values of
1.5690, 1.9076, and 2.7236 obtained by using single-pol 3D
InISAR, for the condition of without-noise, with-noise SNR
40 dB, and with-noise SNR 30 dB, respectively. Hence, with
the RMSE parameter also, one can conclude that the full-pol
InISAR performs better than the single-pol InISAR.

B. Validation of the Proposed 3D Pol-InISAR Imaging by
Using Real Tank-72 Data

The coherence values obtained by using single-pol (HH)
and full-pol Tank-72 ISAR data for all the 15 interferogram
combinations, based on different azimuth and elevation angles
(as described in Section III-B), are added in Table IV. Herein,
the full-pol based coherence is evaluated using (4) as explained

IEEE TRANSACTIONS ON COMPUTATIONAL IMAGING, VOL. 9, 2023
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Fig. 17.  Superimposition of the results obtained using Single-pol 3D InISAR
over target (Tank-72) CAD model. (a) 3D view (b) Top, front, and side views.

in Section II-A and the single-pol coherence is evaluated using
(18) by considering i = 1 and 7 = 2. By comparing the results,
it is possible to note that the coherence value is significantly
improved by using the proposed full-pol InISAR method in
comparison with the single-pol InISAR, in all the combinations.
Also, the full-polarimetry data make it possible to have response
in co- as well as cross-pol channel and through that the Pauli
RGB decomposed image can be obtained. For, 48.725°,91.225°,
and 133.725° azimuth conditions (at 6., = 29.5754), the false
RGB decomposed images are shown in Fig. 14(a), (b), and
(c), respectively, where red, blue, and green colors indicate
the polarimetric channels \/Li |HH —VV], \/Li |HH + VV],and

V2| HV |, respectively. It is worth to note the existence of all the
three colors in the images, that proves the presence of different
class of scatterers in the target generating different scattering
mechanisms. And to cover-up all various kinds of scatterers,
it is important to utilize the complete polarimetric information
inherent in full-pol ISAR data, instead of single-pol ISAR data.
Further, different parts of the Tank can be apparently seen in
different azimuth angle conditions of 48.725°,91.225°, and
133.725°, respectively. Therefore, to better detect the Tank in
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its full shape, it is important to combine all the azimuth aspects
together.

The 3D reconstructed point clouds corresponding to the Tank-
72 target, are shown in Fig. 14(d)—(f) and (g)—(i), generated by
using full-pol and single-pol InISAR based conditions, respec-
tively, and further, the combined results are shown in Fig. 15(b)
and (c) for full-pol and single-pol conditions, respectively. The
CAD model of Tank-72 is shown in Fig. 15(a) for reference. By
comparing these images, it is possible to observe that the fully-
polarimetric results better represent the target shape in compari-
son with the single-polarimetric results. Further, to numerically
measure the performance, the shape of the reconstructed point
clouds is compared with the actual shape of the target Tank-72,
in terms of its length (L), width (W), and height (H), and the
ratios among the three sizes, as shown in Table V.

By observing Table V, it is possible to note that the shape of
the target through the dimension ratios: L/H, H/W, and W/H,
is preserved in the case of full-pol 3D InISAR reconstructed
results, whereas, in case of single-pol 3D InISAR, the width
and height are almost equal that differs from the actual Tank-72
shape condition. Another important attribute that separates tank
from other vehicles is the Tank-Gun. The length of the Gun
part ahead of the tank hull (length 6.95 m), is 2.58 m. The
Gun length measured from the 3D reconstructions is reported
in Fig. 15(a)-(c) for comparison. The results again validate
the better reconstruction by using proposed full-pol InISAR in
comparison with single-pol InISAR.

The 3D point cloud, generated by using full-pol and single-pol
InISAR methods, as shown in Fig. 15(b) and (c), respectively,
are superimposed on the Tank-72 CAD model, and the respective
superimposed results are shown in Figs. 16 and 17. Better
alignment of point cloud with the CAD model can be seen for
the full-pol InISAR based results in comparison with single-pol.
Further comparing these results with the ground reference parts
of Tank-72, exhibiting main features of the tank (as shown in
Fig. 4), it is worth observing that the turret, tank gun, and oil
barrel are strongly reconstructed with a large number of scatterer
points, whereas the mudguard has moderate and road wheel has
a smaller number of reconstructed scatterer points in case of
full-pol 3D InISAR result. Conversely, in single-pol 3D InI[SAR
results, these all five key features are not easily visible.

V. CONCLUSION

A new approach of Polarimetric Interferometry Synthetic
Aperture Radar (Pol-InISAR) is presented in this paper for
the 3D imaging of non-cooperative targets. The use of full-
polarimetry data facilitates to obtain interferogram from the
all possible polarimetric combinations. By using the coherent
optimization approach, the polarimetric channel associated with
the highest coherence is selected to generate 3D point cloud.
Further, simulated and real data have been used to validate
the proposed Pol-InISAR approach. The obtained results have
shown that the proposed Pol-InISAR based method performs
better than the single-pol based 3D InISAR imaging approach.
Improvements have been evaluated by visually comparing the
results and using numerical performance indexes. The proposed

Pol-InI[SAR method is outlined based on the single- and dual-
baseline conditions, which can be further extended in future for
multi-baseline configuration utilizing N (VN > 3) number of
independent observations together to get more accurate 3D re-
sult. The 3D Pol-InISAR results can be further used to recognize
the detected target and future research will go in that direction.
The work presented in this paper can have a strong impact in
military and civil applications where the recognition of targets
is of primary importance.

APPENDIX A

The projection vector (w) leading to the highest possible
coherence value can be obtained by setting the gradient of |7, |
to zero and solving it. For simplicity, we express |y,,|? of (4) as

2= aa”
be

where, a = (w'Qow), b = (wiT11w), and ¢ = (Wi Thow). The

partial derivation of these parameters can be expressed as

YoV = [V (23)

Oaax
Bt = 2(Qow) (w'Qlyw) + 2(Q1,w) (W Qw),
ob Oc
% = 2T]1'LU and % = 2T22w (24)

The necessary condition of |y, |* — maximum can be achieved
if V|y|? — 0 and this condition can be expressed with the help

of (23) as
d(aa )bc — aa® (abc + (%b) =0

25
owf owt owf 25)
By putting the partial derivative terms from (24) along with the
a, b, and c values, (25) becomes

(" Q1 + alo)w = ey PTiiw + bl |*Tosw — (26)

This expression converges to the eigenvalue problem by taking
into account that the polarimetric information acquired from
the two antennas are very closer and captured under small
temporal and spatial separations that leads to the similarities in
the second-order statistical matrices, i.e. a = a* =~ b ~ ¢ [22],
[24], [37]. Considering this condition, (26) converges to the
following eigenvalue problem [22], [38]:

(Ti1 + Ta2) (R4 + Qh)w = |y 2w 27

Equation (27) yields three eigenvalues. The highest among these
three eigenvalues corresponds to the optimum coherence value
and the eigenvector corresponding to this maximum eigenvalue
results in the desired projection vector.
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