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Scaled radar cross section measurement method for lossy targets via
dynamically matching reflection coefficients in THz band
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In the terahertz band, the dispersive characteristic of dielectric material is one of the major problems in the scaled radar
cross section (RCS) measurement, which is inconsistent with the electrodynamics similitude deducted according to the
Maxwell’s equations. Based on the high-frequency estimation method of physical optics (PO), a scaled RCS measurement
method for lossy objects is proposed through dynamically matching the reflection coefficients according to the distribution
of the object facets. Simulations of the model of SLICY are conducted, and the inversed RCS of the lossy prototype is
obtained using the proposed method. Comparing the inversed RCS with the calculated results, the validity of the proposed
method is demonstrated. The proposed method provides an effective solution to the scaled RCS measurement for lossy

objects in the THz band.

Keywords: scaled measurement method, radar cross section, lossy targets, terahertz

PACS: 87.50.U-, 84.40.Xb, 94.30.Tz

1. Introduction

Radar cross section (RCS) is one of the important physi-
cal quantities in studying the electromagnetic scattering char-
acteristics of a target.['’ As one of the effective approaches
to obtaining the RCS of a target, the scaled RCS measure-
ment method is widely used for obtaining the RCS of the
prototype, especially when full-size measurements are not
practical.[>* For the scaled measurements on large proto-
types, RCS measurement systems operating in a high fre-
quency range are preferred due to the advantage in achiev-
ing high scaling factors. With the higher frequency than
microwave, the terahertz (THz) band promises to realize
high scaling factors, and the THz RCS measurement sys-
tems have attracted increasing research attentions.!® In ac-
cordance with the approach to generating and detecting THz
waves, various types of THz RCS measurement systems have
been constructed, including solid-state THz systems, [®”] THz

(8-101 and THz time-domain spectroscopy

laser-based systems,
(THz-TDS)-based systems.!!!"'>] Based on different systems,
the RCS is measured on the scaled model, and a large scal-
ing factor is obtained in the THz band. Typically, the RCSs
of scaled models such as aircrafts, tanks and armored vehi-
cles have been obtained at a certain frequency in the THz
spectrum. (13-16]

However, in the THz band, most of the RCS measure-
ments are accomplished with the metallic model, without con-
sidering the dielectric material of a real target. There are still
practical problems in the scaled RCS measurement for objects
with dielectric coatings in the THz band. As is well known,
the microscopic interaction mechanism becomes complicated

fCorresponding author. E-mail: zengyang@nudt.edu.cn
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between the terahertz wave and the media, which leads to a
complex frequency response to the permittivity of the dielec-
tric materials. The dispersive characteristic of the dielectric
material is inconsistent with the scaling conditions provided
by the electrodynamic similitude. This inconsistency is in-
evitable and still a main problem in the scaled RCS measure-
ment in the THz band.

Some methods of solving the mentioned inconsistency
in the scaled RCS measurement have been proposed. Shi et
al.'"") and Shi!'8! proposed an empirical formula based on the
similarity theorem and dimensional analysis. According to
the empirical formula, the scale factor of RCS for lossy tar-
gets is given, by which the RCS of a complex lossy target can
be calculated in terms of scaled model testing. This formula
works well for materials with similar reflection coefficients,
while for reflection coefficients with obvious difference, the
inversion accuracy decreases sharply. By approximating the
RCS of the coated model, Liu and Zhang provided a scaled
method for targets with lossy coatings, which is called the re-
laxation similitude law.!'”) This method is used mainly for the
specular scattering of simple shapes, and the RCS inversion
accuracy is low for complex targets. According to the relax-
ation similitude law, Song and Zhang proposed the RCS pre-
diction method for objects coated by magnetized plasma via
scaled model using finite difference time domain (FDTD).[?"]
The effectiveness of the proposed method is proved by sim-
ple shapes such as sphere under certain conditions rather than
complex target. In order to deal with the inconsistency in the
scaled RCS measurement in visible and near infrared wave
bands, Wu proposed the scaled method for laser radar cross
section (LRCS), which requires the operating frequency to be
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unchanged.?!! Therefore, the material parameters can avoid
changing.

Another solution to the inconsistency caused by the dis-
persive material is to design the material with the same param-
eter as the prototype. By changing the salinity and temperature
of the simulated sea water, Zhao et al. constructed the permit-
tivity of sea water which satisfies the scale conditions.?* Ac-
cording to high-frequency approximation algorithm, Yuan et
al. proposed a method to design the scaled model with a plate-
shaped absorber in a wide frequency range based on the reflec-
tive loss (RL).[>3] By optimizing the parameters of each layer,
the RL of the scaled absorber is designed to be identical with
the RL of the theoretical scaled absorber, which satisfies the
scale conditions. Wei et al. designed the scaled absorbing ma-
terial with a scale factor of 100 at THz band by using the hy-
brid Ni@mica particle, which provides a promising candidate
to construct the scaled absorbing material.[**! Although the
designation of a certain material has been achieved, the scope
of application is limited. It is difficult to design the scaled ma-
terial for any absorbing material. Besides, the thickness of the
coating is comparable to the wavelength in THz band, which is
different from microwave band. This will change the variation
trend of the reflection coefficient along with incident angles.
For the existing scaled RCS measurement methods, the vari-
ation trend of the reflection coefficient is ignored, which will
lead to poor inversion precision in the scaled RCS measure-
ment in the THz band. Thus, the characteristic of reflection
coefficient should be considered for the RCS scale relation
between objects with dispersive dielectric coating in the THz
band.

Based on the high-frequency RCS prediction technique of
physical optics (PO),[?! a scaled RCS measurement method
for lossy objects is proposed via adjusting the reflection coef-
ficient dynamically. The method can achieve the inversion for
the RCS of the prototype with lossy coatings. The effective-
ness of the method is validated through simulations.

The rest of this paper is organized as follows. In Sec-
tion 2, the RCS of coated and PEC objects based on PO
method is firstly deducted. Then, the proposed method for
scaled RCS measurements on lossy objects is described in de-
tail. In Section 3, the simulation results are presented and dis-
cussed. Conclusions are drawn in Section 4.

2. Theories and methods

In this section, the relationship between the reflection
coefficient and the RCS is studied based on the theory of
PO. Then, the RCS scaling method for lossy objects is pro-
posed via dynamically adjusting the reflection coefficient cor-

responding to different aspect angles.

2.1. Algorithm of physical optics method

Physical optics is one of the most widely used high fre-
quency estimation methods for calculating RCS. According to
the Stratton—Chu formula, the complex RCS of a perfect con-
ductor under the far field condition can be written as

Vo = fj% /n x &, x by (i-8) ds, (1)

where é; is the unit vector of the receiving direction, fz,- is the
unit vector parallel to the magnetic direction, 7 is the unit vec-
tor of incident wave direction. § is the unit vector of scattering
direction, and the integral is conducted with respect to the il-
luminated surface.

Based on the theory of face integral proposed by
Gordon!>! and Zhuang et al.,'*! equation (1) can be regarded
as the sum of the complex RCS corresponding to each surface
unit. The complex monostatic RCS of unit surface S as shown
in Fig. 1 can be expressed as

g2ikirg N ” )ezjki‘rn sin (ka . a,,)

Vo=-—— Y (p-a, e
2/mtang =P k- an
where 0 is the angle included between 72 and %, p= :i;‘ , and
a,=b,—b, 1.
For the coated unit surface, the complex RCS can be writ-
ten as
2jkrg-i
€ 5 a2 A A2
RN il (AR C RO ]
N ~sin (k2 -
. k-3 Sm( 2 an)
x Y (é-a,)e —_—, (3)
n; (éx-an) ki-a,

where I'} and I| represent the reflection coefficientand € |, €
and é; denote the unit vector corresponding to different direc-
tions.

Fig. 1. Spatial position and local coordinate of facet S.

Comparing Eq. (2) with Eq. (3), the complex RCS of
coated target can be regarded as the result of the modulation
of the PEC target by dielectric coating material. On this basis,
the method of dynamically matching reflection coefficients is
proposed, which will be introduced in the next subsection.

2.2. Scaled RCS measurement method of dynamically
matching reflection coefficients

According to the electrodynamics similitude, the scaling
relation for RCSs of PEC target is straightforward. While for
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lossy targets, the dispersive characteristic of the material is in-
consistent with the scale condition. It is necessary to study the
scale relation between targets with different dielectric coat-
ings. The deduction for the complex RCS of coated target
suggests that the RCS of coated target can be regarded as the
modulation on PEC target by the dielectric coating. Thus,
separating reflection coefficient from the complex RCS of the
coated target is the key point to establishing scaling relation
between targets with dispersive dielectric coatings. As is well
known, the reflection coefficient is related to the incident an-
gle. For an arbitrarily shaped object which contains a variety
of facets, the angle included between normal direction and in-
cident direction is different from the scenario of the facets at
one illuminating direction. Based on the distribution of normal
directions of facets, the reflection coefficient is dynamically
matched under different aspect angle.

Taking the coated cylinder for example, the schematic of
the proposed method is presented in Fig. 2, where k; is the
vector of wave number corresponding to the incident wave; 6;

and 6, represent the angles included between the normal di-
rection and incident direction of different facets. As shown in
Fig. 2, 6 and 6, change with the incident direction, which is
the key to matching reflection coefficient with corresponding
facets. Taking an object with two kinds of facets for example,
the flow chart of the proposed method is shown in Fig. 3.

o<toi<nz W

91+92§ﬂ‘/2

E
E
=
E
=

Fig. 2. Schematic illustration of the proposed method.
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Fig. 3. Flow chart of the proposed method.

Firstly, the RCS measurements are conducted on both
scaled models. The \/Ocmode1 (6;) is the complex RCS of
the coated model, whose reflection coefficient is R;. The

Opmodel (6;) is the complex RCS of PEC model. Then the

facets’ distribution of PEC model is determined according to

{R1(91) R1(92)] {\/Tnl} _ { Gcmodel(ei):| @
1 1 \/Tnz Gpmodel (91') ’
where /Gpn; and /Gpn, represent the complex RCS of PEC
facets with normal vector of 7 and 7, respectively. Next,
based on the electrodynamic similitude, the facets distribu-
tion of the PEC prototype can be obtained by multiplying the
scaled factor s. Finally, substituting s and the reflection coef-
ficient R, into Eq. (5), the complex RCS of the prototype at
corresponding aspect angle can be obtained as follows:

[RZ (91) Ry (92):| [Sm:| — |: chrot(ei)] (3)
1 1 S\/Opny Opprot (1) |’

where R, is the reflection coefficient of the prototype’s coat-

ing; +/Ocprot () is the complex RCS of the coated prototype;
Opprot (i) is the complex RCS of the PEC prototype. The

RCS of coated prototype can be obtained according to

2
o-cprot(ei) =4-7-

Ocprot (6)

2
.(6)

— 45t ’Rz (61) \/Gon; +R2(62) \/Gpmy

The progress above describes the RCS inversion method for
objects which can be classified as two kinds of facets. While
the proposed method can also be applied to the objects with
multiple facets by extending Eq. (4) into Eq. (7):

Vv Gpnl
A% O-Pnz

Rin—1(61)
i 1 1 Gpn

_ V Oclmodel (91)

Oc2model (ei)

O¢(m—1)model (el)
L Opmodel (91 )

This can be applied to an object with m kinds of facets. The
validity of the proposed method is proved through simulation,

which will be presented in next section.
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3. Simulation experiments and results

In order to evaluate the effectiveness of the proposed
method, simulation experiments on coated SLICY model were
conducted, and the model is shown in Fig. 4.

Fig. 4. (a) Scaled model of SLICY corresponding to 800 GHz and (b) top
view of SLICY model and aspect angles in simulations.

In simulation, monostatic complex RCSs of the con-
structed PEC and coated SLICY models were calculated
respectively, by the commercial electromagnetic computing
software (CST Microwave Studio) through using the shooting
and bouncing ray (SBR) method. Two groups of simulations
were designed on models coated with different materials in or-
der to investigate the influence of reflection coefficients on the
inversion precision of RCS. The reflection coefficients of the
coatings in the first group, obtained from the prototype model
and the scaled model were similar. For the second group, the
reflection coefficients of the coatings were different from each
other obviously. For the SLICY model, the distributions of
scattering centers are different at different aspect angles. In or-
der to study the inversion precision of RCS corresponding to
different distributions of scattering centers, four azimuth an-
gles of ¢ (the angle between the incident plane and the plane
of XOZ) were chosen and RCSs corresponding to 6 (the an-
gle between the observation direction and z axis) in a range of
0°-180° at each ¢ angle were calculated in each group of the
simulation experiments. The geometric diagrams of different
aspect angles are shown in Fig. 4(b).

Based on the complex RCSs of the scaled PEC model
and coated model via simulation calculation, the RCS of the
coated prototype can be obtained as follows. Firstly, two
kinds of facets with mutually perpendicular normal vectors
were chosen, according to the dominant specular scattering
within aspect angles. Next, the reflection coefficients were
calculated based on the Fresnel’s formula corresponding to
different included angles between the facets’ normal vectors
and the incident direction. Then, substituting the reflection
coefficients, the complex RCS of coated model and the com-
plex RCS of PEC model into Eq. (4), the distribution of PEC
facets was obtained, and the complex RCS of coated prototype
at corresponding aspect angle could be calculated according to
Eq. (5). Finally, the RCS of the coated prototype was given by
Eq. (6). The inversed RCSs of the prototypes corresponding
to different coatings are shown below respectively.

3.1. Results of first group

The configuration of parameters is listed in Table 1, with
the geometric scale factor being 1:4. The reflection coeffi-
cients of the coatings on prototype and the scaled model are
shown in Fig. 5, which are calculated based on the Fresnel’s
law. The inversed RCSs of the prototypes are presented in
Fig. 6.

Table 1. Configuration for first group of simulations.

Characteristic Frequency Thickness

Group 1 . Permittivity
size (mm) (GHz) (mm)
SLICY model 56.25 800 1 5—:1
prototype 225 200 2 4-j2
Lo 900 GHz 42 2 mm |
- ——800 GHz 5-j 1 mm
0.8 e
0.6
& : : : :
0.2
Op R

0 20 40 60 80 100
()

Fig. 5. Amplitudes of reflection coefficients corresponding to prototype and

scaled model in the first group of simulations.

As shown in Fig. 6, the inversed RCS of the prototype
obtained in the proposed method is consistent with the calcu-
lated result, demonstrating the effectiveness of the proposed
method. Besides, the inversed results are compared with re-
sults obtained from the Shi et al.’s method, which also proves
the utility of the proposed method.
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O r——Cacuated rosults (a), 40 - — Calculated results | (b)f
— — Method in this paper — — Method in this paper!
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—401-
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Fig. 6. Inversed RCSs of prototype at 200 GHz corresponding to different aspect angles: (a) ¢ = 0°, (b) ¢ =90°, (c) ¢ = 180°, (d) ¢ =270°

in the first group of simulations.

3.2. Results of the second group

For the second group, the configuration of parameters is
listed in Table 2. As shown in Fig. 7, the reflection coeffi-
cients are obviously different from each other. Corresponding
inversed RCS results are shown in Fig. 8.

Table 2. Configuration for second group of simulations.

Characteristic Frequency Thickness

Group 2 . Permittivity
size (mm) (GHz) (mm)
SLICY model 56.25 800 1 4—_](.).1
prototype 225 200 2 4-j2
| | ——200GHz4-j22mm
1.0 i +800 GHZ 4-0. 1J 1 mm
&
0.4r
0.2F
or

0 20 40 60 80 100

Fig. 7. Amplitudes of reflection coefficients corresponding to prototype and
scaled model in the second group of simulations.

As shown by the results, the inversed RCS of the proto-
type obtained in the proposed method is consistent with the

calculated results in most aspect angles. While the inversed
results given by the Shi et al.’s method present obvious error
at certain aspect angles. The main difference between the pro-
posed method and the Shi et al.’s method lies in the approach
to approximating the reflection coefficient. In the Shi ef al.’s
method, the reflection coefficients of different aspect angles
are approximated as the n-th power of the specular reflection
coefficient. This approximation works well for reflection coef-
ficients with similar dependence on the aspect angle. However,
in the THz band, the wavelength is in the same magnitude as
the thickness of the dielectric coating, which leads the reflec-
tion coefficient to fluctuate obviously. For the method pro-
posed in this paper, the reflection coefficients of different as-
pect angles are determined by the distribution of facets, which
can improve the precision of the inversed RCS as shown in
Fig. 8. Comparison between the proposed method and the
method of Shi suggests that it is necessary to match the reflec-
tion coefficient based on the distribution of facets, especially
for materials with obvious fluctuated reflection coefficients in
the THz band. It is worth noting that the SLICY model is
composed of standard geometric shapes possessing specular
scattering centers, which is suitable for the proposed inversion
method of RCS based on PO approximation. Considering the
complicated scattering caused by the interactions between the
structure and the electromagnetic waves, the proposed method
needs further improving the adaptivity to objects with complex
structures.
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Fig. 8. Inversed RCSs of prototype at 200 GHz corresponding to different aspect angles: (a) ¢ = 0°, (b) ¢ =90°, (c) ¢ = 180°, (d) ¢ =270°

in the second group of simulations.

4. Conclusions and perspectives

In this paper, a scaled RCS measurement method is pro-
posed based on the high-frequency estimation method of PO.
Through dynamically matching the reflection coefficients ac-
cording to the distribution of the facets, this method can
achieve the inversion of RCS for the lossy prototype with high
precision. By comparing with Shi ef al.’s method, the validity
and advantage of the proposed method is demonstrated, espe-
cially for lossy objects whose reflection coefficients are obvi-
ously different in the THz band. This method will extend the
application of scaled RCS measurement on lossy objects in the
THz band, which will further promote the study of the object’s
scattering characteristic in the THz band.
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