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ABSTRACT

Aiming at the large-scale application of metasurface in the field of radar stealth, we present a hybrid resonance-based and dispersion sub-
strate integrated checkerboard metasurface (CMS) for reducing the radar cross section (RCS) of flat metallic targets. Considering the fre-
quency-dependent characteristics of such a dispersion material, a pair of single and dual resonant artificial magnetic conductor meta-atoms
with the modified “crusades-like” cell topologies is employed to maximize the operating bandwidth; besides, a comprehensive and thorough
investigation on the resonance mechanism is conducted in this paper to provide an intuitive physical insight of meta-atoms’ reflection
responses. By comparing the predicted results with simulations, the quasi-periodic effect is introduced to explain the frequency shift of =
10 dB RCS reduction bandwidth. In the implementation procedure, a prototype of the designed RCS reducer with a total dimension of g
180 x 180 mm? is fabricated and measured, the 10 dB RCS reduction bandwidth of theoretical simulation and experimental measurement
are basically consistent, and the performance improvement of 8 dB RCS reduction in the experimental results can be attributed to the dis-
persion effects of the dielectric substrate. With a better figure of merit, our efforts may serve as a useful exemplar for the economical CMS
architecture in radar evasive applications.
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. INTRODUCTION with the advent of metamaterial and metasurface (MS), the means
of regulating electromagnetic (EM) waves have become more flexi-
ble and abundant.”™ With regard to reducing the RCS for metallic
targets by using these novel devices, the methods can be classified
into four main types: absorption,'””"’ diffusion,'* hybrid
absorption-diffusion,'>'® and anomalous reflection.' """

The rapid development of intelligent information technology
has led to continuous innovation in the radar detection system and
prompted the stealth performance of military platforms to receive
widespread attention. Generally, the radar cross section (RCS) is
used as a quantitative measure to characterize the stealth capabili-
ties of targets against the radar waves. According to the radar range Relying on the anomalous reflection, checkerboard metasur-
equation,’ when the RCS of a specified object decreases by an face (CMS) is one type of MS used for RCS reduction that features
order of magnitude, the maximum detection distance of radar will a short design cycle,t easy on-chip fabrication, and many other
shrink to 1/4/10 of the original. Conventionally, there are two advantages. In 2007, Paquay et al, for the first time, utilized an
mainstream strategies for reducing the RCS of targets; coating artificial magnetic conductor (AMC) in coordination with a perfect

radar absorbing materials and shape optimization.” However, these electric conductor (PEC) to create a checkerboard-patterned MS
designs either are bulky or affect the aerodynamic properties of the ~ for reducing the backscattered EM energy of the targets. Based on
aircraft, which is defective in practical applications.” Fortunately, the principle of destructive interference, this type of low
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backscattering EM modulation device exhibits a high RCS reduc-
tion at the resonance frequency; and it does not need to improve
performance by compromising the thickness of the structure the
way Salisbury screens do.””' Nevertheless, the CMSs constructed
by the AMC-PEC combination suffer from narrow RCS reduction
bandwidth due to the relatively narrowband characteristics of the
early-stage AMC elements. To overcome this drawback, in 2011,%
an AMC-AMC type of CMS was proposed by Cos et al., which
provides a broader bandwidth than a PEC-AMC pair. In the subse-
quent literature, researchers were committed to stretching the RCS
reduction bandwidth by introducing different AMC unit cells.””~*°
According to the previous works, a majority of the early-stage
CMSs that are used for RCS reduction have adopted the single res-
onant AMC structures; however, due to the nonlinear relationship
between the operating frequency and the reflection phase, it is diffi-
cult to keep the phase curves of the AMC elements parallel to each
other in the wideband regime. Therefore, the multiresonant AMCs
were applied to broaden the monostatic RCS reduction bandwidth,
recent studies deliver evidence that the CMSs assembled by the
multiresonant elements in combination with the single resonant
elements are better candidates for applications in wideband RCS
reduction.”” " In addition, following the antenna array theory, a
phase difference ranges from 143° to 217° between the elements
that enabled the realization of 10 dB RCS reduction has been pro-
posed earlier in 2009.”' Subsequently, the systematic analysis and
validation of the phase deviation requirement of 180° +37° for a
backward-scattering reduction of 10 dB was carried out by Chen
et al. in 2015.”* Since then, the RCS reduction method that com-
bines the conventional phase deviation condition with hybrid
CMSs composed of single- and multiple-resonant AMC unit cells
has continuously emerged in the literature; and remarkable pro-
gress has been achieved.””® According to the analysis of these
efforts, when exploiting such a structure to accomplish the low
backscattering characteristics of the reflective-type MS, the custom-
ary design procedure involves searching for the specified structures
with unity reflection amplitude and equidistant phase deviation
over the entire operating bandwidth where RCS reduction is to be
achieved. However, these design guidelines are often difficult to
balance due to the presence of ohmic and tangent losses for the
dispersion medium (e.g., FR4). In other words, the fundamental
causes of this phenomenon can be explained by the EM parameters
of the dielectric substrate that are not only closely related to its own
industrial composition (i.e., the resin content or the glass weave
style), but are also influenced by the test frequency.

In this paper, we proposed a typical CMS for broadband
monostatic RCS reduction; for the sake of generality, the two
designed AMC unit cells with single and dual resonant characteris-
tics are constructed using the low-cost FR4 material. Due to the
inevitable resonance losses, the reflection amplitudes of the
meta-atoms cannot be approximated as 1 in the working band and,
therefore, the phase difference of 180°+ 37° is properly adjusted to
maximize the bandwidth of 10 dB RCS reduction. The simulation
and experimental results validate that the proposed CMS can
reduce the backward scattering under normal incidence for 10 dB
with a fractional bandwidth (FBW) of > 65.6%. The simulations
match well with the measurements in the frequency range of
8-13 GHz, the disagreement observed in the frequency ranges of
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13-15.5 and 16-18 GHz, which results in an approximate 77% frac-
tional bandwidth (FBW) for the 8 dB RCS reduction, can be attrib-
uted to frequency dispersion of dielectric. In addition, the
quadruple symmetrical elements lead to better polarization insensi-
tive properties of the proposed CMS. This paper provides a good
reference for future research on the low-cost CMS design.

Il. MECHANISM AND CONFIGURATION DESIGN OF THE
LOW-RCS CMS

A. Mechanism analysis

In general, for an arbitrary reflective-type MS element illus-
trated in Fig. 1(a), its response properties to the external EM excita-
tion play a vital role in the field of wavefront modulation. For the
natural materials, the permittivity € and permeability u as intrinsic
parameters of the substance can fully describe the dispersion prop-
erties of the material, but they cannot intuitively show the struc-
tural properties of the MSs in response to the EM waves. Therefore,
the artificially synthesized subwavelength textured surfaces are
usually equivalent to a layer of EM impedance surface, when the
EM wave is coupled to a discontinuous part of the surface, it will
lead to the accumulation of polarized charges on the boundary,
resulting in an equivalent capacitance, and when the EM wave is
coupled to a continuous part of the structure, the surface conduc-
tive current flow will continuously flip according to the electric
field polarization, thus forming an equivalent inductance.
Ultimately, the LC resonant circuit composed of inductor L and
capacitor C in series or parallel can clearly demonstrate the reso-
nance relationship between the MS structure and the EM waves.
Based on the above analysis, the mechanism model for the interac-
tion between EM waves and MS can be explained through a semi-
infinite length transmission line (TL),”” as shown in Fig. 1(b).

In this model, a section of TL with distance R and intrinsic :

impedance Z,= 377 Q represents the free space.’® The other section
of TL with short circuit at the end represents the metal-backed
dielectric spacer of the MS; notably, for the dispersion medium
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FIG. 1. (a) Schematic diagrams of the reflective-type MS element, yellow color
indicates the metal, and green color indicates the dielectric substrate. (b) The
mechanism model for the interaction between EM waves and MS.

(b)
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(e.g., FR4), the characteristic impedance, Z., of this piece of TL
with a length of d is usually frequency-dependent. The impedance
Z, connected in parallel between the two TLs symbolizes the top
layer metal patch. Z; is the impedance by the shorted TL, which is
expressed as Z; = —jZ¢ tan Bd, where 8 is the phase constant of
the incident wave. If the MS of this sandwich structure is consid-
ered a whole, the complex impedance of the termination load in
the TL model can be expressed by Z; = R+ jX; and Z; = Z; || Zg.
According to the TL theory, the reflection coefficient I'; at the ter-
minal, which represents the mismatch between Z, and Z;, can be
obtained by the following equation:””

L —Zy R —Zi+ X} 2Xi7Z,

— = + (1)
L2 R+ZP+X TR+ Z0) + X

1

Using amplitude-phase representation, the reflection coeffi-
cient can be abbreviated as I'; = |I'j]e*/®, where the reflection
amplitude and phase are calculated by’

(R — Zy)* + X?
M| = | L, @
(RI+Z0) +X1

2X1Z, )

— 3
R+X -2 @)

o = arctan<

After getting these two key regulatory factors, the principle of
employing CMS to reduce the backscattering energy is that the
scattered field will cancel and generate different scattering patterns
when the specified reflection phases are arranged in a checkerboard
grid. The physical mechanism behind this destructive interference
behavior between the reflected EM waves can be explained by the
antenna array theory. Considering a 2D planar array of MS with
M x N meta-atoms under normal incidence, the scattering field
E*(0, ¢) can be expressed as the product of element pattern f(6, ¢)
and array factor AF (6, ¢) where 6 and ¢ are the elevation and
azimuth angles of the reflected waves. In most cases, the beam-
width of element pattern is wide enough; therefore, we can get the
radiation properties of the MS array directly by investigating the
array factor and neglecting the influence of the element pattern
when the number of elements is large. As for the array factor, the
common representation is defined as’

M N jlko sin 8(cos ¢ -md,+sin @-ndy)+@,, ,1
AF(0, ¢) = Zm:l Zn:l Amne ’
“4)

where A,,, and ¢,,, are the reflection amplitude and phase of the
(m, n)th element in the array, respectively. ky denotes the wave-
number vector. dy; and d, are the spacing between the elements
along x- and y-directions. For an arbitrary binary MS under
normal incidence, the array factor in the backward direction
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(6=0°) can be simplified as

M N
AF 6, )lig=0y D 0y D

Specially, when the MS is specified as a CMS with an equal
number of elements “0” and “1,” the reflection coefficient of the
entire surface can be approximated by the average value of the two
types of elements; therefore, the array factor can be further reduced
to the following equation:

) Am’newm,n. (5)

Ay e/ 4 A,y - eon

2

AF(0, @)l (g—g-) = ) (6)
where A, and ¢, are the reflection amplitude and phase of both
elements.

The monostatic RCS reduction of the MS compared to an
equal-sized metal plate is defined by

o =101 |E5‘2
raus) = 10 log s (7)

where E' is the incident electric field, which is usually normalized
to 1 and E° represents the scattered electric field. Combining the
above two equations, the RCS reduction of CMS can be approxi-
mated by”*

A ef®0 1 A, - efen]?
2

, (8)

O (CMS) = 10 log

where the reflection amplitudes A,y and A,; are usually unity in
most designs that employ a dielectric material with relatively low
loss as the supporting substrate; therefore, to achieve the RCS

reduction of 10dB or more, the phase deviation between the two :

elements is required to be maintained within the 143°-217°
range.29 In addition, it is worth emphasizing that Eq. (8) can
provide an efficient method to quickly predict the performance of
RCS reduction for the designed CMS, by neglecting the mutual
coupling between the adjacent elements and edge effects. However,
this guideline for RCS reduction fast estimation is obtained on the
basis of certain simplifications and approximations (e.g.,
A,y = A,y = 1), which is not particularly applicable in the low-cost
lossy FR4 substrate applied in our work. That is to say, the phase
deviation for theoretically predicting the frequency range of 10 dB
RCS reduction needs to be modified appropriately to cater the
increased bandwidth due to the substrate loss.'””*" In the following,
two different AMC elements with single and dual resonance are
designed to achieve the phase deviation criterion that satisfies the
10 dB RCS reduction over a wide frequency range.

B. Configuration design of the low-RCS CMS

The typical CMS is one type of MS consisting of two kinds of
counter-phase elements arranged in a chessboard-like manner. The
structure of the elements is usually composed of three parts:
the top layer metal patch, the middle layer dielectric spacer, and
the bottom metallic backplate. As an essential component of a
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reflective-type MS structure, the metallic backplate tends to be con-
structed with a thin layer of copper, which means that it does not
require excessive attention during the design process. The interme-
diate dielectric interlayer and the top metal patch are the key
aspects that need to be considered. In the previous theoretical anal-
ysis, the EM parameters and thickness of the dielectric substrate
determine the value of impedance Z;, and the shape and size of the
metal patch determine the value of impedance Z,, by connecting
the two impedances in parallel, the input impedance of the MS
(ie., the load impedance Z;), which is closely related to the reflec-
tion coefficient, can be obtained. In some designs with low-loss
dielectric substrates, Z; can be obtained directly by means of ana-
lytical calculations.”' However, it is difficult to summarize a gener-
alized equation for solving Z, due to the ever-changing geometries
of the metal patches according to different design purposes.
Moreover, the frequency-dependent characteristics of the disper-
sion mediums will also cause the theoretical calculations to deviate
from the actual values. Consequently, the method of reverse acqui-
sition for structure parameters based on expected S-parameters and
analytic equations is often difficult, especially in some designs with
low-cost and lossy FR4 substrate.

In this paper, the configuration design of the two adopted
AMC elements is carried out by a “forward enumeration” method,
i, the parametric sweep function of CST Microwave Studio,
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which enables a convenient and efficient execution of several simu-
lations with different structure parameter values. Before perform-
ing such an operation on the structure of the meta-atom, a basic
element of MS should be predefined. Inspired by the crusades-like
pattern,42 Fig. 2(a) gives the 3D structure of the original element
to be optimized, the periodical dimension (p) of which is 7.5 mm,
and the thickness of the dielectric spacer (t) is 3 mm. The metallic
pattern and backplate are copper with a thickness of 0.036 mm
and conductivity of 5.8 x 107 S/m.”” The employed dielectric sub-
strate is FR4 material with a relative permittivity of 4.3 and a loss
tangent of 0.025. The variable dimensional parameters are wy, w»,
w3, I1, and b, respectively. In the simulation, the periodic boun-
dary conditions are assigned to the lateral walls of the element;
and the Floquet port is placed at 10 mm distance (about 0.36 A at
11 GHz) from the top surface of the structure to extract the reflec-
tion coefficients of meta-atoms under the vertical illumination of
a plane EM wave. Noteworthily, for normal incidence, two types
of linear polarizations can be excited; however, the fourfold sym-
metrical meta-atom makes these excitations essentially identical.
Therefore, only the electric field along the x-direction (corre-
sponding to the TM00 mode) was considered during the geome-
try optimization of the metal patches. Figures 2(b) and 2(c)
present, respectively, the reflection amplitudes and phases of the

initial meta-atoms with variable dimensional parameters
200
fg 1001
g 0
=7
% -100-
£
g -200 A
g o] M 2
% - T —=—#3 ——#4
& 400 4 #5 —<—#6
—>—H#7 ——#8
-5001 ——#9
2 4 6 g8 10 12 14 16 18 20
Frequency (GHz)
©)

FIG. 2. (a) Schematic of the original element to be optimized. [(b) and (c)] The reflection amplitudes and phases of the initial element with different geometry parameters.
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TABLE 1. Variable dimensional parameters in millimeters.

Parameter wl w2 w3 11 12
No. 1 2.0 0.5 2.7 5.5 2.7
No. 2 0.5 0.5 2.5 2.0 2.5
No. 3 1.0 0.5 2.5 7.0 2.5
No. 4 0.5 1.5 2.5 7.0 2.5
No. 5 0.5 0.5 1.0 3.0 1.0
No. 6 0.5 1.5 1.0 1.0 1.0
No. 7 1.0 0.5 2.0 5.0 2.0
No. 8 2.5 0.5 1.5 1.0 1.5
No. 9 1.5 0.5 1.5 4.0 1.5

enumerated in Table I. It is observed that elements 1, 2, 6, and 9
feature single resonance, while elements 3, 4, 5, 7, and 8 exhibit a
dual resonant behavior. Furthermore, the inverse increased reso-
nance peaks, as shown in Fig. 2(b), will contribute to the expan-
sion of RCS reduction bandwidth. From Fig. 2(c), it is also found
that the decrement in patch area or spacing can provide a blue-
shift in the reflection phase response. Meanwhile, for these dual
resonant elements, the quality factor (Q) at the resonant frequen-
cies exhibits, respectively, a decreasing and increasing trend in the
frequency range of 2-11 and 11-20 GHz, as the patch geometry
varies. Where element 5 with the minimum patch area and
maximum patch interval experienced a sharp decrease in the
phase response from 18 to 20 GHz due to its higher Q value.
Since this high Q value and rapid phase-decreasing phenomenon
will reduce the bandwidth of RCS reduction, therefore, to achieve
the wideband performance of scattering reduction, the optimal
metallic pattern pair should be equipped with different low Q
values.’

According to the abovementioned analysis, and under the
premise of ensuring the phase deviation of 180°+37° for 10dB
RCS reduction covers a wider frequency range, the elements with
in-phase and out-of-phase reflections around the center frequency
of 11 GHz (i.e., no. 2, no. 7) are selected to construct the proposed
CMS in this paper. The comprehensive comparison of the reflec-
tion coefficients and Q values between the two AMC elements can
be found in our previous work.** Based on the results, it can be
inferred that the phase deviation between these two AMC
meta-atoms is well maintained around the angular range of
143°-217° from 7.6 to 15.5 GHz. The slight phase deteriorations of
this phase deviation criteria (180°+37°) are neglected due to the
substrate loss. Additionally, it is noted that the simulated cross-
polarization reflection coefficients of the chosen elements are both
lower than —50 dB under the normal incidence of TM wave; there-
fore, only the co-polarization reflection coefficients are concerned
in this paper.

Figure 3(a) illustrates the construction of the checkerboard
combination from the two types of elements, which consists of
6x6 AMC group cells, and each group cell contains 4 x4
meta-atoms. The overall dimensions of the designed CMS are
180 x 180 mm?>. Here, it is worth mentioning that, under normal
incidence, the number of meta-atoms comprising one AMC
group cell does not affect the RCS reduction performance of the
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FIG. 3. (a) 3D configuration of the proposed CMS. (b) Array factor of CMS with
group cell composed of 4 x 4 meta-atoms. (c) Array factor of CMS with group
cell composed of 12 x 12 meta-atoms.

proposed CMS along the z-direction. However, it determines the
elevation and azimuth angles of the maximal scattering fields in
the backward direction, which can be calculated by the general-
ized Snell’s law or the antenna array theory." Specifically, analysis
from the anomalous reflection, we assume that the phase differ-
ence of 180° between the two meta-atoms was obtained at a
certain frequency (e.g., 10 GHz), combining Eq. (11), it is known
that the position of the four scattered mainlobes can be controlled
by the dimension of the AMC group cell. In this paper, the
designed elevation angles of the four mainlobes are 45°; therefore,
the dimension of the group cell is 30 x 30 mm?* Under the same
assumptions, the calculated array factors of equal-sized CMSs
with group cell composed of 4x4 and 12 x 12 meta-atoms are
given in Figs. 3(b) and 3(c), as it can be seen, the reflected main-
lobes will gradually approach the normal position with the
increase in AMC group cell dimension. Such evidence proves that
the group cells containing 4 X 4 meta-atoms have better perfor-
mance for reducing the monostatic and bistatic RCS of flat metal-
lic targets.
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I1l. SIMULATION AND ANALYSIS

A. Physical interpretation and analysis of meta-atoms’
reflection characteristics

To understand more intuitively about the physical mechanism
behind the reflection characteristics of the two AMC meta-atoms,
the elements’ reflection coefficients have been examined in this
part from various perspectives.

First, the normalized Smith Chart is introduced to further
demonstrate the meta-atoms’ reflection characteristics, as shown in
Figs. 4(a) and 4(b), it is obvious that meta-atom I features only one
magnetic resonance at 10.8 GHz, while meta-atom II exhibits,
respectively, two magnetic resonance points and one electric reso-
nance point at 7.1, 15.8, and 11.6 GHz. The in-phase (or
out-of-phase) reflections correspond to the resonant points of the
meta-atoms, beyond which the surface impedance becomes capaci-
tive (or inductive). Furthermore, for these magnetic resonances, the
real part of the equivalent surface impedance reaches a maximal as
the imaginary part approaches zero, indicating that the proposed
meta-atom has the properties of a perfect magnetic conductor; sim-
ilarly, for the electric resonance, both the real and imaginary parts
of the equivalent surface impedance are simultaneously close to
zero, meaning that the meta-atom acts as an electric dipole. The
magnitude of real part of the corresponding impedance at magnetic
resonance points determines the extent of dip in reflection ampli-
tudes, in other words, the gradually decreased real part of equiva-
lent surface impedance results in Z; becoming closer to Zj, which
enables more EM energy to penetrate the meta-atom and leads to
an increased dielectric loss. The approximately 0.3 dB of return loss
of meta-atom II at the electric resonance point (11.6 GHz) is origi-
nated from the ohmic loss of the FR4 material.

The subsequent investigations focus on the current distribu-
tion of meta-atom II due to its presence of both magnetic

S-Parameters (Impedance View)
1.0j

o2 GHz
©20 GHz 0.5j

,Thductiye /S"urfacq B _ .
Impedance >~

\ A7

. Capacitive Surface /
*.Impedance’ T

0
@

010.8 GHz AMC Meta-atom I

ARTICLE pubs.aip.org/aip/jap

resonance and electric resonance. Figures 5(a)-5(c) depict the
surface current distribution of meta-atom II under the normal inci-
dence of y-polarization at the three resonant points mentioned
above; additionally, the phase distributions of H-field’s
x-component under different profiles are also plotted in the figure
to give a more complete physical comprehension. From Figs. 5(a)
and 5(c), it is manifested that the surface current flows in the oppo-
site directions on the top and bottom metallic components of the
meta-atom, and these anti-parallel currents can build a looped field
around the incident magnetic field, thus creating a strong magnetic
resonance. This effect produces a surge in the magnetic permeabil-
ity and leads to a higher equivalent surface impedance of the
meta-atom compared to the impedance of free space, thus making
the meta-atom performs as a high impedance surface with zero
reflection phase at the resonant points of 7.1 and 15.8 GHz.
Correspondingly, the phase distribution of the x-component of the
induced magnetic field in XY (at Z=-3.035) and YZ (at X=0)
planes reveals that the direction and magnitude of the magnetic
field in the dielectric substrate are basically the same; therefore, by
applying the boundary conditions of tangential magnetic field on
the metallic surface, it can be inferred that the currents on the
bottom metallic backplate will also be uniformly distributed when
magnetic resonance occurs. The main difference between the two
types of magnetic resonance lies in the current distribution on the
top layer metal patch. As can be seen from Figs. 5(a) and 5(c), the
current originally located at the peripheral trapezoidal structures of
the patch is switched to the central square metal sheet when the
resonant frequency rises from 7.1 to 15.8 GHz. This phenomenon
reduces the resistance of the current flow on the patch due to
which the equivalent surface impedance of the meta-atom
decreases from 15 (at 7.1 GHz) to 6.4 (at 15.8 GHz). Comparing
the current distribution diagrams of electric resonance and the two
types of magnetic resonance, as shown in Fig. 5, it is found that
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FIG. 4. Reflection coefficient of the AMC elements in Smith Chart. (a) AMC meta-atom I. (b) AMC meta-atom |I.
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FIG. 5. Distribution diagrams of surface current and phase of the induced H-field's x-component of meta-atom Il under the normal incidence of y-polarization. (a) At
7.1 GHz. (b) At 11.6 GHz. (c) At 15.8 GHz. The yellow and blue arrows represent the directions of the current flow on the top metal patch and bottom metallic backplate,

respectively.

when electric resonance occurs, the currents distributed on the
bottom metallic backplate become feeble due to the nearly
out-of-phase magnetic field distribution in the dielectric spacer.
The parallel current distributions on top and bottom metal parts
capable of producing electric dipole resonances do exist; however,
they are not apparent. Considered from another point of view, the
incident EM waves can be reflected directly into the free space after
impinging on the top metal patch, and thereby the losses in the
middle layer dielectric spacer can be ignored during the electric res-
onance at 11.6 GHz.

Following the foregoing discussion, we also explored the mag-
nitude and phase distributions of the E-field’s components at a dis-
tance of 0.0l mm from the surface of meta-atom II at 7.1 and
15.8 GHz, as illustrated in Fig. 6. It is clearly shown that the magni-
tude of E,-components (i.e., the cross-polarized components) at
both resonant frequencies is significantly reduced in the principal
planes due to the out of phase cancellation property of the
meta-atom itself. The normal components, E,, are shorted out on
the bottom metallic backplate. Furthermore, the changes in the dis-
tribution of E,-components (i.e., the co-polarized components) at
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the two resonant points indicate that the source of the EM coupling consistent with those of the E,-components plotted in Figs. 6(b)
is transformed from the outside of the metal patch to its inner and 6(e), the losses at 7.1 and 15.8 GHz are mainly originated from
region, which exactly corresponds to the variation of current distri- the dielectric loss of FR4.

butions demonstrated in Figs. 5(a) and 5(c). The weakened mutual
coupling between the adjacent elements as shown in Fig. 6(e) can

be attributed to the element spacing (2.5 mm) being larger than B. RCS reduction performance analysis of the

0.25 wavelengths in the dielectric (2.3 mm)." proposed CMS
In the end, we plotted the power loss of the meta-atom at the The transmission line matrix (TLM) based time-domain (TD)
two magnetic resonance points as shown in Figs. 7(a) and 7(b). It solver of CST software is adopted to evaluate the RCS reduction

is obvious that the changes in the distribution of energy loss are performance of the proposed CMS. In the simulation setup, the

@ 7.1 GHz
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8
FIG. 6. The magnitude and phase dis- &
tributions of the E-field's components 5
at a distance of 0.01mm from the
surface of meta-atom Il at 7.1 and
15.8 GHz. [(a) and (d)] Ex-component.
[(b) and (e)] E,-component. [(c) and
(f)] E;-component.
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o
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FIG. 7. The power loss distributions of meta-atom Il at the two magnetic reso-
nance points. (a) 7.1 GHz. (b) 15.8 GHz.

“open add space” boundary condition is loaded on all sides of the
metasurface; besides, to improve the accuracy of the simulation, a
local mesh refinement is applied on the top layer metal patch.
Figure 8 depicts the simulated monostatic RCS curves of the
designed CMS and the reference PEC surface for TM polarized
wave normal incidence. It is observed that the co-polarized RCS
curve of the CMS features two valleys located at 8.56 and
11.15 GHz, respectively, and the cross-polarized result with the
maximum value below —24 dBsm throughout the whole band-
width can be neglected in comparison with the reference PEC
surface.

The simulated monostatic RCS reduction for normal-
incidence excitations is compared with the predicted results
based on Eq. (8), as shown in Fig. 9. Data from the simulation
show that the proposed CMS is capable of achieving more than
10dB RCS reduction over the frequency range of 8.1-16 GHz,
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FIG. 8. The simulated monostatic RCS results of the designed CMS and the
reference PEC surface for TM polarized wave normal incidence.
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FIG. 9. The simulated and predicted backward-scattering RCS reduction for the
designed CMS under normal-incidence excitations.

which exhibits a trend of rightward movement from the fre-
quency range of conventional phase deviation criteria for 10 dB
RCS reduction (7.6 to 15.5GHz); this phenomenon can be
ascribed to the fact that the full-wave simulation based on TD
solver considered the real mutual coupling, and actual reflection
amplitudes of the meta-atoms rather than assuming them to be
identical and equal to 1. The peak locations of RCS reduction in
the two predicted curves are basically consistent, indicating that
the destructive interference between the reflected EM waves is
the main reason for the generation of RCS reduction. The swing

of meta-atoms’ reflection amplitudes from —-2.73 to —0.13dB :
(Fig. 2) due to the substrate loss can be detrimental to this ;

mutually canceling effect, which, however, enables the prediction
to better approximate the simulation. The frequency shift of the
maximum peak value of RCS reduction between simulation and
prediction is caused by the periodic assumption in the simula-
tion of reflection phase that does not take into consideration the
exact surroundings of the meta-atom in a real quasi-periodic
array (i.e., the designed CMS),"" thus leading the designed phase
difference between meta-atom I and II to deviate from the prac-
tical one.

The bistatic 3D scattering patterns between the proposed CMS
and the equal-sized PEC surface under normal incidence are com-
pared in Fig. 10 at 8.56 and 11.15 GHz, respectively. It is observed
that the backward scattering of the CMS is much lower than that of
the equal-sized PEC surface. The RCS reduction occurs because the
single mainlobe originally reflected by the metal plate is redirected
into four mainlobes after the reflection by the designed CMS. The
elevation and azimuth angles of these mainlobes with equal magni-
tude can be calculated using the following equations:**

\/ (V@) + (VO,)°
©9)

By ’

0 = arcsin
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y-directions, S, = 2zf/c represents the phase constant in free
space, and f is the operational frequency. For CMSs in this paper,
we have V@, = V@, = @45/L, where @ is the phase difference
between the two AMC elements and L represents the physical dis-
tance of the AMC group cells. Thus, the above two equations can
be simplified as

V2 Py
6= in|l————|, 11
arcsin 360 Ly (11)
¢ = 45°, 135°, 225°, 315° . (12)

Corresponding to the 3D scattering pattern of CMS at
11.15GHz [Fig. 10(d)], Fig. 11(a) gives its 2D results based on
TD-solver for a more intuitive presentation of the angular informa-
tion of the RCS pattern. The four scattered mainlobes are observed
at @ = 45°, 135°, 225°, 315°, which are completely consistent with
273 the theoretical calculations, their angles of elevation are all 38°. In
Theta ’ addition, using the analytical expression (11), the predicted rela-
tionship curve between theta value (6) and the electrical length of

FIG. 10. Comparison of the bistatic 3D scattering patterns between the pro- L is plotted in Fig. 11(b). Here, it is worth noting that the @ is

posed CMS and the same dimension of PEC surface under normal incidence at obtained based on Floquet’s theorem, which automatically consid-
different frequencies. [(a) and (c)] For PEC surface at 8.56 and 11.15 GHz. [(b) ers the mutual coupling between meta-atoms with periodical boun-
and (d)] For the proposed CMS at 8.56 and 11.15 GHz. dary conditions. Combining Fig. 10 and the analytical curve, it can

be inferred that the four mainlobes become narrower and are close

to the normal direction as the electrical length of AMC group cell §
increases. The 45° elevation radiation not only appears at the 2
maximum RCS reduction position of L = A, but also can be gen- %
@ = arctan Vo, (10) erated at the other value of L/4y as marked in the curve. The angle 8
vVo,’ error of 4 degrees between the TD simulation and the analytical &
prediction at L/Ag = 1.115 can be attributed to the change of @4 3
where V@, and V@, are the 2D phase gradients along the x- and due to the quasi-periodic effect. S
60 Analytical
= Simulation
50
g) 540
> &
2 330
§ 8 (1)[0.75, 45°]
= =201 @)[10,45°]
(3)[1.115, 38°]
10+ (4)[1.115, 34°]
oL O[L18145]
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FIG. 11. (a) The bistatic 2D RCS pattern of the proposed CMS under normal incidence at 11.15 GHz. (b) The predicted relationship curve between theta value and the
electrical length of the AMC group cell.
J. Appl. Phys. 134, 044902 (2023); doi: 10.1063/5.0154916 134, 044902-10

Published under an exclusive license by AIP Publishing


https://pubs.aip.org/aip/jap

Journal of

Applied Physics

0
TM polarization
54 e\
g -104 1‘ \ 'IA‘\ I,\‘\ ’/\‘
g A N \'\/h'\ AL A
e A A AN IR AN SRV
n -15- VAR YR TANVATER NP \\' \ AR
$) [ AR VA BRI AR W AN
4 o 1 \ ,\” !;\i i \,/I A
o 201\ o | Y ¥
g IRV | AR i H :
osPl
2 Vino P
o 304 i / i
=20 | Tl
! : 1 1
351 - 0= -60° - 0=-30° <6ii
404 - =300 e 0= 60° o
8 10 12 14 16 18
Frequency (GHz)

@

ARTICLE pubs.aip.org/aip/jap
0 . .
TE polarization
=54 N /_‘
’é‘ [V \ ,’\\
7 | Vo
3 -101 Nl A
= i A ~
[T - n /
-154 i \ iy ~ N
8 15 A A \ i \ A aua oy
~ -ZO-X\L.X'\‘ NN VTR
Q .]\ i A (VAR AvE|
= VAN S .'\)\. PR AV TN
8 15 \iu]i‘:’\/ M N AN VAR AV
g BN Y WYY
i i I
g 30 ! TR
= i Y H
359 ----- 0=-60° i~ 0=-30° gﬁi
40] - 6=30° e 6= 60°
T T T T T T
8 10 12 14 16 18
Frequency (GHz)
(®)

FIG. 12. The simulated monostatic RCS of the designed CMS under oblique incidences for (a) TM and (b) TE polarizations.

The simulated monostatic RCS of the designed CMS under
oblique incidences for TM and TE polarizations are provided in
Fig. 12. The result curves of 8; = +30° (or +60°) match perfectly,
as expected. For oblique incidences, both the wave impedance of
free space and surface impedance of the CMS vary with the angle
of incidence, and the formulas that describe their changing correla-
tions are distinct depending on the polarization mode. As a result,
the reflection phase of meta-atoms as well as the RCS of the pro-
posed MS will no longer maintain the consistent results like the dif-
ferent polarized normal incidences. In addition, the monostatic
RCS results are constantly below —10dBsm except for the fre-
quency range of 10.3-11.3 GHz in TM mode and 9.6-12.1 GHz in
TE mode, indicating that more than 90% of the incident EM

energy are scattered to the free space in the form of Oth-order and
Ist-order reflections. The maximum monostatic radar range of the
CMS with oblique incidence is shrunk to less than 0.37 times com-
pared to the PEC surface with normal incidence from 7 to 19 GHz.
Figure 13 shows the simulated mirror bistatic RCS reduction
of the proposed CMS under the TM- and TE-polarized oblique
incidences. When the incident angle 6; = 15°, the bandwidths of
10 dB RCS reduction for both TM and TE polarizations are slightly
shrunk from that of the normal incidence. For the TM polarization,
as the angle of incidence is increased, the RCS reduction perfor-
mance deteriorates gradually at the higher frequencies, while

remaining stable in the x band for the incident angles up to 45°. :

For the TE polarization, the performance of RCS reduction

TM polarization
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FIG. 13. Bistatic RCS reduction of the proposed CMS under the (a) TM- and (b) TE-polarized oblique incidences.
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FIG. 14. The photograph of the fabricated prototype and the measurement
setup.

presents a diametrically opposite situation from that of the TM
case. In other words, the sum of the space phase delay and the
phase difference between the two AMC elements under oblique
incidence are more likely to deviate from the phase deviation crite-
ria of 10 dB RCS reduction at higher frequencies for the TM polari-
zation and at lower frequencies for the TE polarization.

IV. EXPERIMENT VERIFICATION

To validate the simulated performance of the proposed CMS,
a planar prototype of the designed model was fabricated and mea-
sured. The sample was manufactured using the printed circuit
board technology, and the measurements were collected in the
compact antenna test range system. The photograph of the fabri-
cated prototype and the measurement setup is depicted in Fig. 14.
In the picture, the white foam column with extremely low back-
ward scattering can provide good support for the target to be
tested. The transmitter and receiver horn antennas operating from
8 to 18 GHz are connected to the two ports of a Rohde &
Schwarz-ZVA40 vector network analyzer. The sophisticated para-
bolic reflector can transform the spherical waves from the transmit-
ter into standard plane waves at a close range.

After undergoing operations such as background subtraction
and time-domain gating configuration, the measured RCS reduc-
tion was obtained and compared with the simulated results as
shown in Fig. 15. As it can be seen, the measurement curves of dif-
ferent polarizations match each other, indicating that the designed
CMS has good property of polarization insensitivity to the nor-
mally incident. Besides, the bandwidth of 10dB RCS reduction
obtained from the experimental test completely covers that of the
computational simulation. In the frequency range from 8 to
13 GHz, a good agreement between simulations and measurements
is noted; however, a certain mismatch between the two types of
RCS reduction curves in the frequency range of 13-15.5 and

ARTICLE pubs.aip.org/aip/jap
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FIG. 15. The RCS reduction performance comparison of the simulated and
measured results.

16-18 GHz is also observed. These divergences can be mainly
induced by the following two factors: First, the curves of relative
permittivity and loss tangent vs frequency used in the simulation
were obtained using the fitting algorithm based on the pole-zero
dispersion model in CST software, which may exhibit slight devia-
tions from the actual value in the two frequency bands mentioned
above, due to the frequency dispersive nature of the real dielectric
material. Second, the errors generated from the manufacturing
process of the CMS (e.g., metal etching or substrate surface irregu-
larities) can also cause the measurements to deviate from the simu-
lations. However, combining Fig. 18 with the well-matched results
as depictured in Fig. 15 (8-13 GHz), we can basically rule out the

latter possibility. Therefore, Fig. 16 has been carried out from the :
perspective of dispersion to give a more tangible understanding ;

about the causes of the deviation between simulations and mea-
surements. Figures 16(a) and 16(b) presents, respectively, the simu-
lated results of RCS reduction and phase difference (@), with
varying relative permittivity &,. Based on the TD simulation,
Fig. 16(a) provides an intuitive comparison of the simulated RCS
reduction curves for the designed CMS under different relative per-
mittivity. As it can be seen, with the relative permittivity decreases
from 4.3 to 3.1, the 10 dB RCS reduction bandwidth increases from
13-16 GHz to 13-17.7 GHz, when &, = 3.7, the bandwidth of mis-
match between the two types of datasets (i.e., the simulated and the
experimental data) shrinks from 13-18 GHz with &, =4.3 (in
Fig. 15) to 17-18 GHz. On the basis of frequency-domain (FD)
simulation, and analysis from the underlying mechanism of the
destructive interference, the bandwidth of phase deviation condi-
tion (180° £ 37°), as shown in Fig. 16(b), follows the same increas-
ing trend with the decrease in relative permittivity.

To further support the above analysis and verify the reliability
of the data, the measured monostatic RCS of the CMS under the
oblique incidence corresponding to Fig. 12 is shown in Fig. 17. It is
worth mentioning that the measured RCS curves for both TM and
TE polarizations at the oblique incident angles of (6, ¢ = 0°) and
(6, ¢ = 180°) are no longer exhibiting the consistent behaviors as
observed in the simulations. This phenomenon can be explained
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from the two aspects of internal and external factors, in terms of
the internal factors, the dielectric constant that exists in the real
FR4 substrate is usually in the form of a tensor matrix; therefore,
the EM parameters observed from different angles are naturally dif-
ferent, regarding the external causes, in addition to the processing
errors, the misalignment between the antenna and the target to be
measured can also be a major contributor to this issue.

After comparing the simulated and measured monostatic RCS
curves for different incident angles at oblique incidence, it is found
that the two kinds of results are consistent well over the entire fre-
quency band from 8 to 18 GHz. Figure 18 shows the comparison
diagram of the measurements and the simulations for the incident
angles of (6 = 60°, ¢ = 0°) at the TE case. The good agreement
between the measured and simulated results in the figure provides
strong evidence for the accuracy of the simulation method.
Additionally, the overshoot and slight frequency shift can be

TM polarization
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attributed to the effect of the mutual coupling and dielectric prop-
erties of the substrate.

At the end of this paper, a comparison between the proposed
CMS and the other wideband checkerboard designs is performed
and presented in Table II to evaluate its RCS reduction perfor-
mance under the normal incidence.”’ ™" As is known, by conduct-
ing a specific numerical calculation on the upper (fy) and lower
(fr) limit of the operating frequency, the absolute bandwidth or
FBW is suited to quantitatively characterize the RCS reduction per-
formance of these devices. However, in some space-borne applica-
tions, it is not enough to focus only on the bandwidth
performance, but also factor in its thickness. Therefore, to highlight

these RCS reducers’ performance of both bandwidth and thickness, :
a figure of merit (FoM) is also introduced in the table. Here, it is :

worth noting that the FoM is a metric used to assess the compre-
hensive performance of the devices in a particular area, which is a
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FIG. 17. The measured monostatic RCS of the designed CMS under oblique incidences for (a) TM and (b) TE polarizations.
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FIG. 18. The comparison diagram of the measurements and the simulations for
the incident angles of (0 = 60°, ¢ = 0°) at the TE polarization.

fused result of multiple parameters of interest. For example, in the
evaluation of bistatic RCS reduction performance, the FoM is rep-
resented by the quotient obtained from dividing the maximum
bistatic RCS with MS by maximum bistatic RCS without MS.”” In
this paper, the FoM is given as the ratio of FBW to the overall elec-
trical thickness of the device, i.e.,”

_ Ju-f Jh _C-AN
M= +fL)/z/ TS

(13)

where h is the overall thickness of the device, C is the speed of
light, A ; is the wavelength of the lowest frequency of 10 dB RCS
reduction band, f; and f; represent the center and lowest frequency
of that, respectively, and Af represents the absolute bandwidth.
Given these definitions, the data in Table II reveal that the designed
CMS is capable of accommodating both the bandwidth and thick-
ness requirements simultaneously, while still maintaining low cost
and ease of manufacturability.

ARTICLE pubs.aip.org/aip/jap

V. CONCLUSION

In this paper, a cost-effective CMS based on the principle of
destructive interference was designed and fabricated using the lossy
FR4 material for reducing the wideband monostatic RCS of the
metallic planar targets. The two AMC meta-atoms with single and
dual resonances can achieve the phase deviation of 180°+ 37° over
a wide frequency range. Due to the inevitable resonance losses and
the quasi-periodic effect, the simulated frequency range of 10 dB
RCS reduction exhibits a slightly rightward shift from that of the
theoretical prediction. The simulated and measured monostatic
RCS curves prove that the designed CMS can reduce the backward
scattered RCS under normal incidence for more than 10 dB over
the frequency range of 8.1-16 GHz, besides, owing to the
frequency-dependent characteristics of the dispersion materials, the
bandwidth of 10 dB RCS reduction from the measurements exceeds
that of the simulations, and it is precisely for this reason that the
measured bandwidth of 8 dB RCS reduction covers the entire fre-
quency range of 8-18 GHz. In conclusion, with a good FoM, our
work also provides a comprehensive examination of the AMC
meta-atoms’ physical mechanisms and also systematically evaluates
discrepancies between simulations and predictions, as well as
between simulations and experiments, which can offer a good refer-
ence for future research on the low-cost CMS design.
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TABLE II. Performance comparisons of our proposed CMS with other wideband checkerboard designs.

10 dB RCS reduction band in GHz
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(FBW)
Ref./Year Number of layers ~ Thickness (mm), (1;) Substrate used Simulated Measured FoM  Polar.
15/2019 1 2, (0.085 4)) F4B 11.8-15.8 (29%) 12.8-15.7 (20.35%) 238  Dual
47/2023 1 0.8, (0.0684)) FR4 25.8-35.3 (30.1%)  Not explicitly listed ~ 4.52  Single
48/2019 2 12, (0.154)) RO4350B 3.78-10.08 (90.9%) 3.77-10.14 (91.6%) 6.07 Dual
49/2023 2 3.35, (0.082 4;) PMMA 7.4-13.4 (57.7%) 7.4-13.4 (57.7%) 6.98 Dual
50/2019 1 3.175, (0.084 1;) Taconic TLY-5 8-16 (66.7%) 8-16.32 (68.4%) 808  Dual
51/2020 2 9, (0.14 1) FR4 4.67-19.12 (121%)  Not explicitly listed ~ 8.67  Single
This work 1 3, (0.08 4)) FR4 8.1-16 (65.56%) 8-16.43 (69%) 863  Dual
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