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Abstract

®

CrossMark

Lossless coding metasurfaces and metamaterial absorbers have been widely used for radar
cross section (RCS) reduction and stealth applications, which merely depend on redirecting
electromagnetic wave energy into various oblique angles or absorbing electromagnetic energy,
respectively. Here, an absorptive coding metasurface capable of both the flexible manipulation
of backward scattering and further wideband bistatic RCS reduction is proposed. The original
idea is carried out by utilizing absorptive elements, such as metamaterial absorbers, to
establish a coding metasurface. We establish an analytical connection between an arbitrary
absorptive coding metasurface arrangement of both the amplitude and phase and its far-

field pattern. Then, as an example, an absorptive coding metasurface is demonstrated as a
nonperiodic metamaterial absorber, which indicates an expected better performance of RCS
reduction than the traditional lossless coding metasurface and periodic metamaterial-absorber.
Both theoretical analysis and full-wave simulation results show good accordance with the

experiment.
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Introduction

Over the past few decades, research on metamaterial has
attracted much attention on microwave, terahertz and optical
frequencies. Metamaterial has inspired many novel applica-
tions such as the stealth cloak, gradient index lenses, perfect
absorber, polarization manipulation and many other devices;
however, these have usually suffered from the obstacle of
bulky thickness and loss [1]. The phase gradient metasurface,
a typical two-dimensional metamaterial constituted of inho-
mogeneous arrays of a subwavelength resonator, provides a
promising candidate. The characterized properties of electro-
magnetic waves, such as the polarization state, propagation
direction and amplitude, can be manipulated by employing

1361-6463/18/065603+6$33.00

the anisotropic metasurface [1-4]. As well as focusing on
the metasurface that controls the near and far-field scattering
pattern based on different mechanisms, in particular, far-field
pattern shaping such as diffusion and low radar cross sec-
tion (RCS) has been significantly attractive because of the
demand of stealth.

There are two strategies for reducing RCS: the first one
is the usage of an absorber. Energy absorption of electro-
magnetic waves can be achieved by conventional and meta-
material absorbers, thus low RCS can be obtained. The perfect
metamaterial absorber (PMA) was first proposed by Landy
et al in 2008 [5] and many researchers made great efforts in
achieving wideband and polarization insensitive PMA [6-11].
The second strategy for RCS reduction is the technology of

© 2018 IOP Publishing Ltd  Printed in the UK
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controlling the reflection phase proposed by Paquay et al
in 2007 [12]. The basic idea is tantamount to exploiting the
cancellation effects arising from the well-known 180 £ 37°
phase-difference between the corresponding reflection coef-
ficients [12—14]. However, the PMA can achieve nearly 100%
absorption within a narrow band; in addition, the 180 4 37°
phase-difference demand can be achieved in a limited band.

More recently, the concepts of coding, digital, and pro-
grammable metasurfaces have been introduced and exper-
imentally demonstrated [15]. The coding metasurface (CM)
concept brings out the connection between metasurface and
information technology, which can achieve a more flexible
manipulation of the far-field scattering pattern. Instead of
using traditional full-wave simulation or the effective param-
eters to describe metasurfaces, the ‘0’ and ‘1’ element with
opposite phase responses can be used to characterize the
metasurface and quickly predict the far-field pattern. The
manipulation of electromagnetic waves using CM has been
widely investigated both at the frequency of microwaves and
terahertz. One of the significant applications of CM is RCS
reduction, based on the far-field pattern diffusion. However,
so far, the proposed CMs are used by lossless coding elements
[16-20].

In this paper, the absorptive coding metasurface (ACM) is
proposed to achieve the functions of both shaping the far-field
scattering pattern and absorption. A new strategy is adopted
for realizing bistatic RCS reduction by redirecting electro-
magnetic energy to more directions through optimizing reflec-
tion arrangement and absorption. The general law of the ratio
of ‘0’ and ‘1’ element and coding sequence is theoretically
analyzed and implemented. As a verification, an ACM of low
bistatic RCS is proposed.

Methods

We start by analyzing a CM with an absorptive element. We
consider a CM under normal incidence of a plane wave as
shown in figure 1, which consists of a two-dimensional array
of M x N lattices, and the lattices are uniformly spaced with
d.

The concept of RCS reduction can be explained by the
principle of planar array theory [21]. For this ground plane,
the array factor can be represented by

M N
AF(@, (P) _ Z Z eﬁ(m—l)(kdsinOcosga)—&-j(n—l)(kdsinésinga)+j¢(m,n)]

m=1 n=1
ey
where ¢(m,n) is the initial phase of the lattice, 6 and ¢ are
the elevation and azimuth angles for an arbitrary scattering
direction respectively. Therefore, the general expression for
the RCS of a scattering surface can be represented by
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Figure 1. The ACM consisting of M x N lattices.

where |Eg| and |E;| are the amplitudes of scattered and incident
electric fields in the far zone of r — oo. For 1-bit CM, the
basic element ‘0’ and ‘1’ can be characterized by Ag and A
of the reflection coefficient amplitudes, as well as Py and P,
of the reflection phase, respectively. Thus, the RCS reduction
o, of 1-bit CM can be approximated through equation (3), in
which the amplitude of the incident field is assumed as one.

AgeiPo 4+ Aeif 17
01] ) (3)

oy = 1010g[ 5

In general, by introducing the ratio of coding element ‘0’ and
‘1” into ACM, the ratio « is defined as « = ng/ny, in which
ng and n; are the number of ‘0’ and ‘1’ elements, respectively.
Therefore, the RCS reduction in the normal incidence of 1-bit
ACM can be expressed as equation (4).

aAgel? + AeiP 17
0‘] ) 4)
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Depending on equation (4), once the coding element of ‘0’
and ‘1’ are selected, this means the scattering amplitude and
phase are determined. Once combined with a definite ratio,
the RCS reduction of ACM in normal incidence is fixed. In
other words, various coding sequences of fixed ratio have
no influence on the RCS reduction of ACM in normal inci-
dence. In addition to this, the ratio, scattered amplitude, and
phase play the decisive role in RCS reduction. As shown
clearly in figure 2, it is demonstrated how the phase differ-
ence of Py = Py — Py and ratio impact on RCS reduction.
In figure 2(a), when the ratio of o = 1, the ACM can be sim-
plified as chessboard CM (there is an equal number of ‘0’
and ‘1’ elements as ny = n;) and the 10 dB RCS reduction
can be achieved in the well-known phase difference range of
180 + 37°. In addition, from figure 2, with the corresponding
absorption increase of ‘1’ element from 0% to 90%, as
A} = 1changesto A; = 0.1, we conclude that the 10 dB RCS
reduction demand of the phase difference becomes more and
more relaxed in accordance with various ratios. Particularly,
in figure 2(d), the A; = 0.1 means 90% absorption in accor-
dance with o« — 0, thus the ACM is simplified as a whole
metamaterial absorber with 90% absorption.

Once the RCS reduction in normal incidence is deter-
mined, to achieve a wide-angle bistatic RCS reduction,
the synthesis of an array pattern and genetic algorithm is
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Figure 2. The RCS reduction in normal incidence with various phase differences and ratios. The scattering amplitude of ‘0" and ‘1’
element are (a) Ag = 1,A; =1, (b) Ag = 1,4, =0.5, (c) Ag = 1,A,;-0.2, (d) Ag = 1,A; = 0.1, respectively.

Figure 3. The configuration of coding element ‘1°.

employed. According to the theory of CM, the proper coding
sequence can achieve far-field pattern shaping, which means
reflective energy re-distribution in the desired direction. To
get the best performance from the metasurface, the genetic
algorithm is adopted together with a planar array pattern to
obtain the optimal coding sequence. Firstly, the initial popula-
tion with random coding sequence is established. Then, the
fitness value of the initial population is calculated under the
frame of fitness function. Next, the selection, crossover, and
mutation operation are utilized until the runtime limitation is
reached or iteration termination criterion is met. To evaluate
the individual fitness, combining the array pattern factor, the
fitness function is defined as

fitness = max|[AF(0,

[ ( ‘P)] 5)
where the smaller the fitness value, the more homogeneous
the distribution of the scattering field. When the optimization
procedure is terminated, small fitness can be obtained, which

means the optimal RCS reduction in abnormal incidence can
be achieved.

Results

Based on previous analysis, we have established the simula-
tion models of the coding elements of ‘0’ and ‘1’, which are
characterized as the lossless element of m-phase-shifting and
the absorptive element of zero-phase-shifting respectively.
A PEC ground planar is selected as the ‘0’ element without
absorption. A wideband resistance frequency selective surface
(RFSS) absorber is selected, combining topology optimization
design, as the ‘1’ element [22]. According to previous work,
the topology design of a lightweight wideband polarization-
independent RFSS absorber is selected. The absorption over
a wide frequency range of 6.7-20 GHz with 90% absorption
can be achieved by optimizing the topology and dimensions
of the RFSS by the virtue of the genetic algorithm. The RFSS



J. Phys. D: Appl. Phys. 51 (2018) 065603

S Sui et al

217 | \ A
[~ sl

143 F &;‘;f oy \ A

100 [ ,*«‘&?g -
Fooy &Y .

I -

o

L o
AN R T
[y -’-’;! ' @g—i‘ XY a
| v w\&v .

-100 |- \

-200 |-

Phase/°
&
Amplitude/dB

= ==1-element
-element \
—= phase shift \
—

-300

-400

0 2 4 6 8 10 12 14 16 18 20
Frequency/GHz

Figure 4. The simulation results of phase and amplitude of ‘0’ and
‘1’ coding element.

is then mounted on a grounded low-loss foam board with a
relative permittivity of 1.1, as shown in figure 3. The sur-
face resistance of carbon films is equal to 40 Q2 [J~!, and the
dimensional parameters are p = 11.25mm, w = 0.6 mm, and
h = 3.6mm. Besides, the coding element of ‘0’ is simplified
as metallic ground, of which the dimensional parameters are
equal to the coding element of ‘1°.

Both simulation results of ‘0’ and ‘1’ coding element are
demonstrated in figure 4; as is shown clearly, the ‘1’ element
has 90% absorption in the range of 6.7-20 GHz, while ‘0’ ele-
ment has no absorption.

For further investigation, the theoretical prediction of the
far-field pattern obtained by array pattern synthesis is dem-
onstrated in figure 5 (available online at (stacks.iop.org/
JPhysD/51/065603/mmedia)). From figures 5(a) and (b), we
can see that the coding metasurface with lossless elements can
achieve flexible control of the scattering pattern. As is shown
clearly in figures 5(a) and (c), the absorber significantly
decreases the value of RCS. In addition, the ACM, as shown in
figure 5(d), achieves an inspiring performance for both RCS
reduction and scattering manipulation. As a verification, the
3D pattern of bistatic RCS is obtained by full-wave simula-
tion software in figure 6. For comparison, identical simula-
tions are conducted with a PEC and absorber of equivalent
geometry to that of the ACM in wideband range, as shown in
figure 7. A wideband 10 dB reduction of RCS can be achieved
in ACM over the frequency range of 6.5-20 GHz. In addi-
tion, the RCS of ACM obtains a reduction of more than 1.5
dB than that of the absorber. Thus, a better performance of
RCS reduction than the absorber can be obtained by ACM. In
other words, because of the low ratio of ‘0’ elements, better
RCS reduction can be achieved by removing the little ‘1’ ele-
ments from an entire metamaterial absorber (in this paper,
M=N=28,a=3/6l).

To verify via experiment the performance of the optimal
ACM, a sample and a PEC grounded planar of equivalent
geometry as a reference are fabricated and measured. Figure 8
illustrates the photograph view of the optimal ACM and the
environment to make the measurement. The absorptive ‘1’
element is made from carbon films prepared by spraying
technique, and the surface resistance is controlled by the
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Figure 5. (1) and (2) demonstrate 3D and contour plot of formula-
predicted scattering pattern, respectively. (al) and (a2) demonstrate
the pattern of PEC ground planar; (b1) and (b2) show optimal
pattern with non-absorption coding sequence; (c1) and (c2) show
the pattern of absorber with 90% absorption; (d1) and (d2) show
the optimal pattern of 90% absorption of ‘1’ element and non-
absorption ‘0’ element.
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four-point probe. Both sizes of coding elements ‘0’ and
‘1’ are 22.5mm (~)\) and the whole size of the fabricated
sample is 180 x 180 mm, because the far-field certification of
R > 2D? / Amin. The scattering performance is evaluated by the
transmission coefficients obtained by vector network analyzer
Agilent N5230C. Figure 8(c) demonstrates the experimental
results. The figure indicates that RCS reduction of over 10
dB is generated in the frequency range of 6.5-20 GHz, which
generally has good agreement with the simulation results in
the overall trends. The measurement error is mainly induced
by the test environment of an incomplete anechoic chamber
and the lossy material of metal.

For a better understanding of the role of element loss in
total RCS reduction, we append an experimental result of RCS
pattern cuts (in the ¢ = 0 and ¢ = 90° plane) pertaining to
the ACM prototype, a metallic reference sample of the same
size and a metamaterial absorber with an RFSS of the same
size. As shown in figure 9, comparisons among ACM, met-
amaterial absorber with RFSS and metallic reference target
with the same size are demonstrated. Both in the ¢ = 0° and
¢ = 90° planes, an RCS reduction of about 20 dB more than
a metallic sample of same size and an RCS reduction of about
2 dB more than a metamaterial absorber with the same size is
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Figure 6. The full wave simulated 3D scattering pattern of (a) PEC ground planar, (b) absorber, (c) ACM, at 18 GHz.
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Figure 8. Photograph views of the fabricated sample (a) and (b) the
environment of measurement. (c¢) The experiment results of RCS.
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Figure 9. Measured results of normalized RCS cuts (in the ¢ =0
and ¢ = 90 planes) pertaining to the ACM prototype, metamaterial
absorber and metallic sample with same size.

experimentally observed. Besides, an extraordinary increase
of RCS occurs in the range of 6 > 25° compared with the
metamaterial absorber, which means the remainder energy is
re-distributed to oblique angles.

Conclusion

In summary, we proposed the ACM. The ACM is capable of
shaping scattering patterns and, as an application, wideband
bistatic RCS reduction of ACM is established. A new strategy
combined with the metamaterial absorber and coding meta-
surface can mean that scattering energy can be both absorbed
and redirected. A theoretical analysis of the influence of ratio
and absorption efficiency is proposed. As a result, the ACM
could achieve better RCS reduction performance than the
metamaterial absorber or coding metasurface. According to
the ACM theory, removing the little absorptive element could
achieve better performance for RCS reduction. This idea of
symmetry breaking, combining with ACM, is exciting for
metamaterial absorber design and maintenance, which pro-
vides a new opportunity for stealth technology.
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