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A scheme of combing wave absorption and phase cancellation mechanisms for widening radar cross section (RCS)
reduction band is proposed. An absorptive coding metasurface implementing this scheme is derived from traditional circuit
analog absorber (CAA) composed of resistive ring elements which characterize dual resonances behavior. It is constructed
by replacing some of the CAA elements by another kind of resistive ring elements which is singly resonant in between
the original two resonant bands and has reflection phase opposite to that of the original elements at resonance. Hence
the developed metasurface achieves an improved low-RCS band over which the lower and higher sub-bands are mainly
contributed by wave absorption mainly while the middle sub-band is formed by joint effect of wave absorption and anti-
phase cancellation mechanisms. The polarization-independent wideband RCS reduction property of the metasurface is
validated by full-wave simulation results of a preliminary and an advanced design examples which employ the same element
configuration but different element layout schemes as partitioned distribution and random coding. The advanced design
also exhibits broadband bistatic low-RCS property and keeps a stable specular RCS reduction performance with regard to
incident elevation angle up to 35◦. The advanced design is fabricated and the experimental results of the sample agrees
qualitatively well with their simulated counterparts. The measured figure of merit (i.e., low-RCS bandwidth ratio versus
electrical thickness) of the sample is 40.572, which is superior to or comparable with those for most of other existing
metasurface with compound RCS reduction mechanism. The proposed compound metasurface technique also features
simple structure, light weight, low cost and easy fabrication compared with other techniques. This makes it promising in
applications such as radar stealth and electromagnetic compatibility.

Keywords: radar cross section (RCS) reduction, coding metasurface, wave absorption, anti-phase cancellation
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1. Introduction
Radar cross section (RCS) reduction is one of research

hotspots in the electromagnetic community. Metasuface is ar-
tificial interface that is constructed by spatially arranging cus-
tomized macroscopic particles in planar or curved surface and
that usually has subwavelength thickness. Due to its high de-
gree of freedom in manipulating electromagnetic (EM) waves
and easiness in meeting conformal requirements, metasurface
has aroused great interest among researchers and become a
favorable strategy in exploring novel devices for RCS reduc-
tion (RCSR) or EM stealth purpose. To date, most of the
metasurfaces developed for RCSR purpose are based on sin-
gle mechanism, which is mainly wave absorption or scattering
pattern regulating. Typical categories of absorptive metasur-
faces of concern include circuit analogue absorber (CAA),[1–6]

high-impedance surface absorber[7–9] and electromagnetic-
matched metamaterial absorber,[10–12] etc. It has been found
that the RCSR performance of various absorptive surface
with given thickness is constrained by Rozanov limit.[13]

Also many scattering pattern regulating schemes have been

proposed for RCSR, such as wave-deflection using gradient
reflecting-phase,[14–16] grating lobe enhancement,[17,18] anti-
phase cancellation,[19–23] polarization-conversion-based de-
structive interference,[24,25] diffused scattering through ran-
dom phase distribution or multi-bit coding.[26–29] Another dif-
ferent RCSR mechanism based on hybrid frequency selec-
tive surfaces (FSS) was investigated by Genovesi et al.[30]

Recently, new ideas of mixing wave absorption mechanism
with scattering manipulation mechanism for developing low
RCS metasurface within wide bandwidth or multi-band has
emerged.[31–38] It is expected that the restriction of RCSR per-
formance imposed by either of the two mechanisms alone can
be broken through combination of the two mechanisms. In the
literature, novel coding metasurface consisting of two kinds
of absorptive elements with distinct phase difference was pro-
posed to realize simultaneous control of electromagnetic ab-
sorption and phase cancellation.[31,33] In Ref. [32], three dif-
ferent types of lossy scatterers were arranged in single pla-
nar array to realize the same mixed RCSR mechanism. Ji et
al. combined random-phase diffusion and absorption mecha-
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nisms by cascading a geometric-phase metasurface and a resis-
tive frequency selective surface (FSS).[36] Zhuang et al. real-
ized a tri-band low-scattering metasurface using combination
of diffusion, absorption and regular cancellation.[38] All the
instances of metasurface with compound stealth mechanism
(compound metasurface for short) listed above exhibit broad-
band or multi-band low-RCS property with relatively low elec-
trical thickness, but either possess complex structure or require
complex fabrication process. In this paper, we propose an
alternative scheme of compound metasurface with improved
RCSR performance. The proposed compound metasurface is
purely composed of simple resistive ring elements and is easy
to design and fabricate, while it maintains the wideband fea-
ture of RCSR as same as previous works.

The rest of the paper is organized as follows. Section 2
reveals the working principle of the proposed compound meta-
surface and presents a case of element design for this metasur-
face. In Section 3, two coding sequence designs of the pro-
posed metasurface are further presented based on the result of
element design and the simulation results of the whole com-
pound metasurface designs are given. Section 4 verifies the
proposed compound stealth mechanism by measurement re-
sults. Finally, a conclusion is drawn in Section 5.

2. Theory and element design
The proposed compound metasurface is inspired by tra-

ditional circuit analog absorber (CAA) based on array of re-
sistive square ring elements backed with conducting ground.
This kind of CAA has been well studied in Ref. [9]. It has been
pointed out that the resistive square ring element is equivalent
to a shunt circuit branch with series-connected resistor, induc-
tor and capacitor. When the ring element is properly designed
to match the capacitive-inductive response of the grounded
substrate, the CAA can achieve dual-resonance or even triple-
resonance behavior, which contributes to fairly wide absorp-
tion band. An instance of the resistive ring element-based
wideband CAA is presented here. Figure 1 shows the geom-
etry and marks the physical dimensions of the resistive ring
element employed. The resistive ring is attached on a thin
FR-4 substrate, and an air spacer is sandwiched between the
substrate and the conducting ground. The thickness, relative
permittivity and loss tangent of the substrate are t=0.2 mm,
Dk = 4.4 and Df = 0.02, respectively. The periodicity of ele-
ment arrangement is ax = ax = 10 mm, the thicknesses of the
air spacer is h = 6 mm. The dimensions (side length d and
width w) and the square resistance Rs of the resistive square
ring are listed in the 1st line of Table 1. Figure 2 demonstrates
the reflection performance of the CAA instance (dashed line).
It can be seen that the absorber resonates at two frequencies,
which are about 7.6 GHz and 15.8 GHz, respectively. The
−10 dB reflection band is from 6.45 GHz to 17.7 5 GHz with a

bandwidth ratio (BWR) of 2.75:1. We remark that the−10 dB
reflection bandwidth can hardly be further broadened for this
absorber, since the absorption performance in the middle sub-
band between the lower and upper resonant frequencies dete-
riorates if one tries to either decrease the lower resonant fre-
quency or increase the upper resonant frequency. However,
Fig. 2 also reveals that the reflection phase of the CAA ap-
proximates to ±180◦ in the middle sub-band. This reminds
that if a certain number of another kind of resistive square
ring elements resonating (i.e., reflecting wave in phase) in the
middle sub-band are introduced into the absorber, a nearly
180◦ difference of reflection phase between the original and
newly introduced resistive ring elements and in turn an ad-
ditional out-of-phase anti-reflection property can be produced
in this sub-band. Even if the lower and upper resonant fre-
quencies of the original ring elements become more distant,
the anti-reflection property in the middle sub-band can still
be maintained in the presence of the newly introduced resis-
tive ring elements. Hence, incorporating two kinds of resis-
tive ring elements which are properly designed into one sur-
face is promising in breaking the bandwidth limit of traditional
single-element-based CAA surface.
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Fig. 1. Front view (left) and side view (right) of resistive ring element
involved in the CAA instance and the proposed compound metasurface.
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Fig. 2. Reflection magnitude (a) and phase (b) of typical circuit analog
absorber composed of resistive ring elements with respect to normally
incident TE-polarized plane wave. The curves displayed were obtained
from unit-cell simulation in CST microwave studio.

The proposed compound metasurface inspired by the
above discussion is a kind of absorptive 1-bit coding metasur-
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face composed of two kinds of resistive square ring elements
(referred to as element 0 and element 1, respectively, here-
inafter) and combines the wave absorption and anti-phase can-
cellation mechanisms together. The scattering performance of
the compound metasurface can be estimated analytically using
reflectarray theory.[39] When the metasurface is illuminated by
normally incident and TE-polarized (i.e., electric field along
the y-axis) plane wave, the scattered far-field intensity in the
backward half-space normalized to the peak far-field intensity
of a reference conducting plate with the same size as that of
the metasurface can be expressed as

Ī (θ , ϕ) =
|S|
√

sin2
ϕ + cos2 θ cos2 ϕ

Nt

×

∣∣∣∣∣Ny−1

∑
s=0

Nx−1

∑
l=0

Γ (l, s)ejk0(ulax+vsay)

∣∣∣∣∣ . (1)

The formulation of Eq. (1) has taken both θ̂ and ϕ̂ components
of scattered field into account. In Eq. (1), Γ (l, s) is the local
reflection coefficient of resistive ring element labeled by inte-
ger pair (l, s) (l = 0, 1, 2, . . ., Nx−1, s = 0, 1, 2, . . ., Ny−1).
Value of Γ (l, s) is determined using the following classifica-
tion expression:

Γ (l, s) =

{
Γ0, for element 0,
Γ1, for element 1,

(2)

where Γ0 and Γ1 are complex reflection coefficients of resistive
ring elements of bit 0 and 1, respectively; they can be obtained
from full-wave unit cell simulation assuming periodic bound-
aries around a single element. Other quantities in Eq. (1) are
explained as follows: k0 is wave number in free space; Nx and
Ny are element numbers along the x and y directions, respec-
tively; Nt = Nx ·Ny is total element number; u and v are vari-
ables related to spherical coordinates or variable observation
angles θ and ϕ by u = sinθ cosϕ and v = sinθ sinϕ; and S is
expressed as

S = Sa
(

k0uax

2

)
·Sa
(

k0vay

2

)
, (3)

where Sa refers to the sample function.
The effectiveness of the proposed compound metasurface

is demonstrated in the rest of this paper through an example
operating in a band approximately from 4 GHz to 18 GHz.
This example can be viewed as an alteration of the above CAA
instance. The basic configurations of the example, including
parameters of dielectric substrate, thickness of air spacer and
periodicity of ring element, remain unchanged compared with
those of the CAA instance. Design of the example consists of
two stages: element design and coding sequence design. This
section focuses on the element design and the next section
deals with the coding sequence design. The element design

contains three steps. First, the original resistive ring element
in the CAA instance were modified to be element 0. The free
parameters (i.e. side length d, width w and square resistance
Rs) of the original resistive ring element were tuned so that the
lower and upper resonant frequencies of these elements shifted
to about 5 GHz and 17 GHz, respectively. Second, another
kind of resistive ring element named element 1 was introduced
and the free parameters was tuned so that it singly resonate at
about 9 GHz, where element 0 reflects incident wave with anti-
phase. Finally, the free parameters of both kinds of resistive
ring element as well as the element ratio ρ = N0/N1 were op-
timized to achieve high-level RCSR over the designated wide
frequency band. Here N0 is the number of elements 0. Genetic
algorithm capable of dealing with multi-variable problems was
applied and a quantity capable of evaluating monostatic RCSR
performance over a finite frequency band was employed as the
cost function. This quantity is defined by Eq. (4), where fl

and fu are the lower and upper bound of the frequency band
concerned and Ī (0,0) is the normalized backscattered far field
intensity under normal and TE incidence. The expression of
Ī (0,0) can be deduced from Eq. (1) and is simplified to

Fcm = max
fl≤ f≤ fu

(Ī (0,0)) , (4)

Īm (0,0) = |ρ ·Γ0 +(1−ρ) ·Γ1| . (5)

The optimization process consists of several rounds, each
of which takes the six free parameters of the two kinds of re-
sistive ring element as the optimization variables. During each
round, the element ratio ρ was assumed as certain fixed num-
ber and the six free parameters were optimized through 100
iterations towards the goal of minimizing the cost function
Fcm within the band from fl = 4 GHz to fu = 18 GHz. The
variation ranges of the six free parameters were chosen as the
vicinities of the values obtained in the last two steps. The best
optimization results were obtained when the element ratio ρ

was set as 0.82 and the corresponding optimized values of free
parameters are listed in the 2nd and 3rd lines of Table 1.

Table 1. Configurations of resistive ring elements in pure absorptive
and compound metasurface designs.

d w Rs

Circuit analog absorber 6 mm 0.2 mm 6 Ω

Binary surface (element 0) 7.2 mm 0.6 mm 12.5 Ω

Binary surface (element 1) 5 mm 0.6 mm 373.8 Ω

Figure 3 shows the simulated reflection coefficients of the
resistive ring elements 0 and 1 involved in the design example
of the compound metasurface. It can be seen that element 0
has two absorption bands which are separated with far distance
such that the reflection becomes relatively strong in the mid-
dle sub-band between them, while element 1 singly resonates
at about 10.7 GHz and has poor absorption performance over
the full frequency band. Figure 4 further depicts the reflection
phase difference between elements 0 and 1. It is found that in
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the middle sub-band which approximately starts from 6 GHz
and ends at 15 GHz, the phase difference is within the range of
[167.5◦, 228.4◦]. This offers at least 7.7 dB additional reduc-
tion of reflected energy in this band if the energies severally
reflected by the areas of elements 0 and 1 are the same. It
is remarked that a good achievement of anti-phase cancella-
tion requires nearly equal amounts of reflected energies from
the areas of elements 0 and 1. Since the absorption rate of
element 0 is much higher than that of element 1 in the mid-
dle sub-band, the number of element 0 should be much larger
than that of element 1 to ensure a satisfactory anti-phase can-
cellation performance over this band. This is the reason why a
large value of 0.82 was assigned to the element ratio ρ for the
presented design. A large ratio of element 0 also ensures that
the favorable absorption behavior originated from element 0
is maintained in both the lower and upper sub-bands for the
design.

M
a
g
n
it
u
d
e
 (

d
B

)

P
h
a
se

 (
O
)

-20

-15

-10

-5

0

element 0
element 1

-150

-100

-50

0

50

100

150
element 0
element 1

(a) (b)

Fig. 3. Reflection magnitude (a) and phase (b) of the resistive ring ele-
ments constituting the compound metasurface with respect to normally
incident TE-polarized plane wave. The curves displayed were obtained
from unit-cell simulation in CST microwave studio.
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Fig. 4. Simulated reflection phase difference between the resistive ring
elements 0 and 1 of the compound metasurface.

The normalized backscattered far-field intensity of the de-
sign example under normal incidence was calculated using
Eq. (5). Note that the calculated results are irrelevant to the
element layout scheme or coding sequence of the design ac-
cording to Eq. (5). The calculated result is compared with the

reflection performance of the aforementioned CAA design in
Fig. 5. The 10 dB monostatic RCSR band of the metasurface
design is from 4.25 GHz to 18.4 GHz, which is apparently
broadened a lot compared with that of the CAA design. The
lower and upper sub-bands, which characterize deep valleys
in the normalized backscattering curve, are mainly contributed
by wave absorption and approximately coincides with the ab-
sorption bands of element 0. The middle sub-band results from
combined contribution of wave absorption and anti-phase can-
cellation. In order to gain further physical insight into the
stealth mechanism, the ratios of the absorbed energy and the
anti-phase cancelled energy (Ra and Rc) in the backscatter-
ing direction for the metasurface design were calculated using
Eq. (6) and illustrated in Fig. 6. Apparently, one can identify
that wave absorption mechanism plays a main role in the lower
and higher sub-bands while wave absorption and anti-phase
cancellation mechanisms jointly take effect in the middle sub-
band.  Ra = ρ ·

(
1−|Γ0|2

)
+(1−ρ) ·

(
1−|Γ1|2

)
,

Rc = 1−|ρ ·Γ0 +(1−ρ) ·Γ1|2−Ra.
(6)
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Fig. 5. Comparison of the normalized backscattered far-field intensities
of the CAA design and the compound metasurface design under nor-
mal incidence. The solid curve was calculated using Eq. (5), while the
dashed curve was directly fetched from Fig. 2.
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3. Coding sequence designs and simulation re-
sults
Based on the results of element design, a preliminary cod-

ing sequence design was exploited and the corresponding ele-
ment layout is shown in Fig. 7(a). As is shown, the array size
of metasurface was set as 22×22 in the design. Hence the rele-
vant element numbers of bit 0 and 1 are N0 = 397 and N1 = 87,
respectively. A partitioned distribution scheme was adopted in
the preliminary coding sequence design. With this scheme,
the whole area of metasurface is divided into two subareas or
partitions and elements of bit 0 and 1 are distributed in the two
subareas respectively. Such an arrangement is beneficial for
lessening the coupling effect between neighboring elements
of different kinds. Furthermore, the division of subareas was
designed such that the element ratio of ρ = 0.82 is approxi-
mately maintained in every square annular regions around the
metasurface center. This roughly ensures that the ratio of inci-
dent wave energies received by areas of elements 0 and 1 keeps
stable from the inner to the outer metasurface region when the
metasurface is illuminated by horn-emitted wave with a finite
beam width in subsequent experiment instead of uniform plane
wave assumed in theoretical calculation or simulation.

y

x

y

x

element 
0 0

1
element 

element 

element 
1

(a) (b)

Fig. 7. Element layouts of the (a) preliminary and (b) advanced coding
sequence designs for the compound metasurface.

The normalized backscattering performance of the com-
pound metasurface with the preliminary coding sequence de-
sign (referred to as the preliminary design for brevity here-
inafter) under TE-polarized normal incidence was simulated
using CST microwave studio and is compared with its theoret-
ically calculated counterpart in Fig. 8. Overall, the simulated
and calculated results have good qualitative agreement but the
simulated result shows deteriorated performance in the middle
sub-band and the simulated upper absorption band undergoes a
violet shift. This discrepancy is mainly due to the ignorance of
finite array effect and the coupling between elements 0 and 1
in theoretical calculation. We remark that the simulated RCSR
performance of the CAA instance with the same finite scale
(22×22) is also worse than its calculated counterparts or the
unit-cell simulation results. Also the element layout of the pre-
liminary design is unfavorable for realizing low bistatic RCS.
In view of this, an advanced coding sequence design employ-
ing random coding scheme was further developed to improve

the low RCS performance with regard to both monostatic and
bistatic directions.
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Fig. 8. Normalized backscattered far-field intensities of the preliminary
and advanced designs of compound metasurface. The solid curve was
calculated from Eq. (1). The dashed and dotted curves were obtained
from CST microwave studio.

For the advanced coding sequence design, the whole
metasurface area is divided into 11×11 sub-arrays, each of
which is composed of 2×2 identical resistive ring elements.
Elements of bits 0 and 1 correspond to sub-arrays 0 and 1, re-
spectively. Hence the advanced coding sequence design can be
represented by a binary sequence with its length equal to the
number of sub-arrays (121). In order to perform an optimiza-
tion taking both monostatic and bistatic RCS into account, a
new cost function Fcb was defined. The definition is given by
Eq. (7), where w0 and wi (i = 1, 2, 3, . . .) are weight coeffi-
cients with their sum equal to 1, and (θti, ϕti) (i = 1, 2, 3, . . .)
represent a series of target directions at which bistatic RCS is
concerned.

Fcb = max
fl≤ f≤ fu

[
w0 · Īm (0,0)+∑

i
wi · Īb (θti, ϕti)

]
. (7)

The advanced coding sequence design was obtained
through a genetic optimization process, where each individual
of population was represented by certain binary sequence of
sub-arrays, and the initial population was established through
random generation of bits 0 and 1 with the ratio of bit 0
equal to the element ratio obtained in the element design stage
(ρ = 0.82). The optimization was taken to minimize the cost
function Fcb within the band from fl = 4 GHz to fu = 18 GHz
with regard to TE-polarized and normally incident plane wave.
Scattering at three specific directions, that is, monostatic di-
rection and two bistatic directions of (θt1, ϕt1) = (9◦,133◦)
and (θt2,ϕt2) = (6◦,320◦), were considered in the cost func-
tion with weight coefficients w0, w1 and w2 set as 0.4, 0.3
and 0.3, respectively. The element layout related to the ad-
vanced coding sequence design is shown in Fig. 7(b). As is
shown, the element ratio for the advanced coding sequence de-
sign has changed to 0.71. We remark that the advanced coding
sequence here is not the best individual with the lowest cost
function value in the optimized population. Instead, it is the
one with moderate cost function value but high aggregation
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degree for both elements 0 and 1. The purpose of such a se-
lection is to lessen the coupling effect between different kinds
of elements for the whole metasurface so that the simulated
performance will not deviate too much from the theoretical
prediction.

The normalized scattered far-field intensities of the com-
pound metasurface with the advanced coding sequence design
(referred to as the advanced design for brevity hereinafter) at
the aforementioned three specific directions with regard to TE-
polarized normal incidence are shown in Fig. 9. Both the re-
sults simulated using CST MWS and calculated from Eq. (1)
have been presented. Achievement of wideband low RCS
property in both monostatic and the two specific bistatic direc-
tions is identified from Fig. 9. A roughly qualitative agreement
between the simulated and calculated results is observed. The
variation trends of the calculated and simulated curves are con-
sistent, although large discrepancy exists between the two sets
of curves. Again, the ignorance of finite array effect and the
coupling between elements 0 and 1 in theoretical calculation
is responsible for this discrepancy. The simulated normalized
scattered far-field intensity of the advanced design at monos-
tatic direction is also shown in Fig. 8 to make a comparison
with the preliminary design. As is shown, the performance
in the middle sub-band has been improved by employing the
advanced coding sequence design, with the sacrifice of some
shrinkage of −10 dB RCS bandwidth. Figure 10 further de-

picts the simulated normalized scattering patterns of the ad-
vanced design at four sample frequencies. It is confirmed that
the scattered energy is diffused so that there is no remarkable
scattering lobe above the metasurface with the advanced cod-
ing sequence design. The variation of performance of the ad-
vanced design with respect to various incident angles and dif-
ferent polarizations was also investigated and is demonstrated
in Fig. 11. As is shown, the performance of RCSR is almost
insensitive to incident angle for TE polarization as long as the
incident elevation angle θ I is below 35◦. For TM polarization,
although the bandwidth of effective RCSR slowly shrinks as
θ I increases, the wideband stealth performance is maintained
overall and the 10 dB RCSR bandwidth ratio reaches 1:3 even
when θ I is up to 35◦.
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Fig. 9. Normalized monostatic and bistatic scattered far-field intensi-
ties of the advanced design. The dashed curves were calculated from
Eq. (1) and the solid curves with circle markers were obtained from
CST microwave studio.
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Fig. 10. Simulated scattered far-field patterns of the advanced design normalized to the peak scattered far-field intensity of conducting reference
plate with regard to TE-polarized normal incidence at (a) 5.64 GHz, (b) 8 GHz, (c) 12.38 GHz, and (d) 16.45 GHz.
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Fig. 11. Normalized intensity of specular far-field scattering of the ad-
vanced design with regard to oblique incident angles at (a) TE and (b)
TM polarized incidence. The curves displayed were obtained from CST
microwave studio.

4. Experimental verification

The compound metasurface with the advanced coding se-
quence design was fabricated, where the resistive ring array
was made from carbon ink using silk-screen printing tech-
nique; the FR-4 substrate loaded with the resistive ring ar-
ray and the metallic ground were fixed together using plastic
screws with an air spacer. The fabricated sample is shown in
Fig. 12. Experimental verification has been made with regard
to the sample. Due to our limited experimental condition, only
measurement of specular scattering intensity was conducted.
Figure 13 shows the experimental setup for measuring strength
of specularly scattered field of the metasurface sample under
normal and oblique incidences.

Fig. 12. Front views of compound metasurface sample with the ad-
vanced coding sequence design. For this sample, the array of resistive
ring elements was printed on a thin FR4 substrate and the substrate was
fixed above a metallic plate through plastic screws with an air spacer.

In the setup of normal incidence measurement, a linearly
polarized horn antenna is placed along the normal direction of

the sample and connected to a vector network analyzer (VNA).
During measurement, the horn-VNA combination acts as both
a transmitter and a receiver and gated-reflect-line (GRL) cal-
ibration technique is applied to eliminate the influence of the
wave reflected by the horn itself, so that the reflection coeffi-
cient data read from the VNA is only related to the backscat-
tered wave from the sample. The normalized specular scatter-
ing intensity of the sample is obtained by normalizing the re-
flection coefficient data to that acquired when the metasurface
sample is replaced by a reference metallic plate of the same
size. In the setup of oblique incidence measurement, two lin-
early polarized horn antennas are placed with mirror symme-
try in front of the sample and connected to a signal generator
(SG) and a spectrum analyzer (SA), respectively. The spec-
trum of the specularly reflected field can be detected through
synchronized frequency sweeps performed on the SG and the
SA. The normalized specular scattering intensity of the sam-
ple is obtained by normalizing this spectrum data to that asso-
ciated with the reference metallic plate.

connected to 
VNA sample

sampleconnected 
to SG

connected 
to SA

(a)

(b)

Fig. 13. The experimental setup for measuring strength of specularly
scattered field of the compound metasurface sample with (a) normal
and (b) oblique incidence.
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Fig. 14. Comparison of measured and simulated normalized specular
scattering intensities of the compound metasurface sample with regard
to normal incidence and different polarizations.
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Fig. 15. Comparison of measured and simulated normalized specular
scattering intensities of the compound metasurface sample with regard
to oblique incidence (θI = 20◦, ϕI = 0◦) and different polarizations.

Figure 14 presents the measured curves of normalized
specular scattering intensities of the metasurface sample for
both TE and TM polarized normal incidences. It is observed
that the operation bands of 10 dB reduction of specular reflec-
tion or monostatic RCS are from 4.85 GHz to 18.18 GHz, and
from 4.51 GHz to 18.54 GHz for TE and TM polarizations, re-
spectively. Figure 15 presents the measured normalized spec-
ular scattering intensity of the metasurface sample with regard
to oblique incident angle θI = 20◦ and both TE and TM polar-
izations. It is observed that the specular reflection or bistatic
RCS in the band from 4.88 GHz to 18.67 GHz has been re-
duced by more than 10 dB and 8.3 dB for TE and TM polariza-
tions, respectively. The simulated curves of normalized specu-
lar scattering intensities under normal and oblique incidences
are also shown in Figs. 13 and 14, respectively, for compari-
son. The measured results are in good qualitative agreement
with their simulated counterparts. The discrepancy between
the measured and simulated results is mainly due to the fabri-
cation and assembling error of the sample, the inaccuracy of
the experimental setup and material property such as square

resistance and substrate permittivity, as well as the effect of
finite beam-width of incident wave applied in the experiment.

FoM =
λL · fH

tm · fL
. (8)

In order to better understand the performance of our com-
pound metasurface design, a figure of merit (FoM) has been
calculated for the design and compared with those of other
reported compound metasurface designs in Table 2. The fig-
ure of merit of metasurface for RCSR application is defined
by Eq. (8),[37] where fL and fH are the lower and upper ends
of 10-dB backscattering reduction (BSR) band with respect to
normal incidence, tm is the thickness of metasurface and λL is
the free space wavelength at fL. For the sake of integrality, the
10-dB BSR bandwidth ratio (BWR = fH/ fL), the electrical
thickness at fL (tme = tm/λL), as well as the structure com-
plexity of our design and other designs are also examined in
Table 2. Here, the structure complexity is measured by both
the number of element types (Ne) and the number of concrete
layers over ground (Nl) employed by metasurface. All the per-
formance data in Table 2 were evaluated from measurement
results. As can be seen from Table 2, the metasurface pre-
sented in this work has wider or similar FoM, while possesses
a relatively low structure complexity compared with the com-
pound metasurfaces in other works. It should be remarked that
our proposed compound metasuface can be easily fabricated
using screen printing process and from cheap raw materials
(i.e., resistive ink and thin supporting dielectric). Although
the structure complexity of Ref. [34] is the same as our work,
it has a 3D form and requires much more complex fabrication
process.

Table 2. Comparison between our work and other designs of compound metasurface.

References Ne Nl tm (mm) 10 dB BSR band (GHz) BWR tme FoM
[26] 2 5 3.625 6.8–19.4 2.853:1 0.082 34.721
[27] 3 2 6.12 3.15–18 5.714:1 0.064 88.925
[28] 2 3 4 6.7–19.6 2.925:1 0.089 32.747
[29] 2 2 4 6.4 21.0 3.281:1 0.085 38.452
[31] 1 4 2.3 13–31.5 2.423:1 0.100 24.312

This work 2 2 6.2 4.68–18.365 3.924:1 0.097 40.572

5. Conclusions

We have demonstrated that an absorptive coding metasur-
face composed of two kinds of resistive ring elements achieves
a greatly improved RCSR bandwidth over traditional circuit
analog absorber (CAA) consisting of single kind of resistive
ring elements. The wide RCSR band is attributed to wave
absorption in lower and higher operating sub-bands and joint
effect of wave absorption and anti-phase cancellation mecha-
nisms in middle operating sub-band. The proposed compound
mechanism for wideband RCSR is verified by both simulation

and measurement results of design examples. Properties of
polarization insensitivity and good angular stability have also
been identified during verification. Compared with other ex-
isting compound RCSR techniques, the proposed metasurface
possesses low structure complexity and is easy to fabricate.
It provides an economic way to meet requirements of radar
stealth and electromagnetic compatibility, etc.
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