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ABSTRACT: In this paper, a low cross-polarization level, low radar cross section (RCS), conformal, ultra-wideband, polarization-
insensitive absorber utilizing sinusoidal periphery annular ring (SPAR) resonator based novel resistive metasurface is presented. The
proposed absorber operates with more than 90% absorptivity over the frequency range 7.68GHz–24.90GHz encompassingX-, Ku- and
major portion ofK-bands. The absorber consists of two sinusoidal peripheries annular rings embedded with lumped resistors, placed on
top of a 0.1mm thin low cost FR-4 substrate which is supported by metal backed foam. The sinusoidal periphery on the annular rings
improves the absorption bandwidth and miniaturizes the proposed structure. Cross-polarized reflected component from the absorber is
also investigated and included in the estimation of absorptivity to validate that the proposed structure functions as an absorber and not as
a reflective type polarization converter. An equivalent circuit analysis based on the transmission line model is also presented. Novelty
of the proposed article’s lies in the design approach for the proposed absorber in which flexibility is incorporated to choose unit cell
geometrical parameters as per the limiting frequencies (upper and lower) of desired band along with some miniaturization aspects of the
absorbing structure. Furthermore, 10 dB RCS reduction is discussed, and the formula is derived by including cross-polarized reflection
component of the incident wave in estimation. The proposed absorber is validated through theoretical, simulation, and experimental
studies for planar and conformal applications.

1. INTRODUCTION

In recent years, the research on metamaterial or metasurfacebased absorber has gained momentum due to its compact
size and light weight, compared to the conventional absorber
[1]. These artificially engineered structures have ability to con-
trol electromagnetic waves. Landy et al. first experimentally
demonstrated a perfect metamaterial absorber having narrow
bandwidth [2]. Subsequently, various types of multiband [3–
5], wideband absorbers have been reported [6–9]. However, a
limitation of many of the reported structures is the lack of in-
formation regarding their cross-polarized reflected component
(CPRC) of incident waves. Considering the CPRC of the inci-
dent wave in absorptivity estimation, absorptivity level drasti-
cally decreases from 90% to below 20% over the claimed op-
erating band [10–12]. Therefore, it is necessary to investigate
the CPRC of incident wave. Recently, broadband absorption
has been achieved with a low cross polarization level through
the utilization of an anti-reflecting metasurface [13]. Although
these are simple unit cell structures, without introducing large
amounts of ohmic or dielectric loss, it is very difficult to achieve
ultra-wideband absorption. Moreover, all of these rigid ab-
sorbers have a very limited scope, when it comes to non-planar
surfaces. In practical scenarios where absorbers need to be de-
ployed over curved surfaces, there is growing demand for con-
formal ultra-wideband absorbers. Consequently, the substrate
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must possess flexible or conformal characteristics to meet these
requirements.
By using various additive manufacturing methods, con-

formal absorbers based on frequency selective surfaces
(FSSs)/metamaterials (MTMs) have been investigated [14–
22]. In [14], a single band flexible metamaterial (MTM)
conformal absorber was fabricated using a thin FR-4 substrate.
In [15], Hakla et al. designed a dual-band conformal MTM
absorber. By using a GML 1000 substrate, a polarization-
insensitive conformal MTM absorber for dual and triple band
applications was presented in [16]. Recently, in [17], Kumar et
al. presented low cross polarization level, convolved frequency
selective surface (FSS) based absorbers for X-band appli-
cation. However, due to resonant behavior, these absorbers
suffer from narrow bandwidth problems. To overcome this
issue, lossy FSSs/MTMs are used. By using inkjet printing
technique, an MTM absorber for X-band application was
presented in which high cost silver nano-particle conductive
ink was used on 4 stacked layers of flexible Kodak paper
[18]. By using screen printing technique, a conformal absorber
for X- and Ku-bands applications was presented in which
graphene nanoflakes with finite resistivity were used on a
flexible silicon substrate to achieve wideband absorption
[19]. However, printing a resistive pattern on a flexible
substrate by using screen printing technique or other additive
manufacturing methods has certain drawbacks in obtaining
the required optimal surface resistance. The optimal surface
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resistance depends upon uniform coating, and in the case of
FSS it depends upon the FSS shape, permittivity, and thickness
of the substrate. In contrast, lumped resistors are available
with accurate required resistance value, and by loading it with
FSS/MTM, high absorption bandwidth can be achieved. By
using lumped resistance, broadband absorption was achieved
for part of the C- and complete X-band application [20].
Similarly, in [21], wideband absorption was achieved for
complete C- and part of X-band application. In [22], lumped
resistors were used as a resistive FSS layer on a polyimide
substrate with supporting heavy silicon rubber to achieve
broadband absorption for X- and Ku-bands. However, as
discussed earlier in the case of rigid absorber, these conformal
structures [14–16, 19–22] also suffer from lack of information
regarding CPRC of incident wave. Moreover, most of the
reported conformal absorbers demonstrate their flexibility on
curved surfaces, but absorption results on curved surfaces have
been rarely discussed in the literature [14, 18].
In this paper, to address above issues, theoretical, simulation,

and experimental studies of an ultra-wideband, polarization-
insensitive, conformal absorber with low cross polarization
level are presented for X-, Ku-, and major portion of K-band
application. We have demonstrated the design approach for
flexibility in choosing unit cell geometrical parameters as per
the limiting frequencies (upper and lower) of desired band,
while also considering some miniaturization aspects of the
structure. To better predict the working principle of the pro-
posed absorber, an equivalent circuit analysis based on the
Transmission Line Model (TLM) is also presented. Further-
more, by incorporating the CPRC of incident wave, the radar
cross-section (RCS) reduction formula has been derived, and
its numerical values are computed for the proposed structure.

2. DESIGN, THEORY AND ANALYSIS

2.1. Design of Unit Cell of Targeted Frequency Range
The schematic of a unit cell of the proposed absorber is shown
in Fig. 1(a). The proposed resistive sinusoidal periphery an-
nular ring (SPAR) metasurface-based absorber consists of two
quad split resistor loaded rings, which is used as a lossy layer on
the top of a 0.1mm thin low cost FR-4 substrate and supported
by metal backed foam. FR-4 substrate having dielectric con-
stant εr = 4.4 and loss tangent tan δ = 0.02 is used for design.
The air spacer is used between the substrate and ground plane
to broaden the absorption bandwidth. The proposed unit cell is
simulated with master/slave boundaries in x- and y-directions
with Floquet port in z-direction using ANSYS HFSS v.19.
The design of the proposed ultra wideband absorber is a

four-step process. In the first step, targeted frequency bands
of interest X-, Ku- and major portion of the K-band are cho-
sen. To achieve absorption band over the targeted frequency
range, the concept of ring resonator is utilized, whose fun-
damental frequency is given by fo ≈ lmean/

√
εeff, where

lmean = 2πRmean. lmean, Rmean are mean length and mean
radius of the ring, respectively. εeff is the effective permittivity
of metasurface within stratified media [23]. So we have cho-
sen the two annular rings with different mean radii in such a

way that one larger ring operates near the lower frequency of
8.26GHz, and other smaller ring operates near the higher fre-
quency of 22.9GHz as shown in Fig. 2(a).
In the second step, by replacing these two annular rings with

sinusoidal periphery annular rings, the current flow path of
each ring is increased. With the sinusoidal periphery length
of the incurved annular ring increased, the resonant frequen-
cies of smaller and larger rings shift towards lower frequency
of 21.68GHz and 7.28GHz. These rings are represented by
Ring 1 and Ring 2, respectively as shown in Fig. 2(a). Ring 1
and Ring 2 consist of the inner and outer radii (r1_in and r1_out)
and (r2_in and r2_out) of the sinusoidal periphery, respectively,
as shown in Fig. 1(b).
For the i-th ring (i = 1 for Ring 1, i = 2 for Ring 2), the sim-

plified equation of its inner and outer periphery in parametric
form is given by [8][
x(t)
y(t)

]
=

[
ri_in+k∗sin(ni∗t) 0
0 ri_in+k∗sin(ni∗t)

][
cos(t)
sin(t)

]
(1)[

x(t)
y(t)

]
=

[
ri_out+k∗sin(ni∗t) 0
0 ri_out+k∗sin(ni∗t)

][
cos(t)
sin(t)

]
(2)

where i = 1, 2 is used for Ring 1 and Ring 2, respectively.
ri_in and ri_out represent the inner and outer radii; ni represents
the angular frequency of i-th ring; k represents the maximum
amplitude of inner and outer sinusoidal periphery of each ring.
In the third step, predominantly ohmic losses are introduced by
creating four splits in each ring and loading it with an adequate
value of resistance so that a prominent dip can be observed due
to each SPAR, as shown in Fig. 2(b). Finally, in step four, these
two resistive rings are combined to form ametasurface unit cell,
as depicted in Fig. 1(b). This metasurface unit cell is optimized
for the best absorption performance as shown Fig. 2(b) under
fabrication tolerance limit of r1_in = 2, r1_out = 2.5, r2_in =
4.25, r2_out = 4.75, w = L = 0.5, h1 = 0.1, h2 = 4.2
(unit: mm), Rin = 150Ω, Rout = 205Ω, k = 0.1, n1 = 20,
n2 = 40.
From Fig. 2(b), it is observed that after combining the two re-

sistive rings, there are three distinct resonances in the frequency
range of interest, one at 9.62GHz due to larger ring, another at
24.10GHz due to smaller ring, and the third at 17.13GHz due
to strong coupling between these resistive rings.
Moreover, this resistor-loaded SPAR metasurface miniatur-

ized the absorbing structure with respect to resistive annular
ring without sinusoidal periphery and increased wideband ab-
sorption fractional bandwidth from 98% to 105.70% as shown
in Fig. 2(c).

2.2. Optimization of the Design
In order to tune the absorption over the targeted frequency range
of interest, parametric study of key parameters of absorbing
structure is performed.
Firstly, for the widest absorption bandwidth, we examine the

adequate value of resistance in each sinusoidal periphery annu-
lar ring. Fig. 3(a) shows that at the central resonance frequency
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FIGURE 1. Illustration of the geometry of proposed absorber. (a) 3-D view of 3× 3-unit cell. (b) Top view of the unit cell. (c) Side view of the unit
cell.
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FIGURE 2. Reflection coefficient. (a) For larger ring, smaller ring with and without sinusoidal periphery. (b) For individual and merge Ring 1 and
Ring 2 after embedded with chip resistor. (c) Absorptivity response of the proposed structure with and without sinusoidal periphery.
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FIGURE 3. Parametric analysis for reflection coefficient. (a) For different values ofRout andRin at center frequency of 17.13GHz. (b) For different
values h2 and P . (c) Co-, cross-polarized reflection coefficient for different substrates.

of 17.13GHz, the co-polarized reflection coefficient (Γyy) is
less than −15 dB for Rout ranging from 170Ω to 230Ω and
Rin ranging from 120Ω to 180Ω. Utilizing such degrees of
freedom, as per availability, we have chosen Rout = 205Ω in
the outer ring and Rin = 150Ω in the inner rings for fabrica-
tion. It gives the best impedance matching of absorbing struc-
ture to the free space.
The choice of spacer height h2 for the widest absorption

bandwidth is calculated at central frequency of 17.13GHz by
utilizing the Salisbury screen concept [24, 25],

θel1 + θel2 = π/2 (3)

where θel1 and θel2 are the electrical lengths of FR-4 sub-
strate and air spacer, respectively. For predetermined confor-
mal thickness h1 = 0.1mm of FR-4 substrate, the computed
value of θel1 is 4.29◦ or 0.0238π. Therefore, by using Equation
(3), we obtain the value of spacer height as h2 ≈ 4.2mm. Such
height provides the best absorption result with a co-polarized
reflection coefficient below −15 dB, as depicted in Fig. 3(b).
This parametric study of spacer height clearly illustrates that for
h2 = 3.8, the bandwidth is small compared to h2 = 4.2, and
the higher resonance frequency is less prominent. At −10 dB,
the lower cutoff frequency for h2 = 4.4 is slightly lower than
h2 = 4.2. However, after the midband frequency, the reflec-
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tion curve for h2 = 4.4 is closer to −10 dB than h2 = 4.2.
Consequently, we have chosen spacer height h2 = 4.2 as the
final optimized parameter, as also supported by the calculation
in Equation (3).
Similarly, by keeping the other dimension constant, the influ-

ence of periodicity P is also investigated in Fig. 3(b). As pe-
riodicity increases, the fringing capacitance between adjacent
unit cells decreases [26]. Therefore, weak coupling between
adjacent unit cells allows a decrease in absorption bandwidth
[27] by shifting the higher frequency towards the lower side
and the lower frequency towards the higher side. Therefore, for
wideband absorption, an optimized periodicity of P = 12mm
is chosen for fabrication.
Therefore, geometrical parameters, such as spacer height,

periodicity, and the adequate value of resistances, highly in-
fluenced the absorption bandwidth, and they are used as key
parameters to tune the absorption bandwidth over the targeted
frequency range of interest.

2.3. Performance Discussion and Mechanism of Absorption
Absorptivity performance of themetal backed absorber over the
operating band is given by [28]

A(ω) = 1− |S11(ω)|2 (4)

where |S11(ω)|2 = |Γyy(ω)|2 + |Γxy(ω)|2 represents
the reflected power. For y (or TE)-polarized inci-
dent wave, the amplitudes of co- and cross-polarized
reflection coefficients from the absorber in terms
of electric field components can be expressed as
|Γyy| =

−→
|EAbs

ry |
/−→
|EAbs

iy | and |Γxy| =
−→
|EAbs

rx |
/−→
|EAbs

iy |, re-
spectively. Hence by using (4) and the above expressions,
actual absorbed power (Aactual(ω)) by the absorber is given
by [1]

Aactual(ω) = 1− (|Γyy(ω)|2 + |Γxy(ω)|2) (5)

From (5), it is clear that to maximize actual absorption by the
absorber, we have to minimize both cross- and co-polarized re-
flections generated by incident waves.
Figure 3(c) shows the simulated response of cross- and co-

reflection coefficients of the proposed absorber fabricated with
a lossy FR-4 substrate. It can be observed that the magni-
tude of reflection coefficient of CPRC Γxy is almost negligible,
and the co-reflection coefficient is below −10 dB over the fre-
quency range 7.68–24.90GHz, due to which, 90 % absorptivity
is achieved with frequency span of 17.22GHz over the above
operating band.
Further, to demonstrate the proposed absorber’s design flexi-

bility, a simulation study is carried out with different substrates,
by keeping all the physical dimensions constant, as shown in
Fig. 3(c). It can be observed that the magnitude of the CPRC
level is negligible and independent of substrate choice.

2.3.1. Effect of Polarization and Incident Angle

From the initial stage of the design our main focus is to main-
tain the four-fold rotational symmetry in the structure because
such a structure generally produces very little cross-polarized
reflection. The response of the proposed structure is studied

under different polarization angles by changing the polariza-
tion angle of the wave from 0◦ to 90◦ under normal incidence as
shown in Fig. 4(a). It is observed that the absorptivity response
remains the same for all polarization angles under normal inci-
dence, which verifies the polarization insensitive characteristic.
Performance of the structure is further investigated under

oblique incidence for TE and TM polarizations cases. From
Fig. 4(b), it is observed that the structure gives more than 90%
absorptivity and quite stable performance up to oblique inci-
dence of 45◦ under TE polarization case in operating band.
However in the case of TM polarization as shown in Fig. 4(c),
more than 90% absorptivity is achieved up to oblique incidence
of 40◦, but higher order harmonics also start generated inside
the operating band, and it may be because of grating lobes as
the angle of incidence increases from normal to oblique. At
oblique incidence free space impedance is different for TM and
TE polarizations which is given by [27].

ZTM
o = Zo cos θ, ZTE

o = Zo/cos θ (6)

For TM polarization free space impedance decreases as angle
of incidence increases whereas for TE polarization free space
impedance increases. Therefore, due to such an impedance
mismatch absorptivity response at oblique incidence is different
for TE and TM polarization with respect to normal incidence.

2.3.2. Mechanism of Absorption

To gain insights into the absorption mechanism, the input
impedance of the absorber is depicted in Fig. 4(d). It can be
observed that its imaginary part is near zero, and the real part is
near free space impedance within the absorption band. There-
fore, there is minimal reflection from the proposed absorbing
structure due to its impedance matching with free space.
Further, Fig. 5 represents the distribution of the real pointing

vector over the surface of a unit cell at three resonance frequen-
cies, which provides insight into the behavior of electromag-
netic waves within the absorber before they are absorbed. It can
be observed that incident power initially propagates along the
downward z-direction through the air region and then redirects
itself over the metasurface unit cell. This strong convergence of
power over the lossy concentric rings and within the substrate
leads to strong absorption.

3. EQUIVALENT CIRCUIT ANALYSIS
To better predict the working principle of the proposed con-
formal absorber equivalent circuit analysis based on Transmis-
sion Line Model (TLM) is also presented. The schematic of
the top resistive SPAR metasurface and conceptual interpreta-
tion of inductive and capacitive effects due to the y-polarized
incident wave is shown in Fig. 6(a). Inner and outer resistive
ring resonators are modeled as a simplified series combination
of the R1L1C1 and R2L2C2 networks and connected in par-
allel [29], as shown in Fig. 6(b). However, here resistances
R1 andR2 are used to represent losses introduced by inner and
outer rings, respectively. In this model, C1 represents the final
equivalent capacitance that arises due to the gap between the in-
ner and outer rings. C2 represents the final equivalent coupling
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capacitance between the adjacent unit cells. L1 and L2 repre-
sent the final equivalent inductances of inner and outer rings.
The dielectric substrate and air spacer thickness are modeled
with transmission line (TL) section (Z01, θel1) and (Z02, θel2),
where the characteristic impedance of these sections is repre-
sented by Z01 = Zo/

√
εr and Z02 = Zo. The ground plane

is represented by a short circuit. Therefore, the final simpli-
fied qualitative equivalent circuit of the proposed absorber is
modeled as shown in Fig. 6(b).
The initial value of inductance L1, L2 of the ring is approx-

imated by using a well-defined equation for circular loop [30].

Li(nH) = 1.257× 10−3 × rimean

·
[
ln
(

r
imean

wi + tcu

)
+ 0.078

]
·Kg i = 1, 2 (7)

where ri-mean, wi, tcu are dimension in micrometer, and they
are mean radius, width, and the copper thickness of the i-th
SPAR ring, respectively. Kg is the correction factor that ac-
counts for the presence of the ground plane. Since the ring has
an increased periphery with respect to a simple annular ring,
this inductance formula is used as an initial approximation for
the inductance value of each ring of proposed structure.
From Fig. 6(b), by utilizing the resonance frequency of each

RLC arm, the initial value of capacitance C1 due to higher res-
onance frequency (ω3) and capacitance C2 due to lower reso-
nance frequency (ω1) is determined by using relations (8)

C1 =
1

ω2
3L1

, C2 =
1

ω2
1L2

(8)

Once the initial value of electrical parameters is obtained us-
ing above relation, it is later implemented in Advance De-

151 www.jpier.org



Srivastava, Dubey, and Meshram

E

S
.C

.

R1

L1

C1

R2

L2

C2

Z0

h1 h2

Z01, Z02,θel1 θel2

6 8 10 12 14 16 18 20 22 24

-40

-30

-20

-10

0

 Equivalent Circuit model

 Full-wave Simulation

Frequency(GHz)

R
 e

fl
e
c

ti
o

n
 C

o
e
ff

. 
(d

B
)

(a) (b) (c)
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sign System (ADS) software, where curve fitting technique is
used to tune the reflection from circuit model to full-wave EM
simulation, and obtain the final lumped parameter as R1 =
299.25Ω, L1 = 5.13 nH, C1 = 14.34 fF, R2 = 337.45Ω,
L2 = 13.73 nH, C2 = 16.57 fF. The comparison between cir-
cuit simulation response and full-wave simulation response is
shown in Fig. 6(c). A fair degree of symmetry between these
two responses validates the proposed model.

4. ACTUAL RCS ANALYSIS FROM ABSORPTIVITY
With the aim of evaluating the RCS performance from the ab-
sorptivity of the proposed resistivemetasurface-based absorber,
we have applied the fundamental RCS definition. At a far-field
distance r away from the target, if

−→
Es is scattered field for

−→
Eι

value of incident field, then RCS is given by [31]

σ = 10 log10

(
lim
r→∞

4πr2
|
−→
E s|2

|
−→
E i|2

)

For y-polarized normally incident wave, under Monostatic

RCS case
−→
E s =

−→
EAbs

r , therefore RCS of proposed absorber is
given by,

σ = 10 log10

(
lim
r→∞

4πr2
|
−→
EAbs

r |2

|
−→
EAbs

iy |2

)
(9)

Since the reflected wave not only consists of the co-polarized
reflected component but also consists of the cross-polarized re-
flected component (CPRC), the total reflected electric field at
far-field observation point is the vector sum of

−→
EAbs

r =
−→
EAbs

rx +
−→
EAbs

ry

or |
−→
EAbs

r |2 = |
−→
EAbs

rx +
−→
EAbs

ry |2 = (
−→
EAbs

rx +
−→
EAbs

ry )

·(
−→
EAbs

rx +
−→
EAbs

ry )

= |
−→
EAbs

rx |2 + |
−→
EAbs

ry |2 + 2
−→
EAbs

rx ·
−→
EAbs

ry

= |
−→
EAbs

rx |2 + |
−→
EAbs

ry |2 + 2|
−→
EAbs

rx ||
−→
EAbs

ry | cosπ/2

= |
−→
EAbs

rx |2+|
−→
EAbs

ry |2= |
−→
EAbs

iy |2(|Γxy|2+|Γyy|2)

(10)

Therefore, by using (9) and (10), the expression for actual
RCS reduction ∆σactual of the proposed absorbing structure
with respect to the perfect electric conductor can be calculated
by

∆σactual =−10 log10

lim 4πr2
(|
−→
EAbs

iy |2(|Γyy|2+|Γxy|2))

|
−→
EAbs

iy |2
r→∞

/

lim 4πr2[1]2

r→∞

]
=−10 log10[|Γyy(ω)|2 + |Γxy(ω)|2] (11)
=−10 log10[|S11(ω)|2]
=−10 log10[1− |Aactual(ω)|] (12)

Due to the inclusion of CPRC into expression (11), Equa-
tion (12) is a well-derived and more generalized formula for
RCS reduction than the formula reported in [1, 32]. From (12),
we conclude that there is an increase in RCS reduction as the
value of Aactual(ω) increases.
To numerically calculate the RCS reduction, both simulated

Γyy and Γxy or actual absorptivity results of the proposed ab-
sorber from Fig. 9(a) are used in expression (11) or (12) and
plotted in Fig. 7. It can be observed that the actual RCS re-
duction of the proposed absorbing structure with respect to the
perfect electric conductor exceeds by 10 dB over the frequency
range of 7.68–24.90GHz.

5. FABRICATION AND EXPERIMENTAL VALIDATION
For validation, the prototype of the proposed conformal ab-
sorber is fabricated with 15×15-unit cells (180mm× 180mm)
on a 0.1mm thin low cost FR-4 substrate by conventional chem-
ical etching process as shown in Fig. 8(a). Surface mount tech-
nology is used to solder the chip resistors of 150Ω and 205Ω
with 1% tolerance (ERJ2RKF1500X, ERJ2RKF2050X from
Panasonic). The fabricated flexible top resistive metasurface
used in our design is shown in Fig. 8(b). The measured thick-
ness of the top resistive metasurface is 0.1mm, as shown in
Fig. 8(c). Finally, this metasurface is combined with flexible,
lightweight PMI foam [33] (εr = 1.08 and tan δ = 0.0052),
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FIGURE 7. Actual monostatic RCS reduction by incorporating cross polarized reflected component of incident wave.

(a) (b)

(c) (e)

(d)

FIGURE 8. (a) Image of fabricated absorber. (b) Flexible top resistive metasurface used in our design. (c) Measured thickness of fabricated conformal
top resistive metasurface. (d) Resistive metasurface combined with flexible foam. (e) Measurement setup for Planar absorber.

as depicted in Fig. 8(d). Light weight PMI foam is used in
place of air-spacer between the substrate and ground plane to
provide mechanical stability for fabricated absorber. Four ny-
lon nuts and bolts are used at four corners of the structure to
maintain the 4.2mm gap between the dielectric and the metal
ground plane. The reflection properties of the fabricated sample
are measured by free-space measurement technique inside the
anechoic chamber. The measurement setup for planar absorber
is shown in Fig. 8(e).
During measurement two broadband horn antennas (4–

40GHz) are used, one as a transmitter and the other as a
receiver, and connected to Field Fox N9951A handheld ana-
lyzer, and the fabricated sample is placed in the far-field region
of these antennas. To avoid the mutual coupling between these
two horn antennas at lower frequency, they are separated by
minimal possible distance. Further copper sheet with the same
size as absorbing structure is used to calibrate the absorbing
structure to measure actual reflection.
For co-polarized reflection coefficient measurement, the two

antennas are placed in the same plane alignment. However, for
cross-polarization reflection coefficient measurement, the re-

ceiving horn antenna is rotated by 90◦ with respect to the trans-
mitting horn antenna.
Under the normal incidence, measured and simulated results

are plotted in Fig. 9(a). Good agreement is observed between
them. However, because of fabrication tolerance, the finite size
of periodic sample, the high-frequency parasitic effect of the
SMD chip resistor, and inaccuracy in target alignment, there
are insignificant discrepancies observed between them. Rip-
ples are observed in measured frequency domain response due
to unwanted reflection from environment. One can get rid of
these ripples by employing proper time-domain gating function
as per availability in the analyzer and improve the measurement
accuracy. The measured absorptivity for different polarization
angles is shown in Fig. 9(b).
For the TE polarization case, measured absorptivity up to

specular angle 40◦ is shown in Fig. 9(c), and it represents a
quite stable performance within the operating band. Similarly,
for TM polarization case, the measured absorptivity up to spec-
ular angle of 20◦ is shown in Fig. 9(d).
In order to ensure the adaptability of the proposed absorber

for conformal application, absorptivity measurements are car-
ried out with two cylinders with radii of 15.8 cm and 5.5 cm,
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FIGURE 9. Measured results of proposed absorber. (a) For Normal Incidence. (b) For different polarization angle. (c) For oblique incidence under
TE Polarization. (d) For oblique incidence under TM Polarization.
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FIGURE 10. (a) Measurement setup for conformal absorber. (b) Measured absorptivity at different bending radii.

which is wrapped by the absorber, as shown in Fig. 10(a). Mea-
surements are performed in a similar manner to the planar ab-
sorber. However, the calibration of the absorbing structure is
carried out by wrapping a thin copper sheet of the same size
around a cylindrical surface. Bending should be done under tol-
erable limit of SMD resistor. Fig. 10(b) represents themeasured
results for conformal case 1 (cylinder radius of 15.8 cm), con-
formal case 2 (cylinder radius of 5.5 cm), and planar case (cylin-
der radius infinity, no bending). It can be seen that when the
planar absorber is wrapped on the cylindrical surface, the ab-
sorption performance is slightly deviated at certain points with
the decrease of conformal radius. It happens because with plane
wave incident normally on the surface of conformal absorber,
different areas of the absorber experience different oblique inci-
dences with θ4 > θ3 > θ2 > θ1 = 0◦ as wemove along the cir-
cumference of bent structure, as shown inside Fig. 10(b). How-
ever, the proposed absorber still gives 80% absorption band-
width in most part of the frequency regime from 7.68GHz to
24.90GHz and greater than 90% absorption bandwidth over
discrete band.

The performance of the proposed novel resistive SPAR
metasurface-based absorber is compared exclusively with
other non-transparent conformal reported absorbers in Table 1.
Among the conformal configurations where cross-polarized
reflection is reported, the proposed structure has much wider
fractional bandwidth (FBW), though its periodicity is slightly
higher than [18], and thickness is greater than [17] and [18].
In addition, actual RCS reduction is computed in the case of

proposed structure whereas it is not estimated in [17–22]. Also,
bending angular stability is not experimentally determined in
[18]. The inclusion of a low value of cross-polarization level in
the estimation of absorptivity and RCS reduction confirms its
suitability to work as an absorber rather than a cross-reflective
polarization converter. Moreover, last but not least, the most
prominent feature of proposed conformal absorber is that it of-
fers design flexibility to choose unit cell geometrical param-
eters based on the limiting (upper and lower) frequencies of
the desired band, along with incorporating some miniaturiza-
tion aspect of the absorbing structure.
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TABLE 1. Comparison of proposed absorber exclusively with non-transparent conformal reported absorber.

Ref. Year
P
mm
(λL)

t
mm
(λL)

Spectrum
(GHz)

FBW
(%)

FD CPRC ∆σactual Band

Bending
Angular
Stability

or Effect of
Bend reported

[17] 2021
10

(0.36)
0.25

(0.009)
10.80–11.09 2.62 Difficult Yes No NB Yes

[18] 2021
10

(0.28)
1.06
(0.02)

8.43–10.38 20.7 Difficult Yes No BB No

[19] 2016
15
(0.4)

2
(0.05)

8–19 81.5 Difficult No No WB Yes

[20] 2017
14.4
(0.29)

3.68
(0.07)

6.08–13.04 72.8 Difficult No No BB Yes

[21] 2019
12.5
(0.16)

7.57
(0.09)

3.90–10.5 91.6 Difficult No No WB Yes

[22] 2018
10

(0.25)
3.25
(0.08)

7.6-18.3 82.6 Difficult No No BB Yes

Pro. 2023
12

(0.30)
4.3
(0.11)

7.68–24.9 105.7 Easy Yes Yes UWB Yes

λL: free space wavelength at the lowest operating frequency having absorptivity> 90%, P : Periodicity, t: Thickness, FBW: Fractional Bandwidth,
FD : Design Flexibility to choose unit cell geometrical parameter as per limiting Frequency (lower and upper) of desire band along with some mini-
aturization aspect of the absorbing structure, CPRC: Cross-polarized reflected component,∆σactual: 10 dB Actual RCS reduction bandwidth num-

cerially reported, NB = Narrow band, BB = Broadband, WB = Wideband, UWB = Ultra-wideband.

6. CONCLUSION

In this paper, a conformal, ultra-wideband, polarization-
insensitive absorber with a low cross-polarization level and
low RCS has been designed and experimentally verified to
achieve more than 90% absorptivity over the frequency range
of 7.68–24.90GHz, covering X-, Ku- and major portion
of the K-bands. This step-by-step strategically designed
approach for a conformal absorber involves the use of a
predetermined thickness of a thin FR-4 substrate, exploiting it
with an adequate value of resistances, and carefully selecting
a well-calculated air spacer height. This approach enables
the achievement ultra-wideband absorption while maintaining
conformal characteristic. Ultra-wideband width and large RCS
reduction are achieved in computation due to the existence
of low cross-polarized level for the proposed structure. Con-
formal behavior, bending angular stability, and polarization
insensitivity are several important characteristics that make the
proposed absorber a potential candidate in EMI, EMC, RCS
reduction, and other military and civil applications.
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