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Abstract
A design of a microwave absorber based on frequency selective surface resonating in X-band
having ultrathin thickness, polarization controlled behavior, and increased absorption band-
width has been reported. The reported absorber having its unit cell embodied of multiple
resonating structures which includes conventional square, circular, and butterfly shaped res-
onators resulting in three absorption apexes at 9.44, 10.00, and 10.53 GHz (all in X band) with
99.9%, 99%, and 95.1% of absorptivity obtained at the frequencies of resonances. It demon-
strates a wide full width at half maximum having 1.48 GHz as bandwidth, at the expense of
using an ultrathin substrate of 0.0096 𝜆0, where 𝜆0 is the wavelength with respect to lowest
resonating frequency, i.e. 9.44 GHz. The unit cell is fourfold symmetric exhibiting indepen-
dence about the absorber’s polarity, as well as, it behaves stable over the outspread angle up to
45 degrees for both transverse magnetic and transverse electric polarized wave under sloped
incident angle. The absorption behavior has been demonstrated by plotting the distribution of
surface-currents and electric fields at the frequencies of resonance. The fabricated prototype
of the presented design is tested at X-band and the obtained results concur with the simulated
results.

Introduction

Polarization controlled and broadband characteristics are the need of time in order to enhance
the utility of the absorbers. In recent years, various types of design methodologies have been
adopted by researchers to achieve an increase in operating bandwidths. Scaled resonating struc-
tures placed at similar or different layers exhibit multiple absorption peaks, which are combined
together to offer large bandwidths in Refs. [1–5]. However, there is a significant increase in the
unit cell size with this concept, thereby leading to incident angle-sensitive geometries. Loading
of lumped resistors or use of resistive sheets is another method to realize wideband absorbers
[6–10]. However, the structures either suffer from large thicknesses or expensive fabrication
procedures. The use of hyperbolic metamaterial arrays of various sizes results in absorption
behavior at multiple frequencies, which combinedly exhibit ultra-broadband responses in dif-
ferent spectra [11–14]. Magnetic substrates are also used to achieve bandwidth enhancement in
absorber geometries [15, 16]. In [17], varying the patterning of Dirac semimetal and changing
the fermi energy of graphene have also enhanced the bandwidth of the geometries. However,
either the structures are difficult to fabricate (in the case of a hyperbolic array topology) or
the weight becomes very heavy (in the case of using magnetic mediums). Several researchers
have used the lossy nature of water to construct wideband absorber structures [18, 19], but the
fabrication mechanism is cumbersome and often leads to water leakage.

Looking at the limitations of the above-mentioned approaches, the researchers have been
focusing on simpler yet innovative approaches to enhance the absorption bandwidth. One of
the possible techniques is to use concentric resonating structures in the same unit cell geometry
[20, 21], but achieving wide bandwidth is a difficult task as the rings have to be dimensionally
appropriate to attain desired responses. By carefully placing different resonators within the same
unit cell, their absorption responses can be brought together, thereby resulting in an enhanced
bandwidth response.

In this paper, an ultrathin, broadband, polarization-controlled, microwave absorber struc-
ture has been presented based onmultiple resonances. All the resonating structures are placed in
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Figure 1. (a) Unit cell design of the proposed structure and (b) its reflection coefficient (in dB) and absorptivity response. The geometric dimensions are: a = 16.5 mm,
r = 3.76 mm, b = 3.52 mm, d = 7.52 mm, e = 8.6 mm, and f = 4.3 mm. The blue color indicates the metal layer, and the magenta color indicates the blank space (i.e. metal
is etched at that position).

a single-layer design within the same unit cell, which leads to a
very thin profile (having a thickness of 0.0096 𝜆0, where 𝜆0 is
the wavelength at the lowest frequency of resonance of 9.44 GHz)
and compact unit cell size. Each of the resonances is precisely
controlled by the geometric dimensions and combinedly exhibits
an enhanced bandwidth in the X-band. The fourfold symme-
try in the topology enables the structure to exhibit polarization-
insensitive behavior.The oblique incidence response appears stable
for both transverse magnetic (TM) and transverse electric (TE)
polarization. The equivalent circuit diagram, surface current, and
electric field distribution also help in explaining the absorption
phenomenon at different frequencies. Reasonable consistency is
observed between the simulated results andmeasured results of the
fabricated prototype.

Design methodology

Unit cell response

Theunit cell of the proposed absorber and its associated field direc-
tions are showcased in Fig. 1(a).Thedesign is a conjunction of three
resonating structures, viz. one is made of multiple square blocks
at four corners, one is comprised of four half circles attached to
four sides of the unit cell, and the third one is a butterfly shape
pattern placed at the center of the unit cell. They are designated
as Res X, Res Y, and Res Z, respectively, and combinedly exhibit
three absorption peaks.Their dimensions are considered such that
the absorption bands get merged together producing an over-
all bandwidth-enhanced response spanning across the X-band.
A 0.30 mm thick FR4 substrate (𝜀r = 4.4 and tan 𝛿 = 0.02) has been
used as the dielectric, whereas the copper cladding has been used
as the constituent metal layer.

The unit cell geometry has been simulated in full-wave software
with the floquet port excitations andmaster-slave boundary condi-
tions.With the presence of the copper plate as the bottom layer, the
transmission coefficient (S21) becomes zero.Then, the absorptivity
(A) can be computed from the reflection coefficient (S11) [22–25],
as below:

A (𝜔) = 1 − ∣S11(𝜔)2∣ − ∣S21(𝜔)2∣ , (1)

Since S21 = 0,

A (𝜔) = 1 − ∣S11(𝜔)2∣ , (2)

where |S11 (𝜔)|2 and |S21(ω)|2 are reflected power and transmit-
ted power, respectively. The reflection coefficient and absorptivity
response of the proposed geometry are presented in Fig. 1(b).Three
resonances are observed at 9.44, 10.00, and 10.53 GHz with corre-
sponding absorptivities of 99.9%, 99.6%, and 95.1%, respectively.
The absorption peaks are very closely placed, thereby producing an
enhanced bandwidth with a full width at half maximum (FWHM)
of 1.48 GHz, as observed in the figure.

To verify the absorption behavior of the structure, the unit
cell geometry has been studied under different polarized electro-
magnetic (EM) waves, and its co-polarized and cross-polarized
reflectance are depicted in Fig. 2(a), whereas the polarization con-
version ratio (PCR) is presented in Fig. 2(b). Assuming the inci-
dent EM wave y-polarized, the co-polarized reflectance (Ryy) is
found matching with the actual reflection coefficient (S11) pre-
sented above, whereas the cross-polarized component (Rxy) is very
small over the operating range. The PCR expression, as calculated
in Equation (3), is also shown to have very small values (less than
0.05) across the X-band. Hence, the structure confirms to behave
as an absorber, not a polarizer.

Ryy =
∣Eyr∣
|Eyi|

, Rxy =
|Exr|
∣Eyi∣

, PCR =
∣Rxy∣

2

∣Rxy∣
2 + ∣Ryy∣

2 , (3)

Absorption mechanism

To check the contribution of different segments (Res-X, Res-Y, and
Res-Z), each of the topologies is individually simulated and their
responses are compared with that of the proposed final geome-
try in Fig. 3. It is observed that Res-X, Res-Y, and Res-Z exhibit
absorption peaks at 8.69, 8.94, and 9.44 GHz, having absorptivities
of 93%, 80%, and 90%, respectively. Although the absorption fre-
quency of Res-Z seems to match well with one of the absorption
peaks of the proposed design (but Res-X and Res-Y have shown
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Figure 2. (a) Co-polarization and cross-polarization reflectance and (b) polarization conversion ratio (PCR) of the proposed absorber structure.

Figure 3. Illustration of the frequency shift of individual resonating structures, while they are integrated in the final design.

some frequency offsets), actually all three segments have frequency
shifts in the combined structure. The absorption response of Res-
X actually shifts from 8.69 (occurred in the individual segment) to
9.44 GHz (occurred in the combined design), the response of Res-
Y shifts from 8.94 to 10.00 GHz, and the response of Res-Z shifts
from9.44 to 10.53GHz.These shifts arewell illustrated in the below
current distribution plots.

To explain the resonance phenomena at different absorption
peaks as well as examine the frequency shifts of the individual
components, the surface currents and electric fields of the over-
all structure are examined in Fig. 4. It is observed that the current
at 9.44 GHz is primarily dominant in the corner squares, indi-
cating the contribution of Res-X behind this resonance. This also
confirms the frequency shift in the overall structure. Similarly,
the current in the central butterfly structure (marked by Res-Y)
is prominent at 10.00 GHz (occurrence of the second resonance),
while at the third resonance (10.53 GHz), the maximum current
density is observed at the edges of the circular resonators (marked
by Res-Z).The electric field is equally excited at the corresponding
points at those resonances. Further, it is observed that the currents
at the top and bottom metallic layers are parallel but oppositely
directed, thereby forming a circulating current. This assists in the
magnetic field excitation in the structure.The absorptivity is maxi-
mal when the excitation of electric and magnetic takes place at the
same frequency.

Equivalent circuit model

After looking at the current distributions in different frequencies,
the equivalent circuit model depicting the contribution of individ-
ual segments and total circuit model have been formulated and
presented in Fig. 5(a) and (b), respectively. The top metallic layer
comprises three parallel connections of R–L–C series circuits, and
the substrate is modeled by a transmission line along with a short
circuit at the end owing to the metal back. Each of the R–L–C
circuits corresponds to one resonating structure. The lowest res-
onance (at 9.44 GHz) is generated by the outer square loops and
is represented by the R1–L1–C1 circuit, where the inductance (L1)
corresponds to the square elements and capacitance (C1) occurs
between the gaps. The middle absorption peak (at 10.00 GHz) is
primarily responsible for the central butterfly structure and offers
another series R2–L2–C2 circuit. The inductance (L2) comes from
the butterfly shape, whereas the capacitance (C2) arises between
the inter-element spacing.The highest frequency (10.53 GHz) cor-
responds to the half-circular rings placed at four sides, which also
exhibit inductance and capacitance, thereby leading to another
R3–L3–C3 circuit (R′

3 andR′′
3 combinedly giveR3 and L′

3 and L′′
3

combinedly give L3).The resistance in each case, although small in
value, is generated due to the finite conductivity of copper metal.
Therefore, the total input impedance of the structure is presented
by:
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Figure 4. Surface current distributions at top and bottom
surfaces and electric field distributions at resonant frequencies:
(a) 9.44 GHz, (b) 10.00 GHz, and (c) 10.53 GHz.

Figure 5. Equivalent circuit model of the proposed absorber: (a) contribution of individual segments and (b) total circuit model.

Zin = Z1 ∥ Z2 ∥ Z3 ∥ Zh, (4)

Z1 = R1 + j𝜔L1 + 1
j𝜔C1

, Z2 = R2 + j𝜔L2 + 1
j𝜔C2

,

Z3 = R3 + j𝜔L3 + 1
j𝜔C3

, (5)

Zh = j
z0√𝜀r

tan𝛽0h, (6)

where Z1, Z2, and Z3 are the equivalent impedances due to res-
onators X, Y, and Z, respectively, 𝛽0 is the phase constant, 𝜀r is
the dielectric constant of the substrate, h is the height of the sub-
strate, Zin is the input impedance of the geometry, and Z0 is the
characteristic impedance in free space. A small amount of mutual
coupling (not shown in the circuit model due to simplicity) also

exists in every scenario and leads to a frequency shift toward the
higher side, when compared with that of the individual contribu-
tion. All these three parallel R–L–C circuits, in synchronization
with the short-circuited transmission line (represented by Zh),
give rise to three different frequencies. By controlling the L and
C values, their resonances are brought together, thereby leading
to enhanced bandwidth, whereas their resistance (R) values are
tuned accordingly to obtain near-unity absorption magnitudes in
all cases.

Simulation results and inferences

Parametric study

Various design parameters affecting the absorptivity behavior of
the proposed structure are illustrated in Fig. 6. It is observed in
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Figure 6. Study of variation in design parameters on the absorptivity responses: (a) h, (b) e, (c) b, and (d) r.

Fig. 6(a) that the absorption magnitude reduces while increasing
or decreasing the substrate height (h) from its optimum value
(= 0.3 mm). One of the dimensions of the butterfly segment (e)
is varied in Fig. 6(b), and subsequently, the middle absorption fre-
quency relocates to the lower or higher side, although the other two
responses remain almost the same. The square loop length (b) is
regulated in Fig. 6(c) and the lower frequency shifts with the vari-
ation. Finally, the radius of the half-circular rings (r) is changed
and the upper absorption band is found to be varying with the
frequency in Fig. 6(d); however, the other resonances remain the
same. This parametric variation has clearly demonstrated the con-
tributions of different segments ondifferent resonances and further
validated our concept proposed in the previous section.

Oblique incidence and polarization angles responses

The simulated response has been examined for different inci-
dent angles (𝜃) under TE and TM polarization and presented in
Fig. 7(a) and (b), respectively. It is observed that in both cases, the
absorption magnitudes are sustained up to 45o angle of incidence.
Keeping the wave propagation direction constant, the directions of
electric and magnetic fields are varied with different polarization
angles (𝜙) to study the polarization performance of the geometry.
The responses are depicted in Fig. 7(c) and found to remain con-
stant at various angles of polarization (𝜙 = 0o to 90o with a step size

of 15o), and thereby confirms the polarization-insensitive nature of
the designed topology.

Impedancematching

Thenormalized input impedance curves (both real and imaginary)
have been depicted in Fig. 8, and the corresponding values at three
absorption frequencies are presented in Table 1. It is well observed
that the real part of the normalized input impedance is very close to
1 (i.e. close to free space impedance value), whereas the imaginary
part is lying around 0 at the resonance frequencies. This verifies
the impedance matching at these points and confirms near-unity
absorption magnitudes.

Experimental setup and measured results

A 15 × 15 planar array prototype of the designed absorber has been
fabricated using conventional printed circuit board technology on
a 0.3 mm FR4 substrate. The total size of the fabricated struc-
ture is 247 mm × 247 mm as depicted in Fig. 9(a). The free space
method has been used to measure the reflectivity and absorptivity
of the prototype. The experimental setup comprises one receiv-
ing and one transmitting horn antennas connected to a vector
network analyzer (Anritsu S820E) and the manufacturing design
is placed facing both antennas. A set of pyramidal foam absorbers
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Figure 7. Simulated absorptivity patterns at varied angles of incidence (𝜃) under (a) TE polarization, (b) TM polarization, and (c) at different angles of polarization (𝜙).

Figure 8. Impedance (real and imaginary) of the proposed bandwidth-enhanced
absorber.

aremounted surrounding the structure tominimize the diffraction
and scattering effects. The entire setup is illustrated in Fig. 9(b).

Initially, a metal plate has been kept in the same position as that
of the prototype and its reflection coefficient has been examined,
and later the plate has been replaced by the prototype formeasuring
its reflection response. The reflection coefficient of the metal plate

Table 1. Values of real and imaginary impedances for the frequencies of
resonances

Frequency (GHz) Real (Z) Imaginary (Z)

f1 = 9.44 0.99 −0.001

f2 = 10.00 0.89 0.12

f3 = 10.53 0.75 0.32

has been subtracted from that of the fabricated design prototype to
calculate the actual value of the reflection coefficient, and the same
is converted to absorption response. In this subtraction method,
the path loss between the antennas and the structure has been
canceled out, thereby giving rise to the actual response of the struc-
ture.Themeasured absorptivity curve has been comparedwith that
of the simulated result in Fig. 10(a) and the response is found to
concur well under normal incidence. The prototype has also been
measured for various incident angles under TE polarization, and
angularly stable responses are observed in Fig. 10(b). A few small
ripples are observed in the plot, which can be attributed to theman-
ufacturing lenience (such as the multipath propagation effect) and
fabrication tolerance.

A comparative study of the design and performance parame-
ters of the presented absorber with the earlier published literature
has been documented in Table 2.Theminiaturization response and
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Figure 9. (a) Fabricated prototype along with zoomed view and (b) measurement setup.

Figure 10. (a) Simulated and tested responses of the design and (b) measured absorptivity curved at various incidence angles under TE polarization.

Table 2. Comparative study of bandwidth-enhanced microwave absorbers

Absorber Thickness Unit cell size FWHM (%)
Polarization
sensitive Method Number of resonance

[5] 0.033 λ 0.24 λ 11.5 Yes Multiple resonators 2

[21] 0.047 λ 0.32 λ 18.5 Yes Multiple resonators 3

[26] 0.042 λ 1.10 λ 45.1 No High loss 2

[27] 0.039 λ 0.48 λ 11.0 Yes Double resonance 2

[28] 0.120 λ 0.26 λ 122.4 Yes Loading of resistors 2

[29] 0.032 λ 0.20 λ 60.88 Yes Multiple resonators 2

[30] 0.019 λ 0.39 λ NR Yes Scaling in same plane 1

This Work 0.0096 𝛌 0.52 𝛌 14.5 Yes Multiple resonator 3

𝜆 = Wavelength (= 31.77 mm) to lowest resonance frequency (9.44 GHz); NR = not reported; FWHM = full width at half maximum.
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ultrathin behavior are very well justified with the ratio of the unit
cell dimensions to the operating wavelength.

Conclusion

In this paper, a bandwidth-enhanced ultrathin polarization-
insensitive frequency selective surface-based absorber has been
presented based on multiple resonating structures. The resonating
elements exhibit three distinct absorption peaks at 9.44, 10.00, and
10.53 GHz (all in X-band) with absorption magnitudes at 99.9%,
99.6%, and 95.1%, respectively. The absorption frequencies are
realized in proximity such that they combinedly exhibit a broad-
band absorption response with an FWHMbandwidth of 1.48 GHz.
In addition, the topology is polarization-independent as well as
angularly stable for both TE and TM configurations. The absorp-
tion behavior has been examined by plotting the surface current
and electric field distributions as well as presenting an equivalent
circuit model and several parametric studies. Experimental verifi-
cation of the fabricated prototype is also carried on to validate the
simulated results. The geometry has been developed on an ultra-
thin substrate (0.0096𝜆0) with compact unit cell size and therefore,
can be effectively flattened or bent on different non-planar surfaces,
aiming for various shielding applications.
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