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Abstract — In this paper, a tunable metamaterial absorber
(MMA) based on active frequency selective surface
(FSS) is proposed, which can dynamically tune three
absorption bands. The equivalent circuit model (ECM)
was used to design the MMA and elucidate its mech-
anism of switchable absorption. By changing the state
of the PIN diode in the lossy layer and FSS layer, the
absorption frequency can be tuned continuously. The
tuning of the three absorption bands from S- to C-band is
achieved. The numerical simulation results show that the
described MMA can achieve a bandwidth of 6.2 GHz and
can dynamically tune between 1.86-2.70 GHz, 2.42-5.29
GHz, and 4.16-8.10 GHz. The reflectivity is lower than
-10 dB, and the fractional bandwidth reaches 125.3%. In
addition, the MMA'’s prototype was produced and mea-
sured. The measurement results are generally consistent
with the simulation results.

Index Terms — Frequency selective surface, microwave
absorber, pin diode, tunable absorber.

L. INTRODUCTION

Metamaterial absorber (MMA) is a new type of arti-
ficial electromagnetic structure [1, 2] which converts
the energy of incident electromagnetic waves into other
energy to achieve perfect absorption. MMA is used in a
variety of applications, such as stealth systems [3], elec-
tromagnetic interference [4], and reducing radar cross
section (RCS) [5, 16]. In recent years, there has been
much research based on MMA. Landy firstly proposed
a perfect MMA [7]. Although the advantages in thick-
ness and absorption rate are obvious, the bandwidth
still needs to be expanded. As a result, the researchers
began to study methods to achieve broadband absorption
and obtained fruitful results [8-10]. An ultra-wideband
MMA based on the cascade of multilayer resistive films
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has been reported, achieving an absorption rate of over
98% between 4.9-22.6 GHz and stable performance at
oblique incidence [11]. However, due to the complexity
of the electromagnetic environment, the absorber with
fixed frequency bands has certain limitations. Tennant
and Chambers utilized dipoles loaded with PIN diodes
instead of resistance films to tune the reflectivity cover-
ing the spectrum from 9 GHz to 13 GHz, providing a new
idea for absorption performance [12]].

A tunable MMA based on four split semi-circle
resonators was proposed in [[13], which tunable band-
width covered 3.8-6.8 GHz. To enhance the controllable
range, an MMA based on four-axis symmetry was intro-
duced, which can attain a tunable bandwidth of 1.6-8.0
GHz [14]. Although the tunable bandwidth increased,
the absorption rate was less than 90%. Then, an active
MMA based on a circular open-loop band splice strategy
was demonstrated, ensuring perfect absorption of each
resonant peak and achieving bandwidth reconfigurability
from 2.9 GHz to 8.12 GHz [15]. However, the complex
feed network was difficult to apply. To solve this prob-
lem, a MMA based on the parasitic capacitance of the
PIN diode has been designed [16]. Even though it had a
great advantage in adjustable bandwidth, it was limited
by the unpredictable parasitic capacitance of PIN diodes
and could not be applied in practice. Therefore, design-
ing a broadband tunable MMA is technically very chal-
lenging.

This paper designs a bandwidth-reconfigurable
MMA. The absorber consists of a lossy layer and a
switchable frequency selective surface (FSS) layer. The
loss layer is equipped with PIN diodes, which are respon-
sible for adjusting the impedance of the absorber to
change the absorption frequency. The switchable FSS
layer is loaded with PIN diodes, which control the trans-
mission and reflection states. The absorber can achieve
the continuously varying reflection coefficient below -
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10dB in the band of 1.86-8.10 GHz, and the thickness
is only 11.5 mm.

II. DESIGN AND ANALYSIS

A. Structure of the absorber

The unit structure is shown in Fig. [T} The lossy
layer is designed with two opposite irregular hexagons
in which a PIN diode NXP BAP 70-03 [I17] is inserted
into the gap. The switchable FSS layer consists of four
90° crossed slotted metal strips in an array arrangement,
where a PIN diode SMP1340-079LF [18]] is inserted at
the split of each cross-metal strip. There is also a metal
ground at the bottom of the MMA. The metallic portion
of the lossy layer and switchable FSS layer are composed
of copper and printed in periodic arrangement on the
Rogers 5880 with thickness of d; and d, (relative per-
mittivity of 2.2, dielectric loss of 0.0009), respectively.
Each layer is separated by a polymethacrylimide (PMI)
foam with thickness of 4 and 4;. The period of the unit
cell is p. The parameters are (mm): d; =d, =0.254, h
=hy=5.5, p=19.5, b=2.7, a=1.5, t=1.5, w=0.5, v=18,
§=3.2, m=2.4, g=1.2.
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Fig. 1. Structure of the design: (a) the primary structure
of the proposed MMA, (b) the primary structure of the
lossy layer, and (c) the primary structure of the switch-
able FSS layer.

CST Microwave Studio was adopted to simulate the
electromagnetic response of MMA. The reflection coef-
ficient was obtained by simulation as shown in Fig. [2}
Three different states cover the frequency band of 1.86-
8.10 GHz. The lossy layer is equivalent to two dipoles
with a quarter-wavelength. Depending on the resistance
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and current characteristics of the PIN diodes, their resis-
tance can be controlled by the forward current of the
external bias voltage. The resistance shown is the equiv-
alent resistance of the active device of the lossy layer
at different currents. The on-state and off-state of the
PIN diode in the switchable FSS layer are denoted by
ON and OFF, respectively. The PIN diodes loaded on the
switchable FSS layer are treated as radio frequency (RF)
switches, which are equivalent to small resistors and
inductors in the on-state. However, they are equivalent
to large resistors and capacitors in the off-state. The sim-
ulation results show that the reflection coefficient of the
MMA is changed by adjusting the equivalent resistance
of the lossy layer and the state of the switchable FSS
layer. When the PIN diodes of the switchable FSS layer
are in the off-state, the equivalent resistance of the lossy
layer is 75 Q, and the reflection coefficient is lower than
-10 dB in the frequency band of 1.86-2.77 GHz. Simul-
taneously, the equivalent resistance of the lossy layer is
adjusted to 175 Q, and the reflection coefficient is less
than -10dB in the frequency band from 2.43 GHz to 5.20
GHz. In order to produce absorption effects in the fre-
quency band of 4.14-8.10 GHz, the PIN diodes of the
switching FSS layer are in the on-state, and the equiva-
lent resistance of the lossy layer is 200Q2.
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Fig. 2. Reflection coefficient of the MMA calculated
from CST for normal incidence.

When the PIN diode is in the on-state, the switch-
able FSS layer presents a reflective plane. Based on the
metal shielding characteristics, incident electromagnetic
waves cannot penetrate this layer, and the effective thick-
ness of the MMA is /;. When the PIN diodes are in
the off-state, the incoming electromagnetic wave passes
the switchable FSS layer to reach the metal ground, and
the effective thickness of the MMA is h;+h;. There-
fore, the effective thickness of MMA can be changed by
adjusting the state of the PIN diodes on the switchable
FSS layer, which enables switching between different
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Fig. 3. Simulated reflectivity at different oblique inci-
dence 6.

frequency bands. Under oblique incidence 0, the reflec-
tion coefficient of the MMA is shown in Fig. 5] MMA
has little effect on performance between 0 and 30°.

B. Equivalent circuit of the absorber

Figure ] shows the equivalent circuit model (ECM)
of this MMA. The ECM of MMA consists of two parts,
including the lossy layer circuit and the switchable FSS
layer circuit. The equivalent circuit structure of the lossy
FSS layer includes Cy, Co, C3, Ly, Ly, and R. Cj is
the capacitance effect generated by the gap between the
units in the lossy layer. The gap capacitance between the
hypotenuse sides of the hexagonal in the lossy layer is
regarded as C;. C3 is the gap capacitance in the mid-
dle gap of the lossy layer. L; and L, both represent
the equivalent inductance of the hexagonal to the lossy
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Fig. 4. ECM of the proposed wideband reconfigurable
MMA.
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layer. The equivalent circuit of the switchable FSS layer
includes L3 and Zg;,q4.. L3 is the equivalent inductance
of the metal strip on the switchable FSS layer. Z;;,4. has
two states, including the on-state and the off-state. The
substrate is equivalent to lossy transmission line mod-
els, where the substrate thickness is represented by /;
and Ay, and their characteristic impedances are repre-
sented by Z;, and Zj, respectively. In this paper, the
absorption rate is improved by reducing the reflectivity.
When the input impedance Z;, of the MMA matches the
free space impedance Z, the reflectivity of the MMA is
diminished.
The input impedance of the overall MMA is:

Zin =71||Z2, (D
7= RH;-F jOL ||L+L+ j0L
L= joC, JO joCs  joC, JO%2:
2
Z iZp1t h
7o =71 1+ jZpitanPi by 3)

Zp1 + jZytanfBi by’
Z1 = (Zdiode + JOL3) || jZiatan(Bah2), 4)

7 B RON + ijON on — state 5
diode Rorr + m off — state ’ ©)

where Z; represents the impedance of the loss FSS later,
and ; and J, are the phase constants of the substrate
(Zj,1) and the substrate (Zj>).

The reflection coefficient of this MMA is expressed
as:
gm Zy ) (6)

in+Zo

When the resistance is very small, it is equivalent
to the PIN diode in the on-state. The PIN diode of the
switching FSS layer is in the on-state, causing the gaps
in the structure to connect. This layer acts as an ideal
reflector, and the equivalent thickness of the MMA is
shortened to /1. At this point, if the equivalent resistance
of the PIN diode in the lossy layer is adjusted to 200
Q, this MMA produces a wide absorption band at high
frequency. The PIN diode is in the off-state when the
equivalent resistance is large. When the switchable FSS
layer’s PIN diodes are turned off, this layer is regarded
as a transparent window. The thickness of the MMA
increases and the absorption peak is generated in the
medium frequency band. In addition, when the equiva-
lent resistance of the lossy layer’s PIN diodes was tuned
to 75 Q, the absorption band moved to a lower frequency.
Therefore, the absorption frequency band variation of the
absorber is affected by the combined action of the PIN
diode in the lossy layer and the switchable FSS layer.

Comparison between the simulation results of ECM
and the simulation results of CST can well verify the
correctness of the equivalent circuit model. As shown in
Fig.[3] the curve of the two results coincides well.
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Fig. 5. Reflection coefficient of MMA from CST and
ECM.

C. Analysis of absorption mechanism

Figures|§| (a) and (b) show the vector current density
and electric field distribution of resonant points at 2.1
GHz and 3.47 GHz, at which point all PIN diodes in the
switchable FSS layer can be in the off-state. Figure[6](c)
shows the vector current density and electric field distri-
bution at the resonance point of 6.0 GHz when the PIN
diodes in the switchable FSS layer are in the on- state.

At different resonance points, the PIN diode of the
lossy layer exhibits induced current and correspondingly
generates a strong electric field. This indicates that the
energy of the incident wave is dissipated by the equiva-
lent resistance of the PIN diode in the lossy layer. At 2.1
GHz and 3.47 GHz, the electric field is distributed on the
conductive metal of the lossy layer and the switchable
FSS layer. The current is distributed across the conduc-
tive metal of the lossy layer. The difference equivalent
resistance of the PIN diode in the lossy layer changes the
input impedance of the MMA and thus affects the res-

2000V/m

Fig. 6. Vector current density distribution and electric
field distribution of MMA: (a) f = 2.1 GHz, (b) f = 3.47
GHz, and (c) f = 6.0 GHz.
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onant frequency of the MMA. At 6.0 GHz, the electric
field is distributed over the lossy layer conducting the
metal, while the current flows between the lossy layer
and the switchable layer. The existence of the FSS layer
is equivalent to a switching ground plane, which realizes
the thickness change of the MMA.

III. EXPERIMENTAL VERIFICATION

The DC bias feed network of the MMA is shown
in Fig. [7} The lossy layer’s feed network arrangement
is shown in Fig. [7] (a), which has paths that allow DC
flow. Figure(b) shows a switchable FSS layer feed net-
work arrangement. The switchable FSS layer separately
sets multiple dedicated bias lines and connects the anode
and the cathode of the PIN diode to different bias lines
without affecting the absorption effect of the structure.
In addition, the main reason for introducing RF chokes
is to eliminate the effect of the feed network on MMA.
Based on the analysis of the above simulated results, a
13 x 13 absorber sample was fabricated using printed cir-
cuit board (PCB) technology. The overall size of the sam-
ple is 277.5 mmx257.5 mm.

To affirm the proposed MMA, the reflection coeffi-
cient is measured by the free space method in the direct
measurement method in the microwave darkroom. The
measurement environment and the sample to be tested
are shown in Fig. [§] Two wideband horn antennas (LB-
10125-SF) working in 1-12.5 GHz [19]], one for trans-
mitting and one for receiving, are connected to the vec-
tor network analyzer via coaxial cable. During measure-
ment, the DC voltage sources provide different bias volt-
ages for the lossy layer and the switchable FSS layer
PIN diodes. The resistance value of each PIN diode
under different bias voltages is predicted by measuring
the forward current value of the channel. To prevent the
absorber to be measured from being damaged by exces-
sive voltage, a resistor can be inserted into the circuit for
voltage division. Figure [9] shows comparisons between
simulation results and measure results. In general, the
absorber has frequency reconfiguration characteristics.

choke inductor Current direction Current direction Current direction
T e PP T o

VR0 TR0 T 0 o TR a PN 00 PO

Fig. 7. MMA’s vector current density and electric field
origin of resonance: (a) feed network of the lossy layer
and (b) feed network of the switchable layer.
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(b) (c)

Fig. 8. (a) Measurement environment of the proposed
MMA, (b) the lossy layer, and (c) the switchable FSS
layer.
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Fig. 9. (a) Relationship between on-state current and
resistance and (b) comparison between simulation results
and measured results.

The simulation results are in agreement with the mea-
sured results.

IV. CONCLUSION

This paper proposes a wideband reconfigurable
MMA for electromagnetic shielding in different bands
(S, C). The MMA structure comprises a lossy layer
and a switchable FSS layer. The absorption band tuning
can be achieved by reasonably adjusting the PIN diode
state of each layer. Under normal incident conditions,
the absorber can achieve a bandwidth of 6.2 GHz and
is dynamically tuned between 1.86-2.70 GHz, 2.42-5.29
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GHz, and 4.16-8.10 GHz. The thickness of the MMA is
only 11.5 mm, with a fractional bandwidth of 125.3%.
Additionally, this design holds promising applications in
electromagnetic cloaking and shielding.
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