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Abstract: A simple analytical method is presented to analyze the transmission of electromagnetic plane waves
through multilayer stacked composite two-dimensional (2D) structures at microwave frequencies. Unlike the tradi-
tional structure, high impedance surface with graphene sheet is proposed. The structure includes graphene and thin
metal patches and meshes. Simple analytical formulas are introduced for the surface impedance of graphene and for
the grid impedance of electrically dense arrays of metal square patches or strips. The result of transmission proper-
ties is based on the dynamic tunable model of the high impedance surface, which considers the surface conductivity
of graphene layer. The transmission coefficient obtained by using the equivalent circuit method is validated against

full-wave numerical simulations. The considered equivalent circuit method can be useful in the design of graphene
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tunable planar devices.

Key words: equivalent circuit method (ECM) ; graphene; tunable transmission; analytical model

CLC number; 0441 Document code: A

1 Introduction

The applications of periodic structures to
control electromagnetic wave propagation have
been attracted in various research fields for centu-

[ Many of papers have been published for

ries
exploring the theoretical challenges with the de-
scription of the first diffraction grating™ ", Possi-
ble applications of periodic structures include de-
sign of frequency selective surfaces (e. g. antenna
radome, absorber)™, artificial high-impedance
surfaces (HIS)™', and photonic band-gap struc-
tures (PBG)™ . The periodic structure relies usu-
ally on the uses of commercial full-wave electro-
magnetic solvers, which consume considerable
time and computational resources for accurate re-
the modeling of periodic

sults. Fortunately,

structures in the sub-diffraction regime can be
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carry through very simple models based on the e-
quivalent circuit method (ECM)F™. For in-
stance, simple and accurate analytical formulas
are introduced for the reflection of the high-im-
pedance surfaces comprising metal strips or pat-
ches over ground planest™, In addition, the trans-
missivity of electromagnetic waves through
stacked two-dimensional printed periodic arrays of
square conducting patches is studied and an ana-
lytical circuit-like model is used for the analy-
ted, through two-dimensional

sis Transmission

(2D) periodic metallic meshes are also discussed
recently!™. However, to the best of our knowl-
edge, circuit methods of the composite structures
with both patch and mesh layers have rarely been
studied yet. It is interesting to consider transmis-
sion through composite structure by an efficient

equivalent circuit approach.

Foundation items: Supported in part by the Funding of Jiangsu Innovation Program for Graduate Education (KYLX_ 0275,

KYLX  0276) and the Fundamental Research Funds for the Central Universities; the Priority Academic Program Develop-

ment of Jiangsu Higher Education Institutions.

x Corresponding author: Gu Changqing, Professor, E-mail:gucq@nuaa. edu. cn.



282 Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 31

On the other hand, graphene has attracted
great attention for potential applications in vari-
ous branches of engineering due to its predomi-

nant electronic transport properties™*,

One novel
area where the property of graphene may be influ-
ential is the dynamic control of the applied bias

voltage.

And graphene sheet can be used to re-
alize the concept of "cloaking by a surface” in the
far-infrared and terahertz regime'. Further-
more, an analytical model is presented for the a-
nalysis of multilayer wire media loaded with 2D
HIS such as graphene monolayer on the thin ma-
terial terminations, characterized in general by
the complex surface conductivity, applied to

U9, The use of periodic gra-

wideband absorbers
phene meta-surfaces to dynamically control the e-
lectromagnetic wave reflection, absorption, or
polarization was reported in recent times"'. For
the complexity of the conductivity of graphene, it
is necessary to discuss the simple equivalent im-
pedance surface model.

In this paper, the formalism of the equiva-
lent model is presented for the analysis of the
transmission characteristics of the multilayer
structure with graphene and metal sheets. It is
shown that the electronic gating of a graphene
monolayer allows one to change transmission of
electromagnetic waves of the structure. The re-
sults obtained using the analytical model are vali-
dated against computationally intensive finite ele-

ment commercial electromagnetic solver.

2 Unit Cell Model of Composite
Stacked Grids and Patches

In the infrared and microwave range, gra-

phene monolayer can be described as a complex-

valued surface conductivity!®**
(0 — i
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where w is the radian frequency of the plane wave,

I" a phenomenological scattering rate, which is as-

sumed to be independent of energy, T the room
temperature, p. the chemical potential related to
the electrostatic biasing, which quantifies the e-
lectronic transport properties. Throughout this
work, we assume T =300 K, ' =10.43 meV,
which corresponds a mean-free path of several
hundred nanometers, and set 0.0 —1.0 eV as the
chemical potential scope for discussion. In gener-
al, graphene layer can reside on substrate, such
as a silicon dioxide (SiO,) thin film with relative
permittivity ¢’ =3. 9 with the thickness of several
micrometers. For the thin thickness, the silicon
dioxide substrate can be ignored for our analysis.
In order to tune the chemical potential of the
whole graphene layer by electrostatic gating, gra-
phene layer should be connected, that is why we
consider 2D graphene strips instead of isolated
structure such like patch or cross arrays.
Examples of the multilayer configuration an-
alyzed are depicted in Fig. 1, showing that the bi-
layer configuration is formed with different mesh
grids separated by commercially available dielec-
tric (Roger 3210). The relative permittivity of
the dielectric material is e, = 10. 2, and the loss
tangent used in the analysis is tandy & 0. 003, the
thickness of the each of the substrate is h =
4 mm. The copper cladding with 18 yum thickness
is placed on the top and bottom layer, it is as-

sumed that the parameters of the metal layer are
E > P |-
H k

(c) Metal mesh
& >l

(d) Metal patch

g+l

(a) Transmission structure
formed by metal mesh

z ¥

t t > P |-
x Y x
(b) Transmission structure

formed by metal patch A i

Fig. 1 Configuration of transmission structure
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the same. And graphene grids are placed between
two dielectric slabs with a complex surface con-
ductivity as a thin tunable resistive sheet. Al-
though 6 X 6 unit cells along the x and y directions
are shown in Figs. 1(a,b), the structure is as-
sumed infinite in the transverse directions. And
the lattice constants of both the metallic and the
graphene grids are p =2 mm., much smaller than
the wavelength in the dielectric slabs at the opera-
tion frequency. And the width of the metal and
graphene strips is g; =0.1 mm and g, =0. 05 mm
(see Figs. 1(c.d,e)). For the symmetric of the
structure, the structure is not sensitive to the po-
larization angle of the incident electromagnetic
wave. When a uniform transverse plane electro-
magnetic wave incident to the structure, the
model of the metallic or graphene strips with sub-
wavelength period and dimensions has been pro-

posed for the transmission properties.

3 Analysis and Derivation of Equi-
valent Circuit Model

Now consider a plane wave incident normally
on the multilayer structure as shown in Fig. 1. It
is assumed that each dielectric layer is homogene-
ous and the wavelength in free space is larger than
the period in the transverse direction of the struc-
ture under study. The appropriate equivalent cir-
cuit of the investigated structure in our simulation
is depicted in Fig. 2. The impedance Z; accounts
for the inductance of the thin dielectric slab and
Z, represents the free space impedance, the ex-
pressions for those value of the propagation con-
stants ( 3, for the air space and g, for the dielectric

region) and impedance for normal incidence
[5-7]

are
ﬁozzj dezl eq (1 —jtandy) (2)

A A
! €0 1 goeq (1 — jtandy) 3

where A is the incidence wavelength, p, and e, are
the permeability and permittivity in free space,
respectively. The shunt impedances of the metal
grids or patches in each layer can be expressed as

z, 17,

The lossy resistive sheet using graphene

\NANS
N

Z, Z,

| f )]

N

Fig. 2 Equivalent circuit for the composite structure

with sub-wavelength periodic elements

The size of the

unit cell considered in our analysis is electrically

is represented by impedance Z, .

small, approximate estimations for the grid or
patch impedance based on the dynamic solution
for some periodic structures (patch arrays, mesh
grids, among others) are available in the litera-
ture. In the circuit model analysis, for g, << p the
metallic grids can be simply represented by a re-

active loads Z, for normal incidence"”

Z, :jy();%pln&sc(%) ) €]
where the ohmic losses can be neglected for the
skin effect penetration depth is much smaller than
the thickness of the metal mesh. Similarly, the
metal patch grid behaves mainly as a capacitive
load, and the analytical expressions for patch ar-
rays can be obtained"’

Zg:*jﬁzﬁln<csc(%)) (5
where " csc” stands for the cosecant function and
ear =(eq + 1)/2 stands for the equivalent relative
permittivity for the patch located at the upper in-
terface. According to the proposed model, the

grid impedance of graphene strips can be obtained

as follows
Z, :gffm =+ yﬁ%ln(csc(%) ) (6)

For simply, it can be equivalent to two terms:
the first term represents conduction loss per peri-
od due to the presence of graphene, the second
term is the approximate grid impedance of the
mesh array(similar to Eq. (4)). Once the imped-
ance of the metallic or graphene meshes is de-
rived, the transmission coefficient of the struc-

ture is assessed as follows
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the terms A, B, C, D are the elements of the

T:521 — (7)

transmission line matrix of the composite struc-
ture which is evaluated as the product of the five
cascaded matrices
A B
. :RgXRd ><R[)><R(1><Rg (8)
C D
where the transmission line matrix R, , R, , Ry

can be expressed as

1 0
R, =
v 1]

cos(B,d) jZysin(B,d)
R, = jsin(B.d) cos(Bud) ©))
Zq
b,
R, =
/7, 1

In order to present a practical design of the struc-
ture, the predictions of our model must be
checked against experimental and numerical re-
sults. The forthcoming section will give the nu-

merical and analytic data.

4 Results and Discussion

The approximate circuit method here presen-
ted allows acquiring a valuable insight into the
physical principles of the bilayer structure. The
conductivity of graphene corresponds to the sur-
face impedance of a graphene monolayer Z, =
1/6, "', which behaves as a resistive surface due
to the small values of ¢, at microwave frequen-
cies. Fig. 3(a) illustrates the input (surface) im-
pedance of the structure (Fig. 1 (a)) with gra-
phene monolayer in different chemical potential.
For u.=0 eV (no bias voltage is loading) , the real
part of the surface conductivity of graphene is
equivalent to 3. 23 mS, corresponding to 310 Q,
and for u. =1 eV , the real part of the surface con-
ductivity is about 89. 97 mS, corresponding to
11 Q. For the high impedance the input imped-
ance curve at the frequency range of 0—18 GHz
has three high peaks. Apparently, this leads to
good matching with the free space impedance at
the range of the frequency. Similar simulation has

occurred in Fig. 3(b) which corresponds to the
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(a) Composite structure with metal mesh arrays

400
350
300
250
200
150
100

50

----B=leV
——B=0eV

Impedance / Q

0 6 12 18
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(b) Composite structure with metal patch arrays

Fig.3 Input (surface) impedance with different chemi-

cal potential

composite structure in Fig. 1(b). Additionally,
there is a transmission peak occurring at zero fre-
quency for u, =0 eV .

In order to validate the effectiveness of the
formulas, we present numerical values of the
transmissivity ( | T |?=| S,, |?) of this structure
computed with the full-wave results. The full-
wave results are calculated by using the electro-
magnetic finite elements solver HFSS. The re-
sults shown in Fig. 4 are obtained using different
values of chemical potential for normal incidence
with the following geometrical and material pa-
rameters of the structure in Fig. 1(a). There is an
agreement between numerical and analytical data
from the Fig. 4. When u. =0 eV , the structure
exhibit three high-transmission peaks with the
resonance frequencies between 2 to 18 GHz. And
the structure exhibits a low-pass filter behavior
with strong ripples. When the bias voltage chan-
ges to 1 eV, only one peak (10 GHz) is found.
The formula is applicable in different chemical
potential from 0—1 eV,

Here we consider a multilayer metal patches
and graphene meshes structure as shown in Fig.
1(b). The structure is formed with metal identi-

cal patch arrays separated by dielectric slabs.
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Fig. 4 Comparison between analytical and numerical re-
sults for transmissivity (| T |*) of structure in

Fig. 1(a).

Firstly, Fig. 3 (b) presents the real part of the in-
put impedance of the structure. From Figs. 5(a,
b) it can be observed that the transmissivity be-
havior shows a passband stating from the zero
frequency and up to a certain upper frequency.
When graphene has no bias voltage, the high im-
pedance surface impedance lead to three peaks at
the range between 0—18 GHz. By decreasing the
value of the surface impedance of graphene, the
real part of input impedance curves changes with
the second peaks transmission lost. And in Fig. 5
(b), the transmission coefficient of the structure
have only two peaks which obtained by the equiv-
alent circuit method and HFSS. Again, the re-
sults obtained using the ECM are in good agree-
ment with the HFSS results in any value of the
bias voltage.

In the previous example, it has been shown
that the ECM is convenient to study the charac-
teristics of the transmission band. For this pur-
pose, we apply the circuit model to analysis the
transmission characteristics in structures formed
by a large number of layers with graphene or met-
al mesh grids and dielectric slabs. Fig. 6 shows

the transmission characteristics of a ten-layer

1.0
: s — |TFECM
0-8% [y o |T| HFSS
L 06 g , f
S LA
0418 ¢
%‘“7(1
02} i
0.0 : st
0 6 12 18
f/GHz
(a) u,=0 eV
1.0
| |T ECM
0.8 - |THFSS
. 06f i
&
0.4 K
02}V
0 6 12 18
f/ GHz
(b)u=1evV

Fig. 5 Comparison between analytical and numerical re-
sults for transmissivity (| T |?) of structure in

Fig. 1(b).

structure (graphene sheets biased with the same
chemical potential) and all the peaks are within
the characteristic frequency band. The structure
is formed by a stack of six identical metal mesh
grids and five graphene mesh grids printed on ten
identical dielectric slabs. The substrate has the
thickness of A=6 mm, p=5 mm, and g, =g, =
0.15 mm, In Fig. 6, it can be observed that the
structure exhibits a series of band-pass regions
separated by the band gaps, similar to the previ-
ous examples. The ECM is also applicable to the
multilayer case. It should be noted that the band-
pass and band-stop behavior is dependent on the
geometrical and material parameters of the dielec-
tric slabs and graphene sheets, and the five num-
bers of transmission peaks of every bandpass re-
gions correspond to the numbers of the graphene

layers.
5 Conclusions

Transmissivity of electromagnetic waves
through stacked 2D dimensional periodic gra-
phene/metal mesh or patch arrays is analyzed at
microwave frequencies. The study has been car-

ried using the transfer-matrix approach, and an
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Fig. 6 Transmission spectra obtained for ten dielectric

slabs (five graphene mesh layer and six metal

mesh layer)

independent verification has been provided with
the computationally intensive finite element com-
mercial electromagnetic solver. In the situation of
the transmission bands and the band-gaps are ac-
curately determined by means of the ECM. The
model is valid in the case of multi-layers compute
structure. In this work, we consider only normal
incidence of electromagnetic waves, but the ap-
proach can be easily extended to an oblique inci-
dence with the TE and TM reflection and trans-

8] The considered structures

mission coefficients
with graphene may be useful in the design of tun-
able broadband planar filters at microwave fre-

quencies.
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