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Abstract—Metamaterials have attracted much attention in recent
years because of their electromagnetic exquisite proprieties. We will
present, in this paper, the modeling of three metamaterial structures
by equivalent circuit model. We begin by modeling the SRR (Split
Ring Resonator), then we model the HIS (High Impedance Surfaces),
and finally, we present the model of the CPW (Coplanar Wave
Guide). In order to validate models, we compare the results obtained
by an equivalent circuit models with numerical simulation.
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I. INTRODUCTION

ETAMATERIALS are artificial materials engineered to

have properties that have not yet been found in nature.
The most interesting feature is the ability to control or modify
the permittivity and permeability of the material to obtain a
behavior adapted to a specific application.

Metamaterials are used to improve the performance of the
antennas, filters, and couplers. Their main advantage is the
miniaturization of devices due to a refractive index that can
easily be adjusted or even negative at certain frequencies [1].
Indeed, the value of the refractive index becomes negative
when the permittivity and the permeability of the material are
simultaneously negative.

In general, the metamaterials are manufactured from metal
inclusions embedded in a dielectric substrate. The interaction
of electromagnetic fields with inclusions produces the typical
resonant behavior that characterizes metamaterials.

The magnetic field induces a current in the metal ring
producing an inductive effect. A capacitive effect appears
between the metal parts placed at different potential [2].

We focus in this paper to present the equivalent circuit
models of three metamaterial structures. We begin by
modeling the SRR (Split Ring Resonator), then we model the
HIS (High Impedance Surfaces), and finally, we present the
model of the CPW (Coplanar Wave Guide). Each time, we
compare the results of equivalent circuit model with
numerical results to validate the model.

The paper is organized as follows: Section II includes the
design and configuration of the three metamaterial structures
and its equivalent circuit models. In Section III, we present
the numerical simulation results using HFSS and ADS
software. Section VI includes conclusions.
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I1. EQUIVALENT CIRCUIT MODELS

A. Split Ring Resonator (SRR)

Researchers have proved that an individual SRR can give
the performances of SRRs arrays due to its periodicity [3].

We choose a set of geometry parameters of SRR presented
in Fig. 1 as: D=1mm, S=1mm, W=0.5mm, L=6mm and the
vertical size #=0.5mm For the SRR modeling, we use the
equivalent circuit model as described in [4]. The geometry of
an individual SRR with square form is shown in Fig. 1 and the
equivalent circuit model is presented in Fig. 2.
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Fig. 1 The geometry configuration of a square SRR
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Fig. 2 The equivalent circuit model of SRR

The importance of the equivalent circuit model is to
manipulate the structure with physical parameters. In
literature, more precisely in [4], the expression of the
inductances L1 and L3 are presented by (1):

288



International Journal of Electrical, Electronic and Communication Sciences
ISSN: 2517-9438
Vol:10, No:2, 2016

2

Li=r3=| KA L 2 )4 0540178 + 001462 1

27 Yol (M
2
. 0.5(n—1)S . 0.178(n - 1)s _lln(W+ hj]
(ony o AW
where

_(2L-285)-D )
T (2L-29)

k is the integrality coefficient. Then, (3) gives the expression
of L2:
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Secondly, to calculate the capacitance of the equivalent
model we will present 2 essential parts. The first part is the
coupling capacitance between the outer and the inner ring.

Cc=(0.06+35*10°(r, +7,,)) (5)

This coupling capacity Cc should be divided into 4 equal
sub-parts named C, hence:

¢, =Lee (6)
4

The second part is produced by an accumulate charge at the
two splits.

Cin=(3¢,s/ D) @)
Cout =(25g,s/ D) (®

where s is the parallel plan area. The capacitance C1, C2, and
C3 can be determined by (9), (10), and (11):

C, =C, + Cout Q)
C,=C, (10)
C,=C, +Cin (1D)

B. High Impedance Surfaces

The High Impedance Surfaces (HIS) are structures with
periodic pattern placed on a dielectric substrate and connected
to the ground plane through metalized holes; they exhibit high
impedance in a frequency band. The HIS were introduced by
D. Sievenpiper [5], [6] in order to suppress the wave patch
antenna surface and increase their performances.

The high-impedance surfaces possess very advantageous
electromagnetic properties, as they do not allow the
propagation of electromagnetic waves along their surface for
certain frequency bands. In other words, these structures
exhibit a prohibited frequency band, for which the surface
wave propagation is forbidden. The high impedance surfaces
belong to the class of photonic band gap structures (BIP). In
the HIS, an incident wave arriving on such a surface would be
totally reflected.

Fig. 3 shows the layout of a unit cell HIS. It consists of a
square rectangular patch connected to a ground plane through
metalized vias. It possesses a single layer containing a
periodic network of period a = w2+g. The via radius 7 is equal
to 0.4 mm. The patch has a width w2 = 5 mm and the spacing
between the rings is g =2.5mm.
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Fig. 3 The geometry configuration of HIS
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Fig. 4 The equivalent circuit model of HIS

The electrical equivalent circuit of the HIS unit cell is
illustrated in Fig. 4. In this model, the inductance depends
essentially on the dielectric substrate; it is given by (12). In
this equation, / is the thickness of the substrate, 1, and y, are
the permeability of vacuum, and the relative permeability of
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the dielectric substrate [5] respectively.
L=pouh (12)
The equivalent capacitance is mainly due to the spacing

between the metal hole. It is given by (13) where Eis the
dielectric permittivity of the substrate [5].

C =Macosh[£] (13)
3 g
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Fig. 6 The equivalent circuit model of CPW

C. Coplanar Wave Guide

The coplanar transmission line also called Coplanar Wave
Guide and denoted as CPW consists of three metal strips
placed on the same plane at a constant distance of the
dielectric substrate. The center conductor -carries the
microwave signal. The two lateral strips serving as ground
planes and signal are separated by coplanar slots. In this
section, we use the concept of CPW to design a special CPW
called IDC (Interdigital capacity). Fig. 5 shows the geometry
configuration of the IDC on a dielectric substrate (alumina)
where W3 represents the width of the center conductor, S2 is
the width of the coplanar slot Wg is the width of the two
ground planes, % is the thickness of substrate and 7 is the
thickness of the metallic conductors. Indeed, the values of
these parameters are w = 4wd + 3sd, S2=0.3mm, Wg= 3w3,sd
= wd=0.2mm and /d=3.lmm. Where wd represents finger
width, /d represents finger length and sd represents spacing
between the fingers. Our IDC is performed on a substrate of
alumina (A1203) with 0,635mm thickness, a permittivity
£,79,2 and a loss tangent measured at 9,8 GHz of 6: 107,

1) Calculation of the Capacitance

In the literature, there are several methods to extract the
value of the interdigital capacity. In this study, we use the
approach presented in [7]. The capacity expression is:

C, = (&, +Dl,((n-3)Al+A2) (14)

The coefficients A/ and A2 take into account the effects of
the substrate thickness.

0.45
A1=4.409tanh[0.55[£j 10-6} (pF/pm) (15
w

A2 =9.92tanh [o.sz(hj ' 10'6} (pF/ gm) (16)
W

2) Calculation of Parasitic Capacitances

Parasitic capacitances Cp model the capacitance between
the IDC and ground planes.

1 (17)

C,=C ol

In [8], the author proposes an approximate expression
noting that the outer finger and the ground plane near him is a
asymmetric coplanar line (ACPW) with a single ground plane.
It has an asymmetric CPW signal line width Wdeff and a slit
width S2. Such a structure has been studied in [9], [10], and
capacitance per unit length is given by:

_ K(k5") 1y K(ko)
Cogpw 250[ 05 ]Jrgo (&, D[K(k@)] (18)
= Waerr
K Waer T8 (19)
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(20)

k,'=1-k; 21

where K is the complete elliptic integral of the first type.

Taking into account the thickness of the metallization in the
calculation, therefore we pass a finger width Wd to an
effective width W,raccording to:

¢ 4
W =W, + —{1 + 1{%}} (22)

T

3) Calculation of the Parasitic Inductance

The inductance Ls is the parasitic inductance of interdigital
capacity, it is determined as follows: Assuming that the
magnetic field lines around each finger have a contribution
inconsiderable compared to the magnetic field created around
the entire capacity, this hypothesis is valid if W/ h << 1.

E
L, =27, |1, (23)
Cl)

e 307 K(ky)

o K(k,) (24)
W
k3= (W +25) @)
sinh %
k4=— 2h
sinh (W + 2s) (26)
2h
(& 1) K(k4) K(K,)
o {5 Rk @D

Indeed, Z. and &, represent the characteristic impedance
and the effective permittivity of the coplanar line respectively.
They are calculated based on the geometric parameters of the
coplanar line. Finally, ¢, is the speed of light in vacuum.

III. NUMERICAL SIMULATION AND DISCUSSION

A. Split Ring Resonator

First, we use HFSS software to predict the resonance
frequencies of SRR, and ADS is used to present the
simulation results of its equivalent circuit model. Then the
transmissions coefficients are shown in Fig. 7, these curves
show that SRR and its equivalent model have three resonant
frequencies respectively. We notice that S21 is less than -
35dB at frequencies 6GHz, 16.8GHz and 27.8GHz. We note
that S21 is less than -35dB at frequencies 6GHz, 16.81GHz
and 27.11GHz, but in [5], S21 is less to - 35dB at frequencies
6GHz, 15.5GHz and 26.5GHz.

=]

]

S-Parameter Magnitude(dB)
; i

a

=
T
I

&

Fig. 7 The transmission coefficients of the SRR

B. High Impedance Surfaces

In this section, we present the results of transmission
coefficient obtained from different demonstrators. We then
seek to validate our simulation results by a circuit simulation
of the equivalent HIS model. Fig. 8 illustrates the differences
between the result of equivalent circuit model with numerical
results and the simulation on the transmission and reflection
parameter. Taking as a criterion of S21 should be less than -10
dB to define the frequency range where HIS is operate, it is
from 1.23 GHz to 1.274 GHz with a resonance peak at 1.252
GHz.

St1_HFSS
S21_HFSs | |
S11_ads

— U

SParamete
']

3 3
1Ghz]

Fig. 8 The transmission and reflection coefficients of the
HIS

C. Coplanar Wave Guide

Fig. 9 shows the scattering parameters of the model circuit
and the electromagnetic simulation. There are good
agreements between the results even if there are small
differences between curves. The equivalent circuit model
makes it possible to correctly describe the CPW to the
frequency of 8.5 GHz.
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Fig. 9 The transmission and reflection coefficients of the
CPW

IV. CONCLUSION

The modeling of structures in metamaterials is very
important to properly interpret their physical behavior. We
presented in this paper the modeling of three different
structures in metamaterials that are SRR, SHI, and CPW.
Then we compared the simulation results obtained by an
equivalent circuit models with numerical simulation results to
valid the models. This step is very important prior the
extraction of effective electromagnetic parameters and the
design of RF device.
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