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Abstract

In this paper, a step-by-step procedure is devised for extracting the material parameters to facilitate and simplify the
design procedure of metamaterial structures using commercial software packages. A parameter-retrieval method using
the S parameters is used to calculate the curves for the complex permittivity and permeability of the metamaterial
based on its unit element. The S parameters are extracted using HFSS™, which is a Finite-Element-Method (FEM)-
based full-wave simulator. The permittivity and permeability curves are calculated using a MATLAB script. Two different
methods are used in HFSS to extract the S parameters: one using perfect electric and perfect magnetic (PE-PM)
boundary conditions, and the second using the master-slave boundary conditions. Wave ports and Floquet ports are
used to excite the structure. The results of the proposed procedure are validated by comparing the calculated curves

with already published results.
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1. Introduction

Metamaterials are composite materials the electromag-
netic properties of which not only depend on their
material composition, but also on the inclusion of macroscopic
structures that are specially designed to obtain a specific
response. The properties of a material can hence be modified
by introducing different structures within it. This behavior of
metamaterials has made them very desirable for applications in
a wide variety of frequency ranges, ranging from microwaves
to optics.

Metamaterials are widely used in microwave devices to
improve their performance. They are used in amplifiers [1, 2],
filters [3-7], and power dividers [8-11]. In addition to micro-
wave circuits, metamaterials are widely used in the design of
antennas, as well. Since they can provide bandgaps, they are
used to enhance the isolation between closely packed MIMO
antenna systems [12, 13]. They are also used in antenna
miniaturization [14-16] and to modify the characteristics of
antennas [17, 18].

Metamaterials are usually realized by repeating a basic
building block in a specific pattern. The basic building block
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is known as the unit element (UE), and it defines the basic
properties of the metamaterial. In a simulator, metamaterials
are modeled and simulated by introducing periodic boundary
conditions applied on the boundaries of the unit element; it is
assumed that the metamaterial is formed by an infinite array of
the unit element in the direction of the periodic boundary con-
ditions.

The selection and design of a metamaterial depends on the
application and available resources. Metamaterials can be
accurately designed using full-wave analysis, but it is a time-
consuming task. On the other hand, a priori knowledge of the
electromagnetic properties of the material will accelerate the
design procedure. The electromagnetic properties, such as the
complex permeability (4 ) and the permittivity (&) can be
evaluated either by the analytical Drude-Lorentz model [19] or
by the S-parameter-retrieval method [20-25]. The Drude-
Lorentz method is not accurate, especially if the unit element of
the metamaterial is a complex structure. On the other hand, the
S-parameter-retrieval method depends on the S parameters
extracted from the actual structure, and hence provides more-
accurate values for the permittivity and permeability. In this
work, we will rely on this method. The S parameters will be
extracted from HFSS, which is a reliable and commercially
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available Finite-Element-Method (FEM)-based full-wave
simulator. It is important to mention that this paper does not
address the effectiveness of the S-parameter method in
extracting the effective material parameters. Rather, it is a
tutorial that devises a procedure for extracting these parameters
to facilitate the design of the metamaterials. A detailed
presentation of the S-parameter method and its ambiguities
were given in [23].

Although the S-parameter-based method is well known,
some detailed explanation is needed related to its application
within a full-wave simulator having a metamaterial unit ele-
ment, and the execution of the derived formulas to get the
material parameters. This paper presents a tutorial that will
discuss a complete procedure, showing the steps required to
extract the material parameters for a metamaterial structure
using a commercial software tool. We will start from the
extraction of the S parameters and model excitation within a
widely used full-wave simulator (HFSS). We then will explain
and apply the S-parameter method, and provide a MATLAB
script that can be used to get the curves of the metamaterial’s
complex permittivity and permeability.

2. Mathematical Formulation

In electromagnetics, the permittivity, permeability, and
conductivity define the material’s characteristics. The extrac-
tion of these values for different frequencies defines the
propagation profile of the material at that frequency. In the
extraction method used in this work, the refractive index and
impedance of the material are used to extract the permittivity
and permeability of the material under test.

To extract these material parameters (& and u ), consider

the unit element of a metamaterial with lattice vectors in all
three dimensions. Appropriate boundary conditions and exci-
tations are assigned to the different surface of the three-dimen-
sional unit element to simulate the periodic metamaterial and
excitation of this metamaterial to extract the S parameters.
Consider a normally incident plane wave on the metamaterial
cube, as shown in Figure 1. The S parameters of this system can
be written as [25]

Ry, (1 _ ei2nk0d )

S = mmd (1
1— Rgleﬂnkod
(1 _ R§1 )ei2nk0d
S21 =T A g (2)
l—Rgle’Z”kOd
Solving Equations (1) and (2) gives
€)
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Figure 1. A normally incident plane wave on a metamaterial
(MTM), placed in free space.
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where () represents the complex component and (-)' repre-
sents the real component of the complex number; S;; and S;,
are reflection and transmission coefficients, respectively; Ry,

.oz—1 . .. . . .
1S —1; n is the refractive index; z is the impedance; k is the
zZ+

wavenumber; d is the maximum length of the unit element; m is
the branch due to the periodicity of the sinusoidal function; £
and H are electric and magnetic field components, respectively;

and (-)i, (o) ,(¥)7 and (-)t are the incident, reflected, and
transmitted components of the fields, respectively.

In these expressions, the metamaterial is represented by
the cube formed by the unit element, with appropriate bound-
ary conditions and excitations. The material is assumed to be
homogeneous, possessing an effective refractive index and
impedance. This assumption is valid, as the dimensions of the
unit element are usually less than one-tenth of the wavelength
in the material.

The permittivity (&) and permeability ( u ) are related to

the refractive index and impedance by the following expres-
sions:

g=2, 6)
z

H=nz. (7

There are multiple solutions for the refractive index and the
impedance, due to the multiple branches of the sinusoidal and
the square-root functions. However, unique solutions can be
reached by knowing the passive nature of the material, and
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avoiding the discontinuity in the resulting refractive index by
appropriately selecting the branch (m in Equation (5)). In the
case of the example selected for this tutorial, the largest
dimension of the unit element is less than one-sixth of wave-
length in the material at 10 GHz. This allows us to take the
fundamental branch (m =0) for a continuous refractive index
[20, 23]. A detailed review of the S-parameter-extraction
method and some clarifications were addressed in [23].

3. Extraction of the S Parameters

In order to extract the S parameters, a metamaterial is
required to be realized. The realization of the metamaterial
requires an infinite repetition of the unit element in the direc-
tion of the lattice vectors. This requirement is achieved by
imposing boundary conditions on the unit element. There are
two types of boundary conditions that are used to achieve the
periodicity. The combination of perfect electric (PE) and per-
fect magnetic (PM) boundary conditions simulates the periodic
boundary conditions by utilizing the symmetry inherited by the
metamaterial due to the periodic repetition of the unit element
[26]. In addition to perfect electric-perfect magnetic boundary
conditions, HF'SS provides master-slave boundary conditions to
realize periodic boundary conditions. The boundary conditions
at the master are enforced at the slave’s surface, hence realizing
an infinite periodic repetition.

The square-shaped split-ring resonator (SRR) structure,
presented in [20], was selected to test the devised procedure.
This reference was selected as it is one of the early and most
accepted works in the literature for the extraction of material
parameters using the S parameters. The split-ring resonator’s
layout is shown in Figure 2, and all the dimensions are in mm:
d out=22, d in=15,Wt=02, S=0.15, Gap=0.3,
L=25, W=0.14, a=b=c=2.5. The substrate used was
FR-4, with a thickness of 0.25 mm and a dielectric constant of
4.4.
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Figure 2a. The top view of the layout of a split-ring resona-
tor (SRR).
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The periodic boundary conditions using perfect electric-
perfect magnetic boundary conditions are shown in Figure 3,
whereas the master-slave boundary conditions are shown in
Figure 4. Although these two methods are equally effective in
the case of a cubic-shaped unit element structure, the master-
slave boundary conditions can cover complex polygon-shaped
structures, as well. The boundary conditions can be set after
selecting an appropriate side of the cube. After selecting the
side, right click on the boundary and go to “Assign Boundary.”
Here, different boundary-condition options are listed. Select an
appropriate boundary condition (Perfect E, Perfect H, Master,
Slave). For Master or Slave boundary conditions, also specify
the lattice vectors according to the design of the unit element.
For Slave boundary condition, specify the name of its Master
boundary. The lattice vectors (red and blue vectors on the plane)
are shown in Figure 4.

Once the boundary conditions are set, the excitation ports
are required to excite the structure. The excitation ports direct
the incident wave to propagate from the top to bottom of the
unit element, shown in Figure 2a. For excitation, HFSS pro-
vides two options. One option is to use the “Wave Port,” while
the other, which is more flexible, is to use the “Floquet port.”
A “Wave Port” is equivalent to a semi-infinite waveguide that
can excite the structure with the incident wave perpendicular
to the surface of the port. On the other hand, the “Floquet
port” can simulate obliquely incident waves. This obliquely
incident wave is important in situations where the direction of
propagation of the incident wave is in the direction of perio-
dicity. In this case, the “Wave Port” will not be able to excite the
structure properties, as the plane perpendicular to the direction
of propagation carries the periodic boundary conditions, and the
“Wave Port” cannot be applied to these planes. The “Folquet
Port” solves this problem by providing the obliquely incident
excitation wave. In addition to this, the “Wave Port” does not
provide any information about the propagation modes, whereas
the “Floquet Port” provides the percentage of energy transferred

Figure 2b. The three-dimensional structure of the layout of
a split-ring resonator (SRR).
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Figure 3a. The simulation model with perfect electric-per- Figure 3b. The simulation model with the perfect electric-
fect magnetic (PE-PM) boundary condition: perfect elec- perfect magnetic (PE-PM) boundary condition: perfect
tric. magnetic.

Figure 4a. The simulation model with the master-slave Figure 4b. The simulation model with the master-slave
boundary condition: the first master-slave boundary pair. boundary condition: the second master-slave boundary
pair.
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Figure 5a. The unit-element excitation: Wave Port.

by a specific mode [27]. However, the “Floquet Port” can only
be used with the master-slave boundary conditions. “Wave
Port” and “Floquet Port” excitations are shown in Figures Sa
and Sb, respectively.

Once the boundary conditions and excitations are properly
assigned to the structure, you need to add the analysis setup. Set
the appropriate solution frequency (10 GHz in this case), and
simulate the structure. After the simulation is complete, extract
the magnitude and phase of the S parameters. For “Floquet
Port” excitation, the S parameters are extracted based on the
dominant mode that is responsible for the majority of the power
transfer [27]. The S-parameter curves of the structure modeled
in Figure 2 are shown in Figures 6a and 6b for the magnitude
and phase, respectively. In comparison with the S-parameter
curves published in [20], it was clear that the results shown in
Figure 6 were frequency reversed compared to the published
results. This was due to the fact that the expressions derived for
the permittivity and permeability were based on the formulation

presented in [28], which assumed the time factor of e/

whereas HFSS assumes this factor to be e /' . Since the S
parameters are in the frequency domain, the time-reversal
property of the Fourier transform is applied to the S parameters
according to

Flx(-t)]= X (-o). (®)

The S parameters used to derive the material parameters are
hence frequency reversed relative to the S parameters extracted
from the simulator.
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Figure 5b. The unit-element excitation: Floquet Port.

4. Obtaining the Material Parameter Curves
from the Extracted S Parameters

Once the S parameters are extracted and verified from the
published results, the parameters are derived using a MATLAB
script, which uses the expressions presented in the mathemati-
cal formulation to derive the complex permittivity and perme-
ability curves [25]. The MATLAB script requires the S
parameters as input files. The input files are in comma separated
values (csv) format. When the S parameters are saved/extracted
from the HFSS simulations, they can be saved in csv format.
These files contain three columns, where the first column lists
the frequency, the second column contains the magnitude, and
the last column contains the phase information. According to
the script, two different files are required: one for S11 and the
other for S21. Since these S parameters are extracted from
HFSS, they are reversed to make them compatible with the
formulation, according to Equation (8). Finally, the derived
expressions are used to calculate the curves for the permittivity
and the permeability.

Figure 7 shows the MATLAB script used to calculate
the metamaterial-parameter curves based on the extracted S
parameters, while Figure 8 shows the function used in Figure 7
to read the data from the data files extracted from HFSS in csv
format (other formats, such as txt format, can be extracted
from HFSS, and the user has to use an appropriate function
to open such files). Both files have comments to make the
commands and their effects easy to understand.

The permittivity and permeability curves obtained are
shown in Figures 9a and 9b. They closely matched the curves
already published in [20] for the split-ring-resonator-wire
metamaterial structure. These figures showed that the permit-
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Figure 6a. The magnitude of the S parameters obtained  Figure 6b. The phase of the S parameters obtained from

from HESS.

HFSS.

clc

clf

clear

S11=DATA READ ('C:\Users\Ahmed\Desktop\Sll.csv');
S21=DATA READ ('C:\Users\Ahmed\Desktop\S21l.csv');
S11(:,2:3)=flipud(S11(:,2:3)); % Frequency reversal
S21(:,2:3)=flipud(S21(:,2:3)); % Frequency reversal

s11=S11(:,2) .*(cos(S11(:,3))+i*sin(S11(:,3)));%Complex S-parameters
(:,2

s21=S821 ) .*(cos(S21(:,3))+i*sin(S21(:,3)));%Complex S-parameters
£f=S11(:,1) *1e9; SFrequency range

c=3e8; $Speed of light

k=(2*pi/3e8) *f; %Wave Number

d=2.5e-3; % Largest dimension of UE

z=((((1+4s1l) .72)-s21.72)./(((1-s11) .72)-s21.72)).70.5;
tmp=(z-1) ./ (z+1);

exp=s21./(1l-sll.*tmp);

n=(imag (log(exp))-i.*real (log(exp))) ./ (k*d);

o\°
()]

o
)
Q Q

oo

eps _eff=n./z;
mu eff= n.*z; % e
% Plot the curves

plot (s1l(:,1),real(eps_eff),'--k',811(:,1),real (mu_eff), 'k")
legend('Re (\epsilon e £ f)','Re(\mu e f f)")

xlabel ('Frequency (GHz) ") ;

ylabel ('Real permittivity and permeability')

figure
plot(S11(:,1),imag(eps_eff),'--k',811(:,1),imag(mu_eff), 'k")
legend ('Img (\epsilon e f £)','"Img(\mu e £ f)"')

xlabel ('Frequency (GHz) ")

ylabel ('Imaginary permittivity and permeability')

figure

plot(S11(:,1),real(n),'--k'",811(:,1),real(z),'k")
legend('Re(n)','Re(z)")

xlabel ('Frequency (GHz) ")

ylabel ('Real refractive index and impedance')

figure

plot(S11(:,1),imag(n),'--k',S11(:,1),imag(z), "'k")
legend('Img(n) "', '"img(z) ")

xlabel ('Frequency (GHz) ")

ylabel ('Imaginary refractive index and impedance')

eq. 6
q. 7

Figure 7. A MATLAB script for calculating the effective x and & curves.
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fid = fopen (path, 'rt'");
fi = fopen('G:\temp.csv','w'");
tline = fgets (fid);

while ~feof (£id)

tline = fgets(fid);
fprintf (fi,tline);

end

fclose (fid) ;

fclose (fi);

x=csvread ('G:\temp.csv');
delete ('G:\temp.csv')

%Open the file
%Open temporary file
%Read first line
$Write numeric data in temporary file

% Read temporary file data
% Delete temporary file

Figure 8. The function to read data from the HFSS csv data file.
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Figure 9a. The real values of permittivity and permeability.
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Figure 9b. The imaginary values of permittivity and

permeability.
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Figure 10a. The real curves for refractive index and

impedance.
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impedance.

Figure 10b. The imaginary curves for refractive index and
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e Run HFSS
e Save the project
e Insert new HFSS Design

Project --> Insert HFSS Design

e Draw the substrate

o

o 0 ©

O 0 O 00O

(o)

Draw --> Box

Draw a random box in 3D Modeler window

In the 3D modeler tree, double click on under Solid--> Vacuum--> Box1
Change the "name" to subs and "color" and "transparent" properties according to your
convenience

Change "material" to "FR-4 epoxy"

Click OK to close the dialog

Double click Solid--> FR4_epoxy--> subs -->CreateBox

Write "-1.25mm ,-1.25mm ,-0.125mm " in "position"

Write "2.5mm" in both "XSize" and "YSize"

In "ZSize", write 0.25mm

Click OK to close the dialog

e Draw the outer ring of the SRR

(o)

0O 0 0O0OO0OO0O0OO0OO0OO0OO0OO0

(o}

o

Draw a random box in 3D Modeler window

Set its material copper and name it as Outer SRR1

Set the position as " -1.1mm ,-1.1mm ,0.125mm"

Set the XSize=2.2mm, YSize=2.2mm,ZSize=0.017

Draw another random box in 3D Modeler window

Set its material copper and name it as Outer SRR2

Set the position as " -0.9mm ,-0.9mm ,0.125mm"

Set the XSize=1.8mm, YSize=1.8mm,ZSize=0.017

Draw another random box in 3D Modeler window

Set its material copper and name it as GAP1

Set the position as "-0.15mm ,-1.Imm ,0.125mm"

Set the XSize=0.3mm, YSize=0.2mm,ZSize=0.017

Now select both OQuter SRR1 and then Outer SRR2(order is important, use "Ctrl" key to select
both geometries)

Subtract the two geometries (Modeler--> Boolean --> Subtract) (press OK in opened dialog
without making any change)

Select Outer SRR1 and then GAPI and subtract the two geometries. This will complete the
design of outer ring of SRR

e Draw the inner ring of the SRR

o

00 O0OO0O0O0O0OO0OO0OO0OO0OO0O0O0

0O 0 OO0

Draw a random box in 3D Modeler window

Set its material copper and name it as Inner SRR1

Set the position as " -0.75mm ,-0.75mm ,0.125mm"

Set the XSize=1.5mm, YSize=1.5mm,ZSize=0.017

Draw another random box in 3D Modeler window

Set its material copper and name it as Inner SRR2

Set the position as " -0.55mm ,-0.55mm ,0.125mm"

Set the XSize=1.1mm, YSize=1.1mm,ZSize=0.017

Draw another random box in 3D Modeler window

Set its material copper and name it as GAP2

Set the position as "-0.15mm ,0.55mm ,0.125mm"

Set the XSize=0.3mm, YSize=0.2mm,ZSize=0.017

Now select Inner SRR1 and then Inner_ SRR2(order is important)
Subtract the two geometries (Modeler--> Boolean --> Subtract)

Select Inner SRRI and then GAP2 and subtract the two geometries. This will complete the
design of inner ring of SRR Set its material copper and name it as GAP2

Set the position as "-0.15mm ,0.55mm ,0.125mm"

Set the XSize=0.3mm, Y Size=0.2mm,ZSize=0.017

Now select Inner SRR1 and then Inner SRR2(order is important)

Subtract the two geometries (Modeler--> Boolean --> Subtract)

Select Inner SRR1 and then GAP2 and subtract the two geometries. This will complete the
design of inner ring of SRR

e Draw a wire

o
e}
e}
o]

Draw another random box in 3D Modeler window

Set its material copper and name it as Wire

Set the position as "-0.07mm ,-1.25mm ,-0.125mm"

Set the XSize=0.14mm, YSize=2.5mm,ZSize=-0.017mm

e Draw the UE box

e}
o
()
e}

Draw another random box in 3D Modeler window

Set its material air and name it as UE

Set the position as "-1.255mm ,-1.255mm ,-1.255mm "
Set the XSize=2.51mm, YSize=2.51mm,ZSize=2.51mm

Setting up the simulation

e Apply B
o

o
o

o

o
e Apply E;
o
()
o

O 0 0 0 0

o

oundary conditions

Right click on the UE face perpendicular to +x axis and select Assign Boundary --> Master

Define U-Vector as shown in Figure 4

Select and right click on the face of UE that is perpendicular to -x axis and select Assign Boundary
--> Slave

Now select the UE face perpendicular to +y-axis and assign master boundary condition

Similarly select face perpendicular to -y-axis and assign the slave boundary condition

xcitations

Select and right click on face of UE perpendicular to +z axis

Select Assign Excitation --> Floquet Port. Technical details about Floquet port is given in [27]
Define "A Direction" and "B Direction" as shown in Figure 5(b) and click Next in Floquet Port
setup dialog

Set Number of Modes as 2

Click on Modes Calculator and set frequency as 10GHz

Click on Next. This will open Post Processing tap. Do not change anything here

Click Next to 3D Refinement and Check Affects Refinement for both TE and TM Modes

Click OK to complete the setup

Similarly apply the Floquet port on face of UE perpendicular to -z axis

e Add Solution setup at 10GHz
e Add frequency Sweep form 1 to 20GHz with interpolating "sweep type"

e Runthe

simulation and get magnitude and phase of the s-parameters

Figure 11. A step-by-step procedure to obtain S parameters for the split-ring-resonator-wire unit element [19] using HFS'S.
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tivity was negative in the frequency range of 7.85 GHz to
9.4 GHz, and both the permittivity and permeability were
negative in the frequency range of 8.8 GHz to 9.4 GHz, showing
double-negative metamaterial characteristics. The refractive
index and the impedance are shown in Figures 10a and 10b.
These figures showed negative real refractive index and
positive impedance, which showed the metamaterial behavior
in the region of interest.

Figure 11 provides a step-by-step guide for creating a unit-
element metamaterial structure and setting up the simulation to
get the S parameters used in the presented material parameters
extraction process. These steps are based on HFSS version
13. Some minor variations might be observed in other, higher
versions of this tool. Once the code in Figure 11 is carried out,
the code in Figures 7 and 8§ should be used to plot the resultant
material curves, as discussed earlier in this article.

5. Conclusions

In this work, a complete step-by-step procedure for
obtaining the material parameters of a metamaterial structure
was presented based on the S parameters extracted from a full-
wave simulator (HFSS). The procedure was illustrated by cal-
culating the permittivity and permeability curves for a split-ring
resonator. The accuracy of the curves obtained was verified by
comparing them to some published results. Two different types
of periodic boundary conditions were presented. In addition
to the periodic boundary conditions, two different types of
excitations were also used and discussed in this work. The
differences between them were highlighted. The procedure will
help researchers in this area to extract metamaterial property
curves with ease, using commercially available software.
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