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Abstract  

This thesis summarizes the study of the behavior of electromagnetic waves propagation in some 

disordered metamaterials. Metamaterial structures are combination of some different materials such 

as, dielectric, conducting, and magnetic materials which are produced artificially and have some 

special characteristics that does not exist normally in the nature. These characteristics are permittivity 

and permeability and their combination that create negative refractive index (left-handedness). 

In this work the effect of the disorder of split rings resonators SRR on the metamaterial behavior, 

namely, the negative index of refraction is examined in the X-band. This disorder was introduced 

intentionally in the orientation of the rings in different ways. Samples were designed and simulated 

with the High Frequency Structure Simulator (HFSS) with specific dimensions and orientations. Also, 

the results were analyzed with respect to several geometric aspects, some structures were chosen for 

manufacturing, measuring as well. It was found by simulations that the left-handed properties did not 

break down with increasing disorder. The frequency dependence changed; the frequency range in 

which left handedness was achieved was shifted.  
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1 Introduction 

1.1 Overview 

In recent years, the interest in miniaturization and require for more robust and compact designs has 

been increasing. Recent work has revealed the usefulness of metamaterials with the aim of 

minimization and compact design, that have negative indices of refraction in areas such as 

telecommunications, radar and defense, microelectronics and medical imaging, optical lenses [1, 

2].Many studies have been done to understand the electromagnetic properties of these material. 

Metamaterials are artificially produced materials with physical properties that are not found normally 

in the nature .The overall size of the Metamaterial inclusions can be larger or smaller compared to the 

operating wavelength (λ0).  Examples of such material can be mentioned as photonic band gap 

structures when the inclusions are too large in comparison with λ0 and left handed materials if these 

inclusion are much smaller than λ0 [3]. Material properties are characterized by the dielectric 

permittivity (ε) and the magnetic permeability (μ). The reference material is the vacuum which has the 

permittivity ε0 and the permeability μ0. 

The relative permittivity and permeability of a material is defined as       ⁄  and       ⁄  , 

respectively and the refractive index as   √     . In nature, most materials exist with positive 

permeability and permittivity. However, metamaterials create the possibility to make different types of 

material properties of (     and μ> 0, ε <0 and μ> 0, ε> 0 and μ <0, ε <0 and μ <0). 

With the aim of these properties, electromagnetic properties could be controlled in a way which was 

not possible earlier [2, 4]. Nowadays, metamaterials have become increasingly attractive in the 

scientific research and engineering fields with implication on physics, microwave engineering, and 

optics preferably, Such as super lens and making objects invisible. Metamaterials have ability to 

improve the behavior of the standard optical elements. These new optical elements create a larger 

choice in lens application designs also better focusing ability [1]. The most innovative property of the 

metamaterial is the possibility of having negative refractive index which is yielding values for    and μ 

not available in the usual sense. The negative refraction phenomenon has been studied extensively in 

recent years due to their unique physical properties and new applications. 

The first research about metamaterial was done in 1967 by the Russian physicist Victor Veselago. He 

studied the behavior of this material with negative permeability and permittivity was theoretically 

discussed [5]. The negative permittivity media were obtained from a three dimensional array of wires 

which was part of a metamaterial structure [6]. 

In 1999 the split ring resonator (SRR) structure with compose of metallic rings was proposed by 

Pendry et al, [1, 7]. This was the first opportunity to produce effective negative permeability from split 

ring resonator (SRR) in certain frequency bands [7].  
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1.2 Negative refractive index and left handed material 

In the material with the positive refractive index (dielectric material), the incident unstable waves 

(evanescent waves) face decay. In negative refractive index material, this behavior is enhanced. In 

negative refractive index metamaterials, it is focused on all Fourier components of a 2D image. That 

accounts for waves which do not propagate in radiative matter [8]. The Russian physicist Victor 

Veselago found out that if some material has negative electric and magnetic function, they will have 

negative refraction index (n<0) [4].  

The direction in which the energy flow, in the propagation of electromagnetic waves is given by the 

right-hand rule,  ⃗   ⃗⃗   ⃗⃗ . When ε<0 and μ<0, the speed stage is anti-parallel to the wave 

propagation direction. In other words, the wave has a negative phase velocity, and the medium is Left-

Handed and follows the left handed rule and can be written as,  ⃗    ⃗⃗   ⃗⃗ .  

Regarding to Veselago’s prediction left handed materials, where the refraction index is negative 

,exhibit interesting properties. For example, when a wave travel from a right handed material such as 

air to a left handed material refracted ray is on the same side as the normal ray upon entering the 

material. Moreover, Doppler shifts, the pointing vector and Cherenkov radiation are different Fig 1. 

 

Fig 1 comparing the wave refraction in RH and LH material. 

Mathematically interpreted this means negative permeability and permittivity .This indicates that in a 

left-handed medium the refractive index is negative [9]. It is clear that the refractive index can be 

obtain from   √     , and  the permeability and permittivity value can be express as ε=| |    and 

μ=| |    .    and  M can have the values of 0 or   and in order to gain     ,the value of    and 

 M must be equal to   .Therfor the final value of refractive index can  be calculated as: 

   √ | || |   
 

 
(     )

 and for    =  1, the value of refractive indexe become as :    √ | || | 

[10]. 
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1.3 Split ring resonators 

A scientist named Pendry introduced the Split Ring resonator (SRR) in 1999 as a periodic arrangement 

of a structure such as to produce an effective magnetic permeability from the resonator ring shaped 

with opposite gap [1]. A SRR concept is illustrated in Fig 2. 

 

 

Fig 2 Outline of a Split Ring Resonator. 

If the operating frequency is higher than the resonant frequency a negative permeability is provided of 

the above- mentioned structure and by using wires which create negative permittivity is enough to 

create the behavior and properties of Left Handed Materials (LHMs) [1]. 

The SRRs are the major building of a unit cell in most metamaterial structures, forming two- 

dimensional and three- dimensional  of SRR and wires layers constitution. SRRs exhibit a resonant 

magnetic and electric response [11]. The use of SRRs in microwave transmission lines has increased 

with closed ring microstrip structures  which characteristics with the self and mutual capacitances and 

inductances that these rings distribute [12].  

1.4 Characterize Properties of SNG and DNG Metamaterial 

The important properties of metamaterial are effective permittivity and effective permeability. In 

2000, a metamaterial, with negative values for the real parts of one of these factors [single-negative 

(SNG) material] and with negative values for the real parts of both parameters [double-negative 

(DNG) material were introduced [1]. In order to experimentally characterize the metamaterial, a 

standard free-space method has been extensively used. 

In [13] it is stated that left handed properties can be eliminated by a weak disorder in SRR 

metamaterials. Papasimakis et al investigated the effect of disorder of metamaterials with randomly 

displaced SRRs [14] . The effect on the quality factor was investigated, but the effect on left 

handedness was not included. In a similar way Gorkunov et al investigated the effect from disorder on 

the magnetic properties of metamaterials with single resonant rings [15]. The effect on left handedness 
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was not addressed. In [16] complementary SRRs were studied, i.e. the rings are slots in a conducting 

plane.  Different fixed orientations were studied and the transmission spectra were measured in the 

THz region. The left handed properties however were not studied.    

Yet, the mentioned technique does not appear to be a suitable technique of testing the bulk 

metamaterial. In this method the transmission and reflection coefficients of a slab sample which is 

illuminated by a plane wave originating from a directive antenna have to be measured. In order to do 

that a large slab should be used. In contrast, a bulk metamaterial typically comprises an array of small 

scatterers (the inclusions) embedded into a host material at a small mutual distance (a fraction of a 

wavelength).  Moreover, producing such a large metamaterial sample is technically difficult and 

expensive. According to [17] that metamaterials could be classified to four main groups as shown in 

Fig 3[17] . 

 

Fig 3 material Classification  [17]. 

1.5 Project aims and objectives 

This project aim is to find the effect of disorder on the left handed material properties. This will first 

be done by simulations in High Frequency Structure Simulator (HFSS). The first step is to design 

a unit cell containing split rings resonators (SSRs) and a thin wire. Once the cell is designed, a 

complete structure made of typical cells will be studied as reference structure then a random disorder 

in orientation will be applied in different configurations (within the cell itself) to see how it affects the 

performance and left-handedness properties. Once desired results are reached, selected designs will be 

manufactured on the intended substrate using a milling machine. Subsequently these designs will be 

assembled, and S-Parameter measurement will be made using a Vector network analyzer (VNA). The 

measurement results will then be compared with the simulation results.  

The waveguide which is used covers the X-band (8.20 — 12.40 GHz) (according to the available 

instrument in the university laboratory) and manufacturing will be done using the Printed Circuits 
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Boards (PCB) with substrate FR4 (ε=4.4, loss tangent = 0.02) with thickness of 1.5mm and copper 

thickness of 35µm. 

Using these data, it will be investigated whether it is possible to detect left handedness from S-

parameter measurements and if changes in left handed properties with disorder can be detected. 
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2 Theory  

In this chapter the different behavior of the left handed material, the permittivity, permeability and 

refractive index is discussed. In  2.1 the negative permittivity is analyzed, and  2.2 and  2.3 the negative 

permeability and negative refraction from S- parameters, are studied, respectively. 

2.1 Negative permittivity (ε <0) 

A physical parameter that explains how an electric field affects and is affected by a medium is called 

permittivity (denoted as ε). Pendry, according to Chapter 1, introduced one method to obtain negative 

permittivity via a fine wire periodic arrangement (thin-wire). The theory and its derivations that is 

mentioned below can be found in [6]. 

Negative permittivity ε can be obtained from the array of thin wires which is a set of parallel wires, as 

illustrated in Fig 4.  

 

 

Fig 4 Dimensional structure of fine wires [18]. 

 ―2d‖ is the wire diameter, and ―a‖ are the spacing between the wires. 

While the electric field of the electromagnetic wave is applied along the wires, the negative 

permittivity can be obtained for all frequencies below the plasma frequency ωp [6].The plasma 

frequency is the frequency at which the free electrons in the metal vibrate. For waves with frequencies 

under this value the electrons effectively shield the electric field of the wave and therefore wave 

propagation is omitted. The plasma frequency and the permittivity are derived as [6]: 
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    √
   

   
 (1) 

 

  ( )    
  

 

 (    )
 (2) 

Where n = electron density 

          m= Electron mass (9.11   10-31 Kg) 

          e= Electron charge 

            = Damping coefficient 

 

The plasma frequency of thin metal wires has been described in detail in [6]. Since the density of an 

electron in the wire is n, the effective density of active electrons in whole structure is:   

                

The effective mass       of the electrons is: 

 

      
   

  

  
   (  ⁄ ) (3) 

   
  

     
 

      
 

    
 

     (  ⁄ )
 (4) 

  = The distance between the wires 

   = The radius of the wire 

 c0 = The speed of light in vacuum.  

 

Finally, the equation (4), containing only parameters, such as the wire radius and the distance between 

the wires, is achieved [6]. 

. 

2.2 Negative permeability (μ <0) 

Due to the lack of a magnetic charge, it is difficult to find a material with negative magnetic 

permeability [19]. For some materials such as, water, vacuum the relative magnetic permeability is 

equal to one (μ = 1). For the medium of fine metallic wires, (see section  2.1), lower than the plasma 

frequency the electric field and dielectric permittivity becomes negative. In [6], a medium composed 

of metallic rings which work as macroscopic magnetic dipoles is introduced. Moreover, by applying 

the magnetic field perpendicular to these rings, large magnetic dipole moment is generated due to the 

large generated current [6]. These inclusions are called "Split Ring Resonators (Ring resounding 
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Splitter)," because they are metallic rings with a capacitive gap, as described in section  1.3 and is 

shown in Fig 1. 

When the dimension of SRR is much smaller than the excitation wavelength (λ / 10), we can assume it 

as an LC circuit, with L being self-inductance of the ring and the capacitance C of the slot (gap). A 

time variation in the magnetic field Hinc applied in SRR produces a voltage in the loop as below [6]: 

 

         ∫        
     

 (5) 

In case of smaller ring dimensions than the wavelength, the external magnetic field Hinc is equal 

around the ring. Therefore the integral can be written as: 

 

 ∫        
 

                       (6) 

 

Aloop is the area of the closed ring path  

In case of no loss, the SRR impedance is described as: 

           
 

   
    (  

  
 

  
) (7) 

Where   = The mutual inductance 

             = The gap capacitance 

           (    √(  )⁄  ) = Is the resonant frequency of the SRR  

Fig 5 shows a diagram  of SRR together with its corresponding circuit [20]. 

 

 

Fig 5 SRR equivalent circuit. 

The magnetic dipole moment of the SRR is related to the current by m= I       , where     is the unit 

vector to the loop area and the magnetization vector is M=m/ ʋ, Therefore the magnetic permeability 

for SRR can be assume as [20] : 
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                                                  B=   Hinc + M      

                                                 

(8) 

   

where µr = relative magnetic permeability of the medium 

           F= the "swing strength" of the medium  

           ʋ = the volume. 

            

      
   

  
    

 (9) 

where µr = relative magnetic permeability of the medium 

           F= the "swing strength" of the medium 

The two major quantities that define the resonant frequency of the structure are the capacitance and the 

inductance of the ring. In [21] a method is introduced to achieve these parameters in multiple SRR 

(Multiple Split Ring Resonators-- MSRR) of different geometries. The equation proposed by them 

[21], based on illustrated structure in Fig 6, is as follows. 

 

Fig 6 (a) Pictorial representation of Multiple Split Ring Resonators (MSRR).  (b) Quasi-Static equivalent circuit 

model representative for the multiple split-ring resonators [21]. 

In the equations below the       is the inductance of MSRR,       is the capacitance of MSRR,   is 

the thickness of SRR rings,   is the space between the rings of the MSRR,   is the length of the outer 

SRR ring,   = (N – 1)(     ) ,  (    )(    ) is the filling Ratio,   is capacitance per unit 

length and   is the number of concentric rings. Thus, the expressions become [21] :  

 

       
  

 

    

 
[  (

    

 
*       ] (10) 
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,   (    )(   )-   (11) 

        
   (        )

 (√    )

 ( )
 (12) 

    
   (        )    

 

 
     [

 

  (   )
] (    ) (13) 

    
(   )(   )

,  (   )(   )-
 (14) 

 

2.3 Negative Refractive Index from S-Parameters 

Theoretically, it is possible to replace a homogeneous material structure with an inhomogeneous 

metamaterial structure if they have similar scattering parameters [22]. Also if inhomogeneous and 

homogeneous materials have the same parameters they have similar reaction when an electromagnetic 

field is applied [21]. In order to obtain the characteristics for inhomogeneous material in a plane slab, 

the scattering S-parameters of the slab structure need to be compared with those obtained from a plane 

homogeneous material slab. In this case, the reflection ( S11 ) and transmission ( S21 ) of a 

homogeneous material can be similar to the refractive index ―n‖ and the slab impedance ―z‖ 

(according to the fact that the metamaterial slab is supposed to be consider as  one unit cell of periodic 

structure), and the numerical solution for Maxwell´s equations could be achieved [23]. This means that 

for a plane wave incident with a slab thickness of ―d‖, See Fig 7, S11 is reflection coefficient, and S21 

and transmission coefficient   can be related as : S21 =        which     is the wave number of 

incident wave [24]. 

 

Fig 7 Schematic illustration S-parameters of incoming reflected and transmitted waves on a slab. 

To achieve the  negative refractive index ―n‖ of metamaterials, the cell dimension ―d‖ should be less 

than    , which is the wavelength of the incident electromagnetic wave, and kd = (2 d / )  , (d = 

slab thickness, kd=electrical length) [22] . 

By considering the inhomogeneous material as homogeneous, the S-parameters can be use to obtain 

the metamaterial electromagnetic properties, and enable us to characterize these properties in a 

satisfactory approximation. In order to estimate reasonable result, the effective thickness of the slab 
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has to be determined accurately. Also the values of the ―   ‖ (transmission coefficient), and ―   ‖ 

(reflection coefficient) is not allow to be very small in magnitude [24]. 

In the beginning, the matrix (  ) one dimensional transfer matrix in order to use the S-parameters for 

homogeneous material, the matrix shows the relation between the fields on both sides of the slab [22]. 

The matrix can be introduced as [22]: 

 

       (15) 

where: 

   (
 

    
* (16) 

―E‖ and ―Hred‖ are the complex electrical field and normalized magnetic field on both sides of the slab 

[22]. 

      (    )  (17) 

The transmission line section matrix for a homogeneous slab can be determined as: 

   (
   (   )  

 

 
   (   )

 
 

 
   (   )    (   )

) (18) 

where:  

  = Refractive index 

  = Impedance of the slab 

 d = electrical length  

and the relation between ―n‖ and ―z‖ is given by Eq.(19): 

              ⁄  (19) 

where   is the magnetic permeability and   is the electric permittivity. 

The elements of the matrix S present the relation between the amplitude of incoming and outgoing 

field. They can be found from the T-matrix as below [24]. The parameters             are reflection 

coefficients and    and     are transmission coefficients. 

 

 

    
 

        .      
   

  
/
 

    
        .      

   

  
/

        .      
   

  
/
 

    
    ( )

        .      
   

  
/
 

(20) 

Assuming the slab to be symmetrical and homogeneous, the statements T11 = T22 = Ts, and det(Td)=1 is 

correct [24]. Thus, 
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.      
   

  
/
 (21) 

         

 
 

.
   

  
      /

   
 
 

.      
   

  
/
 (22) 

 

By replacing the elements of the T-matrix, the S-parameters can be written as: 

 

         
 

   (   )  
 
 

.  
 
 
/    (   )

 (23) 

and 

         
 

 
(
 

 
  *    (   ) (24) 

 

By using equations Eq.(23) and Eq.(24), n and z can be determined as a function of scattering 

parameters as below: 

   
 

  
     [

 

    

(     
     

 )] (25) 

   √
(     )

     
 

(     )
     

  (26) 

   
 

    

(     
     

 ) (27) 

           √     (28) 

Due to the fact that the metamaterial is as a passive medium, the sign for real part and imaginary part 

of Eq. (26) and Eq. (28) need to be taken in to account [24]. 

     ,       (29) 

The ( )     ( )                                                              Therefore the value of 

refractive index n can be calculated by: 

 

        *,,  (      )-     -   ,   (      )- +  (30) 

 

Here k0 is the wave number of the incident wave in free space [24]. In Eq. (30)   is an integer related 

to the branch index of n' [24]. It is noticeable that,          are related to each other.To determine their 

signs in Eq. (30) the relations should be mentioned, but in some cases this method may fail when     

and n are closed to zero.To find out the correct signs of   and n  two cases must be studied  : 

 |  |    

 |  |    

   is the positive amount which is applied in Eq.(29). 
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The equation below can be used for determining the correct value of z [24] : 

        
   

     
   ,  - 

   

 (31) 
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3 Simulation 

In this chapter the method proposed by [22, 25] and [26] presented in section   2.3, for obtaining left 

handed properties will be investigated and analyzed through numerical simulations with HFSS. It will 

also be investigated which method for determining the refractive index is suitable (by using Eq.(25) or 

Eq.(31)) for studying these structures. 

3.1.1 Frequency range 

From the references [22, 25] and [26] it can be found that the resonance frequency has a linear 

behavior versus the dimensions of the split ring SSR and copper wire (unit cell). Moreover, the 

resonance frequency increases with decreasing the dimension of unit cell as shown in Fig 8. 

 

Fig 8 The relation between resonance frequency and the unit-cell dimensions [22, 25] and [26]. 

The frequency range which was applied in this research is from 8.2 GHz to 12.4 GHz, also denoted the 

X-band. This range was chosen according to the available instruments and materials in the university 

laboratory and it is similar to the range used in reference [22]. Therefore, it is more convenient to 

compare our study results with reference [22] 

3.1.2 Orientation of the unit cell 

The orientation of the unit cells, which is analyzed in this study, is the same as that in reference [22]. It 

is our aim to simulate and analyze how the changes in the orientation of the rings affect left-

handedness properties. 
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3.2 Dimensions of the unit cell 

Referring to Fig 9, the unit cell which is used in this study is built on substrate FR4 (ε = 4.4, loss 

tangent of 0.02) with width d=5 mm, height h=10.16 mm, and a thickness t=0.9 mm. The SRR and 

conducting strip are positioned over the substrate with copper of thickness 0.035 mm. The strip width 

is 0.2 mm. The outer and inner ring diameters are rin=0.3 mm and rout=1.3 mm, respectively, with 

thickness w=0.25 mm. The slot (opening gap) of each circle is g=0.3 mm. 

 

Fig 9 Dimensions of the unit cell 

Smith et al. studied the case of a non-symmetrical structure by shifting the wire off in the symmetry 

axis [22]. In this study, distortion of the orientation will be simulated and analyzed in different cases 

according to the following guidelines, see Fig 10: 

 Orientation disorder of the  SRR, ɸ  (ɸ is the angle of disorder) 

 Orientation disorder for inner ring, ɸ1 only 

 Orientation disorder for outer ring, ɸ2 only 

 

Fig 10 Different distortion angels. 

The angle of orientation, ɸ, is generated randomly using Matlab (Appendix A), and is applied to the 

aforementioned three cases and used in the HFSS simulation.  
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4 Experimental arrangments and measurements 

In this chapter the layout and manufacturing of the selected designs is described. These measurement 

results will be compared with the simulation results. 

4.1 Measurements of S-parameters 

As shown in section  2.3, the refractive index can be calculated from the S-parameters using Eq.(30). 

Therefore, by testing the metamaterial and measuring the S-parameters it is possible to obtain the 

refractive index. Placing the tested metamaterial in a wave guide and measuring the S-parameters 

using a vector network analyzer (VNA) gives the necessary data for determining the refractive index.   

4.1.1 Calibration 

To minimize errors that occur due to the length of the wave guide, the measurements were done by 

placing the metamaterial directly in between the measuring detectors. The ―PM 5720‖ in Fig 11(a) was 

selected for this purpose since it will match with the connecting cables for the VNA ―ZVB 14‖ which 

was selected to take the S-parameters since it matches with the frequency range which will be used in 

the measurements. The calibration was done by using the TOSM (Through – Open – Short – Match) 

method and using the ―ARRA MOD X380‖ and ―ARRA MOD X660‖ in Fig 11(b) & (c) as short and 

match, respectively. 

 

Fig 11 Measurement and calibration instruments (a) measuring detector (b) short circuit (c) match load. 

4.2 Manufacturing   

The samples were manufactured using a milling machine. During the final simulations described in 

section  2 2 3 the best left handed results were achieved by using FR4 substrate with thickness of 0.9 
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mm with copper coating of 35µm. Since the available FR4 is 1.5 mm, it was necessary to reduce the 

layer thickness by using the milling machine. 

The manufacturing will be using the milling machine ―LPKF ProtoMat E33‖ see Fig 12. 

  

Fig 12 LPKF ProtoMat E33 milling machine. 

The milling machine produced the chips by milling the copper layer into the desired designs and 

cutting them according to the unit-cell size as shown in Fig 13. 

 

Fig 13 ProtoMat E33 during the milling process. 

The chips were cascaded after thinning to reach the required thickness according to the designed 

structure and glued together to obtain the final sample, see Fig 14. 

 

Fig 14 (a) Assembling of the layers, (b) the final sample. 
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5 Simulation results 

Different metamaterial structures are analyzed and their behavior will be compared with those in [22]. 

The first case is the reference case which contains of 11 sets of unit cells according to the dimensions 

in section  3. 

In order to distinguish between different cases, the reference case will be called ―A0000‖, so the 

different digits in this code indicate to the different cases. The highest digit will point to the extreme 

cases (A1001, A1002,….) and the second highest digit will indicate the three difference cases. 

Table 1 summarizes the different cases which are studied in this chapter. 

 

Table 1 Studied cases and subcases 

Cases 

Tilting angels 
Subcase 

code 

Standard 

Deviation 

(degrees) 

Distribution 

type SRR angle Φ Inner Angel Φ1 Outer Angel Φ2 

Original case 0 0 0 A0000 σ =0o - 

Extreme case 90 Φ1 Φ2 A1002 σ =0o - 

General case 1 Φ= [-15, +15] Φ1 Φ2 A0001 σ =8o Uniform 

General case 2 
Φ Φ1= [-15, +15] Φ2= 0o A0101 σ =8o Uniform 

Φ Φ1= 0o Φ2= [-15, +15] A0201 σ =8o Uniform 

General case 3 
Φ= [-45, +45] Φ1 Φ2 A0003 σ =24o Uniform 

Φ= [-90, +90] Φ1 Φ2 A0006 σ =48o Uniform 

General case 4 

Φ= [-45, +45] Φ1 Φ2 A0003a σ =31o Uniform 

Φ= [-45, +45] Φ1 Φ2 A0003b σ =28o Uniform 

Φ= [-45, +45] Φ1 Φ2 A0003c σ =24o Normal 

Φ= [-45, +45] Φ1 Φ2 A0003d σ =24o Normal 

 

The electric field directed along the x-axis indicates an electrical polarization in the SRR and wire, and 

magnetic field directed along the y will generate a magnetic response.   

5.1 The original case 

The original case, which consists of 11 double sets of the unit cell with dimensions according to Fig 9, 

was called ―A0000‖ and shown in Fig 15. 
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Fig 15 The original case “A0000” positioning in the waveguide. 

The results of HFSS simulation and response of the permeability and refractive index reached using 

the Matlab code in Appendix B by this structure are shown in Fig 16 and Fig 17. As it can be seen, the 

real part of the refractive index reaches a negative value of 0.76 at the frequency 10.37 GHz. In 

comparison with the results in reference [22] a satisfactory agreement can be seen. 

 

Fig 16 Comparison of simulation results (S-Parameters and Refractive index) between reference   ]22)[on the 

left (and “A0000”(on the right. 
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Fig 17 Comparison of simulation results (Impedance, Permittivity and Permeability) between reference [22] (on 

the left) and “A0000”(on the right). 

After reaching the desired result, simulation of the extreme cases where the SRRs gap orientation will 

be reversed or tilted were studied to analyze the behavior of the left-handedness. Also, different 

random angle shifts as was explained in section  3.2 were analyzed. 

5.2 Extreme cases 

In this part all the SRR have the same tilt, (45o, 90o, 180o) or opposite tilts between the lower and 

upper SRR sets (    ,     ) and therefore the following case ―A1002‖ was selected. 

Here, the SRR gap orientation was tilted 90
o
 so it will be parallel to the propagation direction    as 

shown in Fig 18. 

 

Fig 18 Extreme case “A1002”. 



Maryam Shahbazali & Wael Baki Influence of disorder on microwave left-handed metamaterial 

 

21 

It is noticeable that in the extreme case, the structure does not present the negative refractive index and 

left-handedness properties see Fig 19. 

 

Fig 19 Simulation results of the extreme case “A1002” (a) Refraction index (b) Permeability (c) Impedance (d) 

Permittivity. 

Another case can be found in the Appendix C, where different other extreme case is presented. 

5.3 General simulated cases 

In the following part an assumed disorder will be applied on the different SRRs or/and the rings. This 

will simulate any distortion that could be faced during the manufacturing or assembling process, or (as 

will be found later) could be done intentionally to tune or reach specific results. The random angel tilts 

will be generated by Matlab, where firstly the maximum range of [-15,+15] degrees, will be applied on 

the SRRs, then the ―Inner Rings‖ and the ―Outer Rings‖ individually. These subcases will be referred 

as ―A0001‖, ‖A0101‖ and ‖A0201‖, respectively. In the following subcases the maximum limits will 

be expanded by multiplying the range limits by m=[2,3,4,5,6] and the referred subcases will be 

―A000m‖, ‖A010m‖ and ‖A020m‖. Finally a selected case (m=4) will be simulated using different 

randomness by applying two different random strings with statistical properties (Mean value and 

standard deviation) to observe how this will affect the results.  

Selected cases will be presented and analyzed in the following part and some other cases can be found 

in the Appendix D. 

5.3.1 General Case 1 “A0001” 

A random string of 22 integer numbers in the range of [-15, +15] was generated using the Matlab code 

in Appendix A. These numbers will present the tilting angels which are applied to the SRRs around 
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their axis Fig 10 and the structure will be as in Fig 20. These tilts affect the refractive index and cause 

some changes into both the maximum negative peek and its resonance frequency, as shown in Fig 21. 

 

Fig 20 General Case 1“A0001”. 

 

Fig 21 Simulation results of the general case 1 “A0001” compared to “A0000”. 

5.3.2 General Case 2 “A0101” & “A0201” 

In this part the assumed distortion will be applied to the ―Inner Rings‖ and ―Outer Rings‖ individually, 

using the same angels tilts, as shown in Fig 22 Tilting the rings individually from each other will 

affect the refractive index in different ways, but as shown in Fig 23 the influence of the variation of 

the ―Outer Rings‖ titling is stronger than the ―Inner Rings‖ tilting. 
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Fig 22 General case 2 “A0101” & “A0201”. 

 

Fig 23 Simulation results of the general case 2 “A0101” & “A0201” compared to “A0000”and “A0001”. 

5.3.3 General Case 3 “A0003” “A0006” 

This case will present the effect of expanding the range up to [-45, +45] and [-90, +90], respectively. 

Again the same random string multiplied by m = {3, 6} is used as shown in Fig 24. By increasing the 

maximum limits of the distortion angles, it can be easily noticed that the higher limits causes the 

higher effect on the refractive index in maximum negative value, resonance frequency and the 

bandwidth as shown in Fig 25. 
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Fig 24 General case 3 “A0003” & “A0006”. 

 

Fig 25 Simulation results of the general case 3 “A0003” & “A0006”compared with “A0000” and “A0001”. 

This effect can be presented as a relation between the maximum distortion limits of angel and both of 

resonance frequency and bandwidth, for different values of ―m={0,1,2,3,4,5,6}‖ as shown in Fig 26 

and Appendix D. It can be clearly seen that the resonance frequency decreases by increasing the 

maximum range, while the band width increases to reach maximum peek at ―m=3, ±45o‖ and 

decreases again till ―m=6, ±90o‖ to reach almost the same value as with the absence of any disorder. 
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Fig 26 Relation between maximum disorder and resonance frequency and bandwidth. 

5.3.4 General case 4 “A0003a”, “A0003b”, “A0003c” and “A0003d” 

In order to cover one last case to study the effect of the statistical properties of the disorder, the 

strongest case was chosen where maximum negative refractive index was reached in ―A0003‖ (using 

uniform distribution and standard deviation σ = 24). 

Different random strings were generated with (standard deviation σ = 31) and (standard deviation σ = 

28) for ―A0003a‖ and ―A0003b‖, respectively.  

In order to perform another two simulations with different realization but have the same statistical 

properties as ―A0003‖ (standard deviation σ = 24) and by using this time normal distribution with for 

―A0003c‖ and ―A0003d‖ gave the results shown in Fig 27. 
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Fig 27 Simulation results of the general case 4 “A0003a”, “A0003b”, “A0003c” and “A0003d” compared to 

“A0000”. 

As it is shown in Fig 27, the effect can vary according to many distortion parameters. The maximum 

negative value of refractive index, resonance frequency and bandwidth are subject to the different 

values of standard deviation or distribution type. 
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6 Experimental results 

This chapter will present one of the measurement results from the selected manufactured metamaterial 

setup. 

As mentioned earlier in section 4, the structure was manufactured by placing SRR layers and strip 

layers alternating, where the SRR dimension is 1.55 mm and the strip width is 0.2 mm and the final 

sample has the total thickness T=20.57 mm, width W=5 mm, and height H=10.16 mm. The total 

thickness is accumulating the 11 sets of the unit cell on top of each other and using suitable glue to 

create the sample. 

From all designed cases, 3 subcases were selected to be manufactured ―A0000‖, ―A0003‖ and 

―A0006‖. Unfortunately, only one set ―A0006‖ gave poorly acceptable results; see Fig 28 (a). The 

reason of these ripples is the inaccuracy in the manufacturing, especially with the tiny dimension of 

the SRR and milling process, reducing the thickness of the substrate layer section  4.2, the assembling 

process measurement, and calibration stage.  

By using the measurement procedure mentioned earlier in section 4, the measured S-parameters shown 

in Fig 28 (a) were obtained and compared with the simulation results of ―A0006‖ Fig 28 (b). 

 

Fig 28 S-parameters measurements results (a) “A0006” measured (b) “A0006” HFSS simulated. 
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Fig 28 shows kind of similarity in the trend of the measurements results with the simulated results for 

the subcase. In order to improve the results, a correction factor will be added to compensate the phase 

shift. This shift was caused by placing the metamaterial sample in between the two measurement 

detectors, without adding a wave guide length at the reference plane, this factor ―𝜸‖ will be calculated 

for both S11 and S21, 𝜸11 and 𝜸21 respectively and will be added as phase shift ―exp(j2 f𝜸)‖ as shown 

in Eq.(33): 

   
 

 
 

      

     
              (32) 

 
   ̂      

        

   ̂      
        

(33) 

The correction factor 𝜸 will be calculated to compensate the phase shift of the sample lengths which is 

in the order of a few millimeters. 

In order to reduce the fluctuation in the measured S-parameters, the results were smoothed before 

obtaining the refractive index using the Eq.(25) as shown in the Matlab code in Appendix E. 

By considering the correction factor and smoothing the measured S-parameters, the results of the 

refractive index in Fig 29 show the presence of the left-handedness in the manufactured metamaterial 

sample. 

 

Fig 29 Simulation results of the experimental case “A0006”. 
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7 Conclusion 

This thesis reports a study of metamaterials with an emphasis on materials with negative refractive 

index. The aim was to investigate the behavior of the refractive index when disorder in geometry 

structure of the metamaterials was introduced. In order to reach the goal, a unique method was 

designed in HFSS which includes 11 unit cells. Then, random disorder in orientation was applied in 

different configurations within the respective unit cell and, accordingly, different cases were created. 

The best cases based on the results were selected.  

Within the investigation presented in this thesis, it was possible to acquire left-handedness properties 

by applying deviation in the structure of the metamaterial in some cases. An important result is that the 

disorder of the SRR did not result in the breakdown of lefthandedness [13]. Instead, the frequency 

dependence of the refractive index changed. The lefthandedness was shifted in frequency.  

Moreover, among the cases that showed negative refractive index, 3 cases were chosen for 

manufacturing. The results obtained from manufactured samples could not support the result obtained 

from the simulations. The reasons for that could be related to inaccuracy in the manufacturing stages, 

especially the tiny dimension of the SRR, and the milling process, reducing the thickness of the 

substrate layer section 4, the assembling process, measurement and calibration stage. Finally, it can be 

concluded that simulation method presented in this thesis is an important tool for the modeling and 

characterization of metamaterial structures. 
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Appendix A 

The Matlab code used in generating the random strings which were applied as distortion in the 

different cases. 

%% generate random string of 22 integer numbers with uniform distribution  

x=randi([-15,15],22,1) 

 

%% generate another two random string of 22 integer numbers with normal distribution but same 

standard deviation   

[Ran45]=xlsread('H:\Thesis\New Plan 21Nov\Random45ab.xlsx'); 

Ran = Ran45(:,1); 

X=std(Ran); 

Y=mean(Ran); 

Ran_c=randn(22,1); 

X_c=std(Ran_c); 

Ran_45c=(X/X_c)*Ran_c; 

Ran45c=round(Ran_45c); 

X_45c=std(Ran_45c); 

Y_45c=mean(Ran_45c); 

Ran_d=randn(22,1); 

X_d=std(Ran_d); 

Ran_45d=(X/X_d)*Ran_d; 

Ran45d=round(Ran_45d); 

X_45d=std(Ran_45d); 

Y_45d=mean(Ran_45d); 

Randn45cd = 'Random45cd.xlsx'; 

K = [Ran45c,Ran45d]; 

xlswrite(Randn45cd,K); 
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Appendix B 

The Matlab code used in calculating the refractive index and other plots from the S-parameters of the 

simulated cases. 

 

clear all; 

close all; 

clc; 

c=3e8; % Speed of Light 

% load the Simulated S-Parameters results 

[MG]=xlsread('H:\Thesis\New Plan 21Nov\A0006\Plot2.xlsx'); 

[PH]=xlsread('H:\Thesis\New Plan 21Nov\A0006\Plot1.xlsx'); 

 

f=MG(:,1)*1000000000;%frequency 

k0=2*pi*f/c; 

d=5e-3;%thickness of one cell 

 

S11=MG(:,2).*exp(-1i.*PH(:,2)); 

S21=MG(:,3).*exp(-1i.*PH(:,3)); 

 

figure(101) 

subplot(2,2,1) 

plot(f,abs(S11),'k-',f,abs(S21),'g-'); 

title(' A0006 Subplot 1: abs(S11) abs(S21)') 

legend('abs(S11)',' abs(S21)') 

 

subplot(2,2,2) 

plot(f,180./pi.*phase(S11),'k-',f,180./pi.*phase(S21),'g-'); 

title('Subplot 2: phase(S11) phase(S21)') 

legend('phase(S11)',' phase(S21)') 

 

subplot(2,2,3) 

plot(f,real(S11),'k-',f,imag(S11),'r:'); 

title('Subplot 3: real(S11)imag(S11)') 

legend('Real(S11)','Imag(S11)') 
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subplot(2,2,4) 

plot(f,real(S21),'k-',f,imag(S21),'r:'); 

title('Subplot 4: real(S21) imag(S21)') 

legend('Real(S21)','Imag(S21)') 

% Calculate the Impedance ―Z‖ 

z=sqrt( ( ((1+S11).^2) - (S21.^2) )./( ((1-S11).^2) - (S21.^2)) ); 

for l=1:size(z) 

if real(z(l)) < 0 

z(l)=-z(l); 

end 

end 

eink0d = S21./(1-(S11.*((z-1)./(z+1)))); 

 

for q=1:size(f) 

if abs(eink0d(q)) > 1 

z(q)=-z(q); 

end 

eink0d(q) = S21(q)./(1-(S11(q).*((z(q)-1)./(z(q)+1)))); 

end 

 

% Calculate the refractive index ―n‖ 

n = (((imag(log(eink0d))))-1i*real(log(eink0d)))./(k0*d); 

% calculate permittivity ―Epsilon‖ and permeability ―Mu‖ 

Mu = n.*z; 

Eps = n./z; 

 

nA0006 = 'nA0006.xlsx'; 

K = [f,real(n),imag(n)]; 

xlswrite(nA0006,K); 

 

figure(1)% plot the refractive index,Mu,Eps and z 

subplot(2,2,1) 

plot(f,real(n), 'r') 

hold on 

plot(f,imag(n)) 

grid on 

hold off 
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title(' A0006 Refraction Index  ') 

     ylabel('Refraction Index (n)') 

     xlabel('Frequency') 

     legend('Real(n)','Imag(n)') 

subplot(2,2,2) 

plot(f,real(Mu), 'r') 

hold on 

plot(f,imag(Mu)) 

grid on 

hold off 

title('Mu ') 

     ylabel('Mu') 

     xlabel('Frequency') 

     legend('Real(Mu)','Imag(Mu)') 

subplot(2,2,3) 

plot(f,real(z), 'r') 

hold on 

plot(f,imag(z)) 

grid on 

hold off 

title('z') 

     ylabel('z') 

     xlabel('Frequency') 

     legend('Real(z)','Imag(z)') 

subplot(2,2,4) 

plot(f,real(Eps), 'r') 

hold on 

plot(f,imag(Eps)) 

grid on 

hold off 

title('Eps') 

     ylabel('Eps') 

     xlabel('Frequency') 

     legend('Real(Eps)','Imag(Eps)')  
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Appendix C 

A lot of case were simulated and tested in this study; here is another case with the reference 

name‖A1005‖. 

―A1005‖ presents another extreme case where the SRRs gaps of the lower set faces the SRRs gaps in 

the upper sets, as shown in Fig 30: 

 

Fig 30 Extreme case “A1005”. 

The results presented in Fig 31 shows also the absence of the left-handedness properties: 

 

Fig 31 Simulation results of the extreme case “A1005” 
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Appendix D 

More general comparison was done between cases with different values for m=[0,1,2,3,4,5,6]  as was 

mentioned in  5.3 and shows the shift in resonant frequency and the changes in the maximum negative 

value for the refractive index as in Fig 32. 

 

Fig 32 Simulation results of the general subcases “A000m” where m=[0,1,2,3,4,5,6]. 
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Appendix E 

The Matlab code used in calculating the refractive index and other plots from the S-parameters of the 

measured case. 

 

clear all; 

close all; 

clc; 

 

c=3e8; 

% load the measured S-Parameters of the manufactured sample results [S_11]=xlsread('H:\Thesis\New 

Plan 21Nov\141217\A0006b\S11.xlsx'); 

[S_21]=xlsread('H:\Thesis\New Plan 21Nov\141217\A0006b\S21.xlsx'); 

% smoothing the measured S-Parameters 

f=S_11(:,1);%frequency 

k0=2*pi*f/c; 

d=5e-3;%thickness of one cell 

% smoothing  

S11Mag=S_11(:,2); 

S11Mag_av= smooth(S11Mag); 

S21Mag=S_21(:,2); 

S21Mag_av= smooth(S21Mag); 

S11Ph=S_11(:,3);  

S21Ph=S_21(:,3); 

S21Ph_av= smooth(S21Ph); 

 

% Using the correction factor 

S11a=S11Mag_av.*exp(-1i.*(S11Ph).*(pi/180)); 

S11=S11a.*exp(1i*2*pi*f*15e-12); 

S21a=S21Mag_av.*exp(-1i.*(S21Ph_av).*(pi/180)); 

S21=S21a.*exp(1i*2*pi*f*50e-13); 

 

figure(101) 

subplot(2,2,1) 

plot(f,abs(S11),'k-',f,abs(S21),'g-'); 

title(' A0006 Subplot 1: abs(S11) abs(S21)') 
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legend('abs(S11)',' abs(S21)') 

 

subplot(2,2,2) 

plot(f,180./pi.*phase(S11),'k-',f,180./pi.*phase(S21),'g-'); 

title('Subplot 2: phase(S11) phase(S21)') 

legend('phase(S11)',' phase(S21)') 

 

subplot(2,2,3) 

plot(f,real(S11),'k-',f,imag(S11),'r:'); 

title('Subplot 3: real(S11)imag(S11)') 

legend('Real(S11)','Imag(S11)') 

 

subplot(2,2,4) 

plot(f,real(S21),'k-',f,imag(S21),'r:'); 

title('Subplot 4: real(S21) imag(S21)') 

legend('Real(S21)','Imag(S21)') 

 

z=sqrt( ( ((1+S11).^2) - (S21.^2) )./( ((1-S11).^2) - (S21.^2)) ); 

for l=1:size(z) 

if real(z(l)) < 0 

z(l)=-z(l); 

end 

end 

eink0d = S21./(1-(S11.*((z-1)./(z+1)))); 

 

for q=1:size(f) 

if abs(eink0d(q)) > 1 

z(q)=-z(q); 

end 

eink0d(q) = S21(q)./(1-(S11(q).*((z(q)-1)./(z(q)+1)))); 

end 

 

n = (((imag(log(eink0d))))-1i*real(log(eink0d)))./(k0*d); 

Mu = n.*z; 

Eps = n./z; 

 

nA0206 = 'nA0006.xlsx'; 
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K = [f,real(n),imag(n)]; 

xlswrite(nA0206,K); 

 

figure(1)% plot the refractive index,Mu,Eps and z 

subplot(2,2,1) 

plot(f,real(n), 'r') 

hold on 

plot(f,imag(n)) 

grid on 

hold off 

title(' A0006 Refraction Index  ') 

     ylabel('Refraction Index (n)') 

     xlabel('Frequency') 

     legend('Real(n)','Imag(n)') 

subplot(2,2,2) 

plot(f,real(Mu), 'r') 

hold on 

plot(f,imag(Mu)) 

grid on 

hold off 

title('Mu ') 

     ylabel('Mu') 

     xlabel('Frequency') 

     legend('Real(Mu)','Imag(Mu)') 

subplot(2,2,3) 

plot(f,real(z), 'r') 

hold on 

plot(f,imag(z)) 

grid on 

hold off 

title('z') 

     ylabel('z') 

     xlabel('Frequency') 

     legend('Real(z)','Imag(z)') 

subplot(2,2,4) 

plot(f,real(Eps), 'r') 

hold on 
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plot(f,imag(Eps)) 

grid on 

hold off 

title('Eps') 

     ylabel('Eps') 

     xlabel('Frequency') 

     legend('Real(Eps)','Imag(Eps)') 

 

 


