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Abstract  

As communication services are growing, especially for keeping communication on high speed traffic, 

more efficient use of the available electromagnetic radio spectrum is required. In order to achieve this 

aim on communication spectrum, filters are required to be steeper. Metamaterials are a special kind of 

artificial structure that is not found in nature. The significant characteristic of metamaterials is the 

negative refractive index for operation frequency. Based on the specials structure of metamaterials and 

microwave theory, steeper filters can be obtained with low losses and relatively small sizes. 

 

In this thesis work, two kinds of structure are utilized in connection with different substrates to realize 

a steeper band-pass filter. The first structure consists of interdigital capacitors and open stub inductors 

on the same metal layer and was simulated by the software Advanced Design System (ADS). The 

second structure, which was simulated by the software High Frequency System simulator (HFSS), 

consists of microstrip lines gaps on the top metal level and complementary split-ring resonators on the 

bottom metal level.  

 

A comparative analysis of these two structures has been carried out in connection with their suitability 

for the design of the steeper band-pass filter. Based on the characteristics of two kinds of structure, 

interdigital capacitors and open stub inductors structure had a better performance for designing steeper 

band-pass filter, having center frequency 923 MHz and bandwidth 4MHz, than the structure of 

microstrip lines and complementary split-ring resonators. 
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1 Introduction 

1.1 Background 

 

Nowadays, keeping communication on high speed traffic is a significant service for people. The GSM-

R is built on GSM technology, a part of the Europe Rail Traffic Management System (ERMTS), 

which provides a secure and reliable wireless infrastructure for communication with trains, railway 

signal equipment, and customer information displays. In Europe, GSM-R uses a specific frequency 

band: uplink is 876MHz~880MHz and downlink is 921MHz~925MHz. To utilize the available 

spectrum in the communication system, compact and steeper filters are required. 

 

Metamaterials are artificial materials. Their properties are determined by their structure rather than 

their composition. Because of the special structure, the permittivity and the permeability of 

metamaterials with negative refraction index are both negative. Metamaterials may not be found in 

nature. There are three main research fields: electromagnetic metamaterials, acoustic metamaterials 

and seismic metamaterials. Because of the novel characteristic for metamaterials, it is possible to build 

a steeper bandpass filter to solve the problem of selecting the spectrum in a communication system. 

This paper focuses on using the electromagnetic metamaterial technology, transmission line (TL) 

approach and composite right/left hand (CRLH) structures to build two kinds of band-pass filters with 

different structures, which can utilize the spectrum between GSM and GSM-R channels. The steep 

band-pass filter will have a bandwidth of 4 MHz from 921MHz to 925MHz, and the frequency band 

belongs to the downlink of GSM-R network in Europe. 

 

In the beginning 1990s the European railway operators decided to set up one single communication 

system all over Europe. This was driven by several needs. On the one hand some operators had to 

change their communication band as licenses for some frequencies expired and were not re-granted by 

the local regulation authorities. On the other hand - as the travel across borders of different countries 

increases - there was a strong wish to simplify communication between entities of different operators 

and countries. Up to then each train passing a border and thus operating on tracks of a foreign operator 

had to carry a separate communication system for each country, as they were merely interoperable. 

The communication between operator / dispatcher and train / operating staff on board was based on 

analog systems. Therefore the European railway operators took the chance to switch to a digital 

communication system. They also tried to merge several communication systems that each country 

had in operation into only one. Among the different communication systems in railway environment 

are private mobile radio, maintenance radio, analog train communication, radio on dedicated routes, 
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shunting radio, tunnel radio, radio for local and nationwide security authorities, radio control for 

locomotives. As mentioned before, GSM had to be slightly changed for the need of the railways. 

These changes were included in GSM phase 2+. In that phase only some aspects of the standard were 

revised instead of having a completely new release [1]. 

 

1.2 Objective 

 

The objective of this thesis is to realize an approach to find an optimal design for building a steep filter. 

The approach includes mainly three parts. First, design and simulation of a well performing LC-

network will be carried out, basing on the theory of metamaterials, the transmission line (TL) 

approach and composite right/left hand structures. Secondly, according to the LC-network simulation 

result and required transition frequency a geometry size for two different structures will be built using 

appropriate simulation software. At last, considering the characteristics of the commercial 

communication system the results of two different designs will be analyzed and compared with each 

other to make a conclusion which the interdigital capacitors and open stub inductors steep band-pass 

filter design with low losses and small size has a good performance of dividing frequency spectrum for 

GSM-R network at downlink 921MHz~925MHz. 

 

1.3 Outline of Report 

 

The outline of this report is as follows: 

 

Chapter two introduces some concepts for metamaterials and CRLH metamaterials. The properties of 

metamaterials are explained using Maxwell’s equations. 

 

Chapter three presents the method to build a CRLH MTMs band pass filter, starting from the LC 

equivalent circuit setup. Two types structure are introduced and their geometric structures are also 

discussed in this chapter. 

 

Chapter four includes the simulation process and results for two different structures on various 

substrates. 

 

Chapter five contains a discussion of two different designs. 
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In chapter six, the conclusions of whole thesis project and suggestions of future work are given. 
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2 Theory of Metamaterials and Composite Right/Left-

Handed (CRLH) MTMs 

The work of the thesis is based on the theory of metamaterials transmission lines with RH (Right-

Handed) and LH (Left-Handed) known as composite right/left- handed (CRLH) metamaterials. Such 

metamaterials have been utilized to developed several novel microwave devices [2]. The steep narrow 

band-pass filter in the thesis is one example of such a device. In this chapter, the definition of new 

concepts will be introduced. Metamaterials properties and Maxwell’s equations are discussed.  

 

2.1 Metamaterials (MTMs) and Left-Handed (LH) MTMs 

 

In 1967, the Russian physicist Viktor Veselago presented the existence of “substances with 

simultaneously negative values of ε and μ” in his paper [3]. This paper can be seen as the cornerstone 

for metamaterials. Metamaterials are artificial structures that can be designed to exhibit specific 

electromagnetic properties not commonly found in nature [4]. Recently, metamaterials with 

simultaneously negative permittivity (ε) and permeability (μ), more commonly referred to as left-

handed (LH) materials, have received substantial attention in the scientific and engineering 

communities[4]. 

 

The refractive index ( ) relate to the permittivity ε and the permeability μ, the relation between them 

is [2] 

                                                                                                                                                 (2.1) 

where    and    are the relative permittivity and permeability related to the free space permittivity and 

permeability, respectively. Different sign combinations in the pair (ε,μ) are illustrated in the ε-μ 

diagram of Fig 2.1. 
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Fig. 2.1 Permittivity-permeability (ε-μ) and refractive index ( ) diagram. The time dependence      , associated 

with the outgoing wave function       or incoming wave function      , where β is the propagation constant, 

      (    
   : free space wavenumber, ω: angular frequency, c:speed of light), is assumed. The angular 

frequency     and     represent the electric and magnetic plasma frequency, respectively. R, purely real. П, 

purely imaginary [2]. 

 

From the figure, it is easy to find the different characteristics for the four possible sign combinations 

of the pairs. A medium with both permittivity and permeability greater than zero will be designated a 

double-positive (DPS) medium. Most media in nature fall under this designation, such as dielectrics. A 

medium with permittivity less than zero and permeability greater than zero will be designated an 

epsilon-negative (ENG) medium. In certain frequency regimes many plasmas exhibit this 

characteristic, such as silver and gold behaving in this manner in the infrared (IR) and visible 

frequency domains. A medium with the permittivity greater than zero and permeability less than zero 

will be designated a mu-negative (MNG) medium. In the certain frequency regimes gyrotropic 

materials exhibit this characteristic. For left-handed materials, double-negative medium (DNG), with 

both permittivity and permeability less than zero, there is backward-wave propagation which means 

antiparallel phase and group velocities. To realize left-handed materials, it is essential to focus on the 

physical structures rather than the chemical composition, since metamaterials obtain their properties 

from the structures. So the class of left-handed materials has only been demonstrated with artificial 

constructs.  

 

2.2 Effective Homogeneous Case 
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The structure will behave as a real material in the sense that electromagnetic waves are essentially 

myopic to the lattice and only probe the average, or effective, macroscopic and well-defined 

constitutive parameters [2]. For the right-handed materials homogeneous TLs, it is used by coaxial and 

microstrip lines which have invariant cross section along the direction of propagation. However, it is 

impossible for the left-handed and composite right/left-handed. The effective homogeneous case for 

LH and CRLH materials could perfectly mimic ideal TLs in a restricted range of frequencies, since 

electromagnetic waves do not recognize the discontinuities of the structure. The effective 

homogeneous case is realized when the guided wavelength    is much larger than the average unit cell 

size  . The phase of the unit cell can be described in terms of its electrical length,      (rad). In 

practice, if the unit cell is smaller than guided wavelength,  

                       ,                                                                       (2.2) 

then the electrical length of the unit cell is smaller than     and the LC-based CRLH TL is seen as 

effectively homogeneous by electromagnetic waves [4]. 

 

2.3 Maxwell’s Equations for Left-handed (LH) Materials 

 

Maxwell’s equations is one of the most elegant and concise mathematical tools to describe the 

fundamentals of electromagnetic field. According to Maxwells equations the negative permittivity and 

negative permeability are caused by the antiparellel phase and group velocities or LH wave. The 

Maxwell’s equations analysis mentioned in the Eqs(2.3)~ (2.8) by [2] and can be written as 

                                                                 (2.3a) 

                                                                     (2.3b) 

      ;                                                                       (2.3c) 

      ;                                                                      (2.3d) 

and  

    ;                                                                           (2.4a) 

                                                                                (2.4b) 

 

where 

  (
 

   ) is the magnetic current density, 

   ( 
   ) is the electric current density, 

   ( 
   ) is the electric charge density, 
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   ( 
   ) is the magnetic charge density.  

 

The time dependence of convention is explicitly represented by the factor       for the harmonic 

fields. In the ideal case, which means loss-less medium, the magnetic and electric current densities 

will vanish such that, 

       .                                                                    (2.5) 

After introducing the plane wave conception into the first of two Maxwell’s equations, the mathematic 

expressions of  ,  and   (wave vector) is obtained. The Poynting vector represents the direction of 

transfer of energy flux density of an electromagnetic field. It can be written as 

      .                                                                        (2.6) 

 

For right-handed (RH) materials,      ; for left-handed (LH) materials,      . The spatial 

relations of these parameters for RH and LH are shown is Fig 2.2(a) and Fig 2.2(b), respectively.  

 

Fig. 2.2 Electric field – magnetic field – wave vector triad ( ,  ,  ) and Poynting vector   for an 

electromagnetic wave. (a) Right-handed (RH) medium, where      . (b) Left-handed (LH) medium,       

[2]. 

 

The main difference between Fig 2.2(a) and Fig 2.2(b) is the directions of the Poynting vector and the 

wave vector are parallel or antiparallel for the RH medium and the LH medium, respectively.  

 

In the RH medium,  

                                                                         (2.7a) 

                                                                         (2.7b) 
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In the LH medium (           and           ), 

                                                                          (2.8a) 

                                                                          (2.8b) 

Fig. 2.2 and the expression (2.7) give a distinct explanation, for how negative permittivity and 

negative permeability lead to antiparallel phase and group velocities.  

 

2.4 Transmission Line (TL) Approach for LH and RH Materials 

 

Transmission lines, used for TEM wave propagation, can be represented as two-wire lines. It is a 

distributed-parameter network, where voltages and currents can vary in magnitude and phase over its 

length [5]. For wave propagation, a piece of line of infinitesimal length    can be modeled by a series 

impedance     and shunt admittance    . In the lossless case, resistance and inductance per unit 

length for both two-wire lines equal to zero. The characteristic impedance    and the phase constant 

are shown as below [2]: 

    
 

 
                                                                             (2.9a) 

                                                                              (2.9b) 

                                                                                  (2.9c) 

                                                                                 (2.9d) 

By realizing (2.8) and the properties for RH materials (   ) and LH materials (    , the model of 

RH materials and LH materials can be represented as in Fig. 2.3. 

 

Fig. 2.3 Metamaterial transmission line structures (a) PRH case (b) PLH case [6]. 

 

In Fig. 2.3(a), the purely RH (PRH) case can be seen as the combination of a per-unit length series 

inductance and a per-unit length shunt capacitance. The purely LH (PLH) is the combination of a 
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times-unit length series capacitance and a times-unit length shunt inductance [4]. Backward wave 

propagation for PLH can be achieved by the uniform TLs, and has been described in a few books and 

papers [2]. According to the arrangement of lumped elements, the PRH and the PLH has the 

characteristic of low-pass and high-pass in the frequency range, respectively. 

 

The phase constant β is depicted in Fig. 2.4 as a function of frequency i.e. omeg (ω) 

 

 

 

Fig. 2.4 Dispersion diagrams (a) Homogeneous PRH TL (b) Homogeneous PLH TL [4]. 

 

The phase constant for PRH is positive when      in RH frequency range, and the negative phase 

constant occurs in LH frequency range,     , for the PLH. The    and    are introduced by the 

expression below [2]: 

   
 

   
   

 
                                                                     (2.10a) 

   
 

   
   

 
                                                                      (2.10b) 

 

2.5 Composite Right/Left-Handed (CRLH) Metamaterials 

 

The PLH materials can have negative index (ε,μ<0), but no structure on a TL exists which realizes a 

PLH material. As current flows along    , magnetic fluxes are induced and therefore a series 

inductance    is also present; in addition, voltage gradients exist between the upper conductors and 

the ground plane, which corresponding to a shunt capacitance   . For this reason, a new conception 
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has been introduced, which is composite right/left-handed (CRLH) MTM. The equivalent circuit 

model for an ideal CRLH TL is shown in Fig. 2.5 

 

Fig. 2.5 Equivalent circuit model for the ideal CRLH TL [2]. 

 

For the CRLH structure, the series resonance frequency     and the shunt resonance frequency     

are two new parameters which are related to the positive or negative phase constant β in the whole 

frequency range. Fig. 2.6 illustrates this relation. 

 

Fig. 2.6 Dispersion diagram for homogeneous CRLH TL [4]. 

 

In the dispersion diagram,    ~max(   ,     ) and    ~min(   ,     ). The series resonance 

frequency     and the shunt resonance frequency     are defined by [2]: 

    
 

   
   

 
                                                                 (2.11a) 

    
 

   
   

 
                                                                (2.11b) 
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The blue line in Fig. 2.6 occurs in the positive side for phase constant β. It starts from the shunt 

resonance frequency and can be seen as the RH frequency range in the CRLH structure. The red line 

provides the negative phase constant β. It ends at the series resonance frequency. Compared to the RH 

frequency range, the LH frequency range is lower, which means that the refraction index increases in 

the frequency domain from negative to positive. When the phase constant in the frequency range is a 

purely real number, the realization will be a band-pass filter. Accordingly, a stop-band occurs in the 

frequency range where phase constant is a purely imaginary number. 

 

In Fig. 2.6, there is one more parameter which is called as transition frequency   . It is obtained by 

[2]: 

   
 

   
   

   
   

 
                                                             (2.12) 

This expression is suitable for the general case, in which the series and shunt resonance of the CRLH 

are different. This is called the unbalanced case. However, when the series and shunt resonances are 

equal,   
   

    
   

 , the so called balanced case is achieved. Combining with (2.9) and (2.11), the 

new transition frequency for balanced case is [2] 

   
 

   
                                                                      (2.13) 

In the balanced case, the series and shunt resonance frequencies both approach the transition 

frequency, as the phase constant goes to zero. So the three frequencies will be the same as one point in 

the frequency range, and the curve of the dispersion diagram has some differences in comparison to 

the unbalanced case as can be seen by comparing Fig. 2.6 and Fig. 2.7. 

 

Fig. 2.7 Dispersion diagram for balanced CRLH [4]. 
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In the dispersion diagram for a balanced CRLH, the curve is continuous. The balanced case can be 

seen as an “easy” option to build the CRLH structure, because the characteristic impedance will be the 

same as the PRH and PLH impedances,          [2]. 
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3 Process for Building the Band-pass Filter and 

Geometric Structure with CRLH MTMs 

 

The aim was to find a suitable design of a steeper narrow band-pass filter for the bandwidth with 

4MHz from 921MHz to 925MHz. In this chapter, the introduction of general design will be given. In 

addition, the filter will be designed by two different geometric structures. Thus, the design structures 

are introduced. 

 

3.1 General Design Process for CRLH Structure 

 

There are two main options, the balanced case (       ) and the unbalanced case (       ), for 

CRLH design. The transition frequency, the series resonance frequency, the shunt resonance 

frequency and the characteristic impedance are concise under the balanced case in opposite to the 

unbalanced case. The dispersion curve is continued in Fig. 2.7, which means that there is no gap at the 

transition between the LH and RH ranges. For these reasons, the balanced case is preferable to the 

unbalanced case for the CRLH design.  

 

The first step to design the CRLH MTMs is to find the accurate value of the parameters in Fig. 2.5, i.e. 

  ,   ,    and   . The network in Fig. 2.5 represents an ideal situation, which means that the network 

is lossless. This ideal assumption makes the circuit simple. In reality, all transmission lines have losses 

duo to finite conductivity and lossy dielectrics, but the losses are usually small. So the assumption is 

reasonable in this project. The small effects of losses can be adjusted by the size of the geometric 

structure in the simulation step. There are four unknown parameters in the LC design, so it is required 

to select four groups of mathematic relations to solve them.  

 

In the balanced case, the transition frequency is given by Eq. (2.11), and can be rewritten as [2]: 

   
 

         
                                                    (3.1) 

where the           and     are defined by Eq. (2.9) and Eq. (2.10). This is the first mathematical 

equation for the four unknown parameters. 
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Considering the matching problem in the design, the port impedance    can be used to build a 

mathematical equation. In the balanced case, the characteristic impedance of CRLH is the same as the 

characteristic of PRH and PLH, i.e.          [2]. 

       
  

  
                                                                   (3.2a) 

    
  

  
                                                                   (3.2b) 

The value of    depends on the port, which can be controlled in the design. So this can be considered 

as the second equation to solve the unknown parameters. 

 

The band-pass frequency range is from 921MHz to 925MHz, which determines the accurate value of 

the high-pass LH cutoff frequency     and the low-pass RH cutoff frequency    , respectively. The 

two cutoff frequencies under the balanced case are given by [2]: 

            
  

  
 ;                                                      (3.3a) 

            
  

  
                                                       (3.3b) 

This is the third equation for the four unknown parameters in the balanced case. These formulas would 

be more complex in the unbalanced case.  

 

The bandwidth is the last condition that can be used for building a mathematical equation. The concept 

of fractional bandwidth is introduced, which may be written as [2]: 

     
         

         
                                                                (3.4) 

This is the fourth equation for the four unknown parameters. The FBW is not only the bandwidth of 

the requirement, but also related to the center frequency in the band-pass frequency range. From the 

Eq. (3.3) and Eq. (3.4), the high-pass LH cutoff frequency is smaller than the low-pass RH cutoff 

frequency in the band-pass design. Based on the Eq. (3.1) ~ Eq. (3.4), it is possible to find the accurate 

values of the unknown parameters in Fig. (2.5). 

 

In the effective homogeneous case, choosing the numbers of cells N is a crucial part of the design. The 

total length of the transmission line is  , which is the sum of the sizes of all cells and each cell size is 

the same, so 

                                                                              (3.5) 

where   is the size of one cell and   is the number of cells. Increasing the number of cells will affect 

the length of the transmission line. The cutoff frequencies only depend on the values of the LC 

parameters and not on the size of the unit cell as can be seen from Eq. (3.3), because the cutoff 

frequencies only depend on     and    whose values determined by   ,   ,    and   . 
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3.2 Real CRLH Structure for Two Different Designs  

 

The values of the LC parameters can be obtained by solving the Eqs. (3.1)~ (3.4). Thus, implementing 

the LC network to the real structure is the main issue for the design. In this thesis, there are two 

different structures used for design. The first structure consists of interdigital capacitors and open stub 

inductors; the second structure is based on microstrip line gap and complementary split-ring resonators 

(CSRRs). These two kinds of structure are basic classically and easy to implement, and their 

geometric outlines are different from each other.   

 

3.2.1 Interdigital Capacitors and Open Stub Inductors Structure 

 

The typical microstrip line CRLH TL constituted by interdigital capacitors and stub inductors shorted 

to the ground plane was introduced by Caloz et al. in 2002 [2]. Based on this classical structure, 

another structure was introduced which is constituted by microstrip line gap capacitors and open stub 

inductors [7]. Interdigital capacitors can have a high quality factor and small size in the higher 

microwave frequencies. There are four methods for shorting stub inductors to ground plane i.e. via 

hole, wire bond, ribbon bond and wrap-around [9]. Considering the fabrication, the open stub 

inductors are much simpler to realize than the short stub inductors.  

 

Agilent ADS, Advanced Design System, is the world’s leading electronic design automation software 

for RF, microwave, and high digital applications. In the easy-to-use interface, the simulation circuit 

can be achieved and the function of “General Layout” can be utilized to apply the geometric outline 

for manufacture. The layout in ADS for this kind of structure is given as: 
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Fig. 3.1 General layout figure for interdigital capacitors and open stub inductors of one unit cell 

 

In Fig. 3.1, the left part is the interdigital capacitors “C1”, and the right part is the open stub inductors. 

The right part includes two lumped elements which are “Tee1” and “TL1”, respectively. 

 

3.2.1.1 Interdigital Capacitor Design 

 

The series capacitor,   , for the LH part will be implemented by an interdigital capacitor. The 

interdigital capacitor is a multifinger periodic structure as shown in Fig. 3.2. Interdigital capacitors use 

the capacitance that appears across a narrow gap between thin-film conductors [8]. 

 

Fig. 3.2 An interdigital capacitor configuration [8].  

 

There are several geometric parameters to control the interdigital capacitor configuration, all shown in 

the Fig. 3.2. By the multifinger periodic structure, the finger size,  , and the finger space,  , will be 
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the main parameters to determine the interdigital capacitor size. For the interdigital capacitor, the 

expression of interdigital capacitance is given by [10]: 

  
    

                                                                        (3.6) 

where    is the total fingers width, fingers side space and N is the number of fingers.  

For the infinite substrate thickness ( i.e. no ground plane),                    and    

              [8]. For a finite substrate, the effect of height,  , should be introduced in the 

expression of the pair of A parameters: 

                  
 

 
 
    

                                      (3.7a) 

                 
 

 
 
   

                                          (3.7b) 

where   is the substrate height and   is the finger width. 

 

3.2.1.2 Open Stub Inductor Design 

 

The shunt inductance,   , can be implemented by the open stub inductor. The low frequency 

approximation for the inductance of open stub is [11], 

                                                 
           

 
                                                                (3.8) 

 

where           is the electrical length of the stub. The mark of “  ” means that the corresponding 

parameter is only defined for the open stub case. 

 

3.2.2 Microstrip Line Gap and Complementary Split-Ring Resonators (CSRRs) 

Structure 

 

The CRLH MTMs structure provides the negative permittivity ( ) and the negative permeability ( ) 

simultaneously. The values of these two parameters can be obtained by: 

  
 

  
    

 

    
                                                           (3.8a) 

  
 

  
    

 

    
                                                           (3.8b) 

To realize the left-handedness properties, the negative permeability offered by split-ring resonators 

(SRRs) and the negative permittivity are obtained by complementary split-ring resonators (CSRRs) 

[12]. One type of compact band pass filter based on three metal levels was introduced. The central 

layer consists of a coplanar waveguide (CPW) with periodic wire connections between the central strip 

and ground planes; SRRs are etched and aligned with the slots in the upper and lower metals levels 
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[13]. Concerning the one-dimensional left-handed structures, there are two main approaches: (1) the 

dual transmission line concept and (2) the resonant-type approach [12]. Based on the structure of three 

metal levels and the two approaches, a structure suitable for this project is designed. The geometric 

structure of the design is depicted in Fig. 3.3. The design has two levels. There are microstrip line gaps 

on the top level and complementary split-ring resonators on the bottom level for one cell to achieve 

the new structure in this project [14] [15] [16]. The geometric structure for this design in HFSS is 

shown in Fig. 3.3. 

 

Fig 3.3 Geometric structure design in HFSS for one cell 

 

The microstrip line gap makes the structure behave as a microwave plasma, with a negative 

permeability covering a wide frequency range. CSRRs provide a negative permittivity in a narrow 

frequency range.  

 

3.2.2.1 Complementary Split-ring Resonators Design 

 

The geometry of complementary split-ring resonators (CSRRs) is similar to the geometric structure of 

split-ring resonators (SRRs). The difference is that metal and air are interchanged. In this view, the 

two designs   complement each other. The CSRRs structure is shown below 
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Fig. 3.4 CSRRs structure and its equivalent-circuit model. White fields consist of air and dark field are made of 

metal [12] [16]. 

 

There are four geometric parameters to control the CSRRs structure size. The function of CSRRs 

structure is to achieve the negative permittivity. At the same time, it must relate to the four geometric 

parameters. The expression of permittivity is given by Eq. (3.8b). The permittivity   is a purely real 

number in the ideal case (lossless), so finding out the real part is a significant step. By considering the 

resonance frequencies, the expression of permittivity can be written as: 

       
   

     
 

      
      

                                                     (3.9) 

where     is the effective plasma resonance radian frequency, and     is the electric resonance radian 

frequency [17].    is the loss width in    , expressible as 

   
  

 
 

 

    
 
    

 

  
                                                              (3.10) 

and 

   
  

    
 

            
                                                               (3.11) 

where    is the metallic conductivity,   is the lattice spacing,      is the outer ring radius and    is the 

free space light velocity. Taking the real part of the Eq. (3.9), and associated with the conditions of 

       
       and       , the real part of the permittivity can be written as 

        
   

 

                                                                 (3.12) 

Eq. (3.12) is valid as long as we are not too close to resonance, measured against the line width   . 

The continuous structure makes       [17]. According to Eq. (3.9) - Eq. (3.12), it is possible to 

compute the value of the ratio of (      ). This value is an important parameter to design the 

geometric structure of CSRRs. 
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4 Simulation Process and Results for the Two Designs 

Simulations of the two different structure designs are presented in this chapter. The interdigital 

capacitors and open stub inductors designs are implemented in the Advanced Design System (ADS). 

The design of CSRRs and microstrip line gaps structure was built on two metal layers in a 3-D model 

and was simulated using the software High Frequency Structure Simulator (HFSS). HFSS is a high-

performance full-wave electromagnetic (EM) field simulator for arbitrary 3D volumetric passive 

device modeling that takes advantage of the familiar Microsoft Windows graphical user interface. It 

integrates simulation, visualization, solid modeling, and automation in an easy-to-learn environment 

where solutions to 3D EM problems are quickly and accurately obtained. 

 

4.1 The Equivalent Circuits of the CRLH MTMs Simulations and Results 

 

The equivalent circuit of the CRLH MTMs is depicted in Fig. 2.5, and the method to calculate the 

values for the four unknown parameters is given by the Eqs.(3.1) ~ (3.4) in chapter 2. Considering the 

band-pass filter transition frequency and bandwidth, the results for the four parameters are: 

                     ; 

                          ; 

                        ; 

                        . 

 

Associated with the information above, the simulation circuit with lumped elements of the equivalent 

circuit for CRLH MTMs is given in Fig. 4.1. 

 

Fig. 4.1 Simulation circuit with lumped elements of equivalent circuit for CRLH 
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Simulating a response from this circuit, using the sweeping frequency from 915 MHz to 930 MHz, 

leads to the result shown in Fig. 4.2 

 

Fig. 4.2 Result of lumped elements simulation circuit 

 

The response corresponds to a steep band-pass filter. The central frequency is 923 MHz and the pass 

band is from 921.6 MHz to 924.5MHz, which is sufficiently close to the requirement. In order to 

confirm the left-handedness properties for the lumped elements simulation circuit, values of    ,   , 

   and    are used to compute by the equation [4] 

                                                                            
 

      
                                       (4.1) 

and draw the figure for phase constant and frequency. 
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(a) 

  

                                                                                       

Fig. 4.3 Figure of phase constant with frequency (a) wide frequency range (b) narrow frequency range 

 

Comparing Fig. 4.3 (a) with Fig. 2.7, and recognizing the       , it can be concluded that the 

lumped elements simulation circuit is a balanced CRLH MTMs. In Fig. 4.3 (b), the phase constant is 
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of the order of       radians per second at 923 MHz which can be considered as practically zero. This 

means the transition frequency is located at the desired frequency,(           ). 

 

4.2 Simulations and Results of Interdigital Capacitors and Open Stub Inductors 

Structure  

 

The interdigital capacitors and open stub inductors structure is built on a substrate. The parameters of 

the substrate are given is the Table. 4.1. 

 

Table 4.1 Parameters of the substrate 

  Substrate thickness 0.8 mm 

   Relative dielectric constant 2.54 

   Relative permeability 1 

     Conductor conductivity 1.0E+50 

   Cover height 1.0e+33 mm 

  Conductor thickness 35 um 

     Dielectric loss tangent 0.0003 

      Conductor surface roughness: 

tooth height (RMS value) 

0 mm 

 

In the software ADS, the interdigital capacitor is defined by eight parameters and they are given by 

Fig. 4.4.  

 

Fig. 4.4 Interdigital capacitor geometric structure in ADS 
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To achieve the desired capacitance   , the interdigital capacitor parameter values were computed in 

Appendix C and the results are given in Tab. 4.2. 

Table 4.2 Parameter values for interdigital capacitor in ADS 

  Finger width 0.267 mm 

  Gap between fingers 0.267 mm 

   Gap at end of fingers 0.3 mm 

  Length of overlapped region 11.250 mm 

   Number of finger pair 2 

   Width of interconnect 0.1 mm 

   Width of feedline 1.867 mm 

Temp Physical temperature Default (Room Temperature) 

 

The open stub inductor geometric size is         mm and           mm, respectively. These 

values are rounded to adjust to the manufacture limit 0.001 mm. After this process, the one unit cell 

design with matching network is given by Fig. 4.5.  

 

Fig. 4.5 Interdigital capacitor and open stub inductor one unit cell simulation circuit. 

 

The simulation result is given by Fig. 4.6. 
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Fig. 4.6 Simulation result for one unit cell interdigital capacitor and open stub inductor design 

 

Checking the two marked points at 921 MHz and 925 MHz, the S11 is around -3dB which is accepted 

for the band pass filter. The lowest value of S11 is around -21dB at the central frequency. These 

values show that the one unit cell design performs well for this application. 

 

There is another method to build a better band-pass filter is increasing the number of unit cell. In this 

structure, one interdigital capacitor and one open stub inductor can be seen as one unit cell. When the 

number of unit cells is two, the ripple in the pass band is not good enough to achieve the band-pass 

filter requirement.  

 

4.3 Simulations and Results of Microstrip Line Gaps and CSRRs Structure 

 

4.3.1 Simulation and Results for One and Two Unit Cells of Microstrip Line Gaps and 

CSRRs Structure 

HFSS is suitable software for simulation of 3D structures and is chosen for the design and simulation 

of the microstrip line gaps and CSSRs structure. For feeding the electromagnetic source to the 

structure, HFSS provides the choice between external port and lumped ports, suitable for modeling 

internal ports within a structure. Lumped ports are used as input and output in the design. The 
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dimension of the microstrip line gaps is           on the substrate for 50Ω  impedance matching. 

The detailed geometric structure for one unit cell in HFSS is given in Fig. 4.7. 

 

Fig. 4.7 Geometric structure for one unit cell in HFSS 

 

The CSRR essentially behaves as an electric dipole that can be excited by an axial electric field. The 

resonant frequency and bandwidth of microstrip line gaps and CSRRs structure can be tuned with the 

help of dimensions: radius of ring, width of ring, gap between each ring and gap on the upper 

microstrip line. The one unit cell geometric setting is given by Tab. 4.3. 

 

Table 4.3 One unit cell geometric parameters values 

R1 outer ring outside radius 9.35mm 

R2 outer ring insider radius 9.34mm 

R3 internal ring outside radius 9.33mm 

R4 internal ring insider radius 9.321mm 

Gap1 gap for microstrip line 9.8mm 

Gap2 gap on the outer/internal ring 0.002mm 

Gap3 gap between rings 0.01mm 

 

These parameters, associating Fig. 3.4, are used to set CSRR structure in the software HFSS. In Fig. 

3.4,        ,      ,         or         and       , respectively. The substrate is 

another significance parameter to achieve the steep band-pass filter. Six different substrates, Rogers 

5880, Rogers 3010, Arlon 25 FR and FR4, have been considered in this project. Their three main 
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parameters which may cause the effect for the microstrip line gaps and CSRRs structure are given in 

Tab. 4.4. 

Table 4.4 Three parameters for each six different substrates 

            (mm) 

Substrate 1 Rogers 5880 2.20 0.0009 1.524 

Substrate 2 Rogers 5880 2.20 0.0009 5.080 

Substrate 3 Rogers 3010 10.2 0.0035 5.080 

Substrate 4 Rogers 3010 10.2 0.0035 1.524 

Substrate 5 Arlon 25 FR 3.48 0.0035 1.4732 

Substrate 6 FR4 4.6 0.01 1.4732 

 

The characteristic of CSRR with theoretical and experimental values can be found in [18], it included 

the description of the effect for different the substrates to CSRR design. Considering the requirements 

of resonant frequency and bandwidth, Rogers 3010 with        ,             and   

         has been chosen in this thesis design.  

 

Using the software of HFSS to build the geometric structure of CSRR, substrate and gap on microstrip 

line in a 3D case are the main parts of the simulation. The simulation result of one unite cell with 

geometric size in Tab. 4.3 is shown in the figure below. 

 

 

Fig. 4.8 Simulation result of one unit cell for mircostrip line gaps and CSRRs structure with parameters given in 

Table 4.3 

 

The result of scattering parameters versus frequency shows the resonant frequency of CSRR at 926.8 

MHz and the bandwidth is around 5MHz which comply with the requirements. It is difficult to achieve 
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a good narrow band-pass filter response with a single element of conventional resonators. For 

increasing the number of unit cell, the distance between each cell is another more parameter which has 

been considered for the periodic CSRRs structure. The value was taken as 16.7mm for the two unit 

cells design. The simulation result is depicted in Fig 4.9. 

 

Fig. 4.9 Simulation result of two unit cells for mircostrip line gaps and CSRRs structure with parameters given in 

Table 4.3 and the distance between each unit cell is 16.7 mm 

 

Principally, increasing the number of cells should not affect the resonance frequency. But the result 

shows that the resonance frequency shifts 5.9MHz to a lower frequency range. The S11 parameter 

enhances about 13dB in the pass band. But the bandwidth and the value of S11 for the two cells design 

is wider and lower than one unit cell design, respectively. This is the main effect of increasing the 

number of unit cells. In the two result figures, the transition frequencies for one and two unit cells 

design are difficult to realize at the desired frequency 923 MHz, because the effect of geometric size 

for one and two unit design is a complex process comparing with the interdigital capacitors and open 

stub inductors. 

 

4.3.2 Analyze the Effect of Geometric Size for One and Two Unit Cells Design 

 

As shown in Tab. 4.3, there are seven significant parameters for the microstrip line gaps and CSRRs 

structure. These seven parameters have an effect on the resonance frequency and the relative 

bandwidth of the frequency response. 
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4.3.2.1 Analyze the Effect of Geometric Size for One Unit Cell Design 

 

The main parts of the CSRR structure are two rings which have different radius for each ring, and 

there is space between them. Because of this geometry, the varying of outside or inside radius for 

outer and internal rings will also affect the space between the two rings. The difference between the 

outside and inside radius is the width of ring ( ). Based on the relation of geometric distribution of two 

rings, the variation of the resonance frequency and bandwidth is listed in Tab. 4.5.  

 

Tab. 4.5 Variation of the resonance frequency (  ) and bandwidth (  ) versus different parameters 

 

Parameter                                   

                                       

                                         

                                        

                                          

                                 

 

All these used parameters in Tab. 4.5 are the geometric size of CSRR structure which were mentioned 

in Tab. 4.3. In this table, each parameter has been varied, using five different values, and the effect on 

the central frequency (f0) and the bandwidth (BW) is illustrated with an arrow. Increasing value is 

illustrated by an upgoing arrow and decreasing value is illustrated by a downgoing arrow. The minus-

sign means that no dependence is observed. There are two cases for increasing the size of, the gap 

between the rings, Gap3. In the first case, the outside/inside radius of the outer ring and the width of 

internal ring are constant, which means only outside/inside radius of internal rings are varied. This 

kind of setting gives the minimal effect caused by the relationship of space between rings and radius 

of rings on the resonance frequency and bandwidth. The second case is similar, the only difference 

being that the outside/inside radius of outer ring is increased instead.  

 

All these parameters can be used to control the resonance frequency and the bandwidth. For the 

bandwidth, the most significant control parameter is the width of ring,   whose value is       or 

     . Comparing other research results [12] [16] [19] [20], a wider value should provide a wider 

bandwidth, for example       mm could apply a bandwidth of 50 MHz for this thesis design. To 

achieve 4 MHz bandwidth, the best value is around 0.01 mm by simulation experience. 

 

The resonance frequency is mainly governed by the gap between rings   whose value is         

   , and the dielectric constant of the substrate    [18]. A higher value of dielectric constant needed to 
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achieve a lower resonance frequency. For low resonance frequency and small electrical size, a lower 

value of the gap between the rings is requested. Moreover, very high electric field should appear at the 

ring edges in CSRR structure with very small value of gap between rings, which may cause high 

losses and/or dielectric breakdown [18]. So, the electric field distribution is not “smooth”. Actually, 

there is another important parameter for the CSRR structure which was determined as a nonresonant 

factor   . The measurement method and values were mentioned in [18]. A higher nonresonant factor 

has an unfavorable influence on resonance frequency. But low resonance frequencies cause high value 

of the nonresonant factor. A high value of nonresonant factor appears for a small ratio of         . In 

order to get a 4 MHz bandwidth, the value of   was used around 0.01 mm. Associating with the value 

of      , the relatively high nonresonant factor effect could not be avoided.  

 

In addition, when varying with two parameters at the same time, the effect of resonance frequency and 

bandwidth should not be seen as the result of varying with two parameters independently. In other 

words, the parameters are dependent on each other.  

 

The effect of gaps on outer/internal ring, Gap2, in Tab. 4.3, is more complex, the variation of 

resonance frequency and bandwidth appears random versus different values of gap. Simulation results 

of eight values of gap are given in Fig. 4.10. 

 

 

(a) 

914 

916 

918 

920 

922 

924 

926 

928 

0.002 0.003 0.004 0.005 0.007 0.01 0.014 0.018 

re
so

n
an

ce
 f

re
q

u
e

n
cy

 [
M

H
z]

 

gap [mm] 



Pengle Jia Developing a Compact Microwave Filter Using Metamaterials 

 

31 

 

(b) 

Fig. 4.10 Simulation result of eight values of gap (a) for resonance frequency (b) for bandwidth 

 

In Fig. 4.10, it is shown that resonance frequency and bandwidth could be increased or decreased by 

only increasing the gap distance. But there is one rule for these two significant parameters: resonance 

frequency and bandwidth could be increased or decreased at same time with the varying gaps distance. 

 

4.3.2.2 Analyze the Effect of Geometric Size for Two Unit Cells Design 

 

The two unit cells design enhances the return loss if the distance between two cells is 16.7mm. This 

distance could also affect the resonance frequency and bandwidth. But increasing this parameter will 

increase the electrical length of the unit cell ( ). It is important to define        which means that 

the CSRR structure is effectively homogeneous in the frequency range. Eight different values of 

distance between two cells were used for simulation, the variation of resonance frequency and 

bandwidth is given in Fig. 4.11. 
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(b) 

Fig. 4.11 Simulation result of eight values of distance between two cells (a) for resonance frequency (b) for 

bandwidth 

 

The distance between two cells varies from 3mm to 22.7mm whose electrical length is smaller than 

one-quarter of wave length. This can be accepted for the effectively homogeneous case. Analyzing the 

two curves in Fig. 4.11, one sees a trend for the resonance frequency and the bandwidth: when the 

resonance frequency increases or decreases versus different values of distance between two cells, the 

bandwidth decreases or increases at same time, respectively. 

 

The variation curves in Fig. 4.10 and Fig. 4.11 give the influence tendency for resonance frequency 

and bandwidth. The true values between two sampled points are not distributed linearity, so it is 

difficult to utilize any interpolation method to get the ideal value of parameters. For example, a value 

of gaps of the outer/internal ring between 0.007mm to 0.01mm should meet the requirement on 

resonance frequency and bandwidth in Fig. 4.10, but the simulation results of value of 0.008mm and 

0.009mm are 938.6 MHz/4 MHZ and 932.7 MHz/6.9 MHz for resonance frequency and bandwidth, 

respectively.  

0 

2 

4 

6 

8 

10 

12 

14 

16 

3 9 12 15.7 16.7 17.7 19.7 22.7 

b
an

d
w

id
th

 [
M

H
z]

 

gap between two cells [mm] 



Pengle Jia Developing a Compact Microwave Filter Using Metamaterials 

 

33 

5 Discussion of Two Different Structure Design 

Simulations of two different structures to achieve a band-pass filter with CRLH MTMs were done in 

this project. Comparing these two structures, there are four comments about their characteristis. 

 

First, the design method is different. The interdigital capacitors and open stub inductors structure used 

a geometry of interdigital capacitors and open stubs for achieving the desired    and   .    and    

could control the resonance frequency and bandwidth of band-pass filter. The microstrip line gaps and 

CSRRs structure focused directly on utilizing the CSRR geometric size to get the resonance frequency. 

 

Second, the controllability of resonance frequency and bandwidth is different. The variation of length 

and width of the open stub could control the resonance frequency and bandwidth sensitively, such as 

1MHz or 0.5dB. But the effect of these two significant parameters of a filter by varying the CSRR 

structure is a complex process, in other words, there is no single geometric size of CSRR, which could 

affect resonance frequency and bandwidth sensitively. 

 

Third, the structure distribution is different. The main structure of the interdigital capacitors and open 

stub inductors is built on only one metal layer. The microstrip line gaps and CSRRs structure were 

established on two metal layers; the upper metal layer is constituted by the microstrip line gaps and the 

lower metal layer is constituted by the CSRRs. For this reason, the interdigital capacitors and open 

stub inductors design is easier to manufacture. 

 

Fourth, the substrates are different. To achieve the relatively lower resonance frequency and narrow 

bandwidth, the microstrip line gaps and CSRRs structure would have to be printed on a substrate with 

high values of relative dielectric constant and thickness. These kinds of substrate are usually expensive. 

There is no such requirement for interdigital capacitors and open stub inductors design. 

 

Considering these four comments, it is recommended to utilize the interdigital capacitors and open 

stub inductors structure to realize a steep band-pass filter with center frequency 923MHz and 

bandwidth 4MHz. 
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6 Conclusion and Future Work 

In this thesis project, an interdigital capacitors and open stub inductors structure design has been 

simulated and shown to be useful for a steep filter. A disadvantage of using an open stub is that it 

requires a longer strip and a virtual large-value ground capacitor, but it does not require a via 

conductor which means simulation and manufacture are easy to realize. Moreover, a shorted stub 

inductor requires a via conductor and actually there are four methods to realize this structure which 

makes the design complicated. In the simulation design, the open stub inductor for one unit cell is not 

good enough for a small size design. The reactance of a shorted stub becomes negative if the electrical 

length    is longer than     , so a short stub inductor with a via conductor can be considered to solve 

the miniaturization problem in a future work.  

 

Although the microstrip line gaps and CSRRs structure design is shown to be difficult to realize, the 

effect of each geometric size for the filter parameters is given in the simulation part. Microstrip line 

gaps and CSRRs design is complex, so more research of a choice of suitable substrate for this structure 

and of an optimized geometric size of the structure is needed and proposed for future work. 
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Appendix A Matlab codes for computing permittivity and 

permeability 

%%%This function is used for calculating and drawing figures for phase 

%%%constant, permittivity and permeability from the values of LH 

%%%inductance, LH capacitor, RH inductance and RH capacitor 

function metamaterials=meta(a,b,c,d) 

%a is the LH inductance; b is the LH capacitor; c is the RH inductance; d 

%is the RH capacitor, they are the input parameter for this function 

x=921*10^(6):1*10^(6):925*10^(6); %X is the value of frequency, it controls  

%the sweeping range in this function, and can be changed the value by 

%frequency changing 

s=2*pi*x;  % S is the angular frequency 

B=s.*sqrt(c*d)-[s.*sqrt(a*b)].^(-1);% B is the phase constant 

U=c-[s.^2.*b].^(-1);  % U is the permeability 

E=d-[s.^2.*a].^(-1);  % E is the permittivity 

plot(x,B)% draw the figure for phase constant-frequency 

plot(x,E)% draw the figure for permittivity-frequency 

plot(x,U)% draw the figure for permeability-frequency 
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Appendix B Equivalent Circuit for CRLH MTMs Parameters 

Calculation Process 

Four functions are built for four unknown parameters,   ,   ,    and   , in calculation as:  

   
 

         
 

             

    
  

  
   ,     

  

  
   ; 

            
  

  
            , 

            
  

  
            ; 

     
         

         
 

        

          
; 

where the FBW is not only the bandwidth in requirement, but also related with the transition 

frequency, i.e. central frequency, under balanced condition for CRLH MTMs. The results for the four 

unknown parameters are 

                     ; 

                       ; 

                      ; 

                      ; 

Using the values and the Matlab codes in Appendix A makes the figures for phase constant, 

permittivity and permeability for the equivalent circuit to prove the left-handedness properties.  
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(c) 

Fig. 1 Matlab codes simulation results for (a) permeability (b) permittivity (c) phase constant 
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Appendix C Geometric Structure Size Calculation Process 

for Interdigital Capacitors and Open Stub Inductors 

Design and Software Figures Used in Simulation Part 

The interdigital capacitor implements the series capacitance                         

                     to the network. To achieve this aim, the setting of substrate will be 

considered, the values for substrate is given in Tab. 4.1. The expression of capacitance for interdigital 

capacitor can be rewritten, based on Eq. (3.6), as 

                                     

The expressions of    and    for finite substrate is given by     and    
   [7], and their curves 

fitting the data and error are given as  

 

(a)                                       (b) 

Fig. 2 (a) Effect of substrate thickness on C     (b) Tolerance on C dut to variations in line width [9] 

 

          for substrate, so assuming        Thus,      
                , 

          
  

       and          
  

      . Another assuming is N=4 which makes      . 

After computing with the known and assuming values, the value of   is                     . It 

is a small value comparing with the wavelength                   . For one cell design, there 

are two series interdigital capacitors located on the left and right side of open stub inductor, 

respectively. So it is possible to increase the length of finger for larger value of capacitance, at last, 

                 is used in ADS. In ADS, the parameter of    is the number of finger pair, so 

     at last. 



Pengle Jia Developing a Compact Microwave Filter Using Metamaterials 

 

C2 

                         

 

The open stub inductor is used to implement the shunt inductance to the network, the expression is 

given by Eq. (3.8). The phase constant of 923MHz can be calculated by 

               
 

      
            . 

Then, using the “LineCal” in software of ADS and simulating to get the value for geometric size is 

W=6.73469387mm and  =314.2454542mm at last. 

 

 

Fig. 3 Software simulation image for Fig. 4.2 
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Fig. 3 Software simulation image for Fig. 4.6

 

Fig. 3 Software simulation image for Fig. 4.8 
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Fig. 3 Software simulation image for Fig. 4.9 
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