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ABSTRACT 

In modern communication systems, several applications are evolving with different 

frequency ranges. Each application must be selected without getting interfered with other 

systems. Bandpass filter is a device that can be used for selection of frequency range of a 

particular application in communication system. Bandstop filter is used to avoid interference 

and to suppress the unintended signal in the system. Now a days, devices used for 

communication systems are portable. To obtain portability, there is a need to design compact 

systems. For a system to be compact, the devices used in communication systems should be 

small in size. There is a requirement to select frequencies for multiple applications using a 

single device. The works proposed in this thesis is focused to design compact single band and 

multiband bandpass filters and a bandstop filter. 

The development of microwave and millimeter wave communication systems, demands the 

low insertion loss in passband and high attenuation in stop band. Microstrip single and multiple 

bandpass filters are designed using metamaterials and slotted stubs. Symmetrical ring 

resonators, Moore fractal symmetrical ring resonators, EI shaped resonators are some of 

resonators which can be loaded on either side of the transmission line. Vias are also used in 

combination with metamaterial resonators along the transmission line to design compact single 

wide band bandpass filters for C band, X band and higher 5G communication applications. A 

triple bandpass filter is designed using EIE shaped resonators and slotted stubs for satellite 

communication applications.  

Compact wide bandpass filter, bandstop filter are designed using complementary 

metamaterials. To design a compact wide bandpass filter triple concentric complementary split 

ring resonators are used in the ground plane below the gaps along the microstrip line for S band 

applications. Compact wide bandstop filter with high stop band attenuation is realised with 

complementary symmetrical ring resonators for Ku band applications. 

Multi-band bandpass filters are designed using combination of metamaterials and 

complementary metamaterials.  EI shaped resonators and complementary split ring resonators 

are used to design quint bandpass filter for higher 5G applications. Spiral resonators and 

complementary triple concentric split ring resonators are used to design dual bandpass filter for 

GPS and WLAN applications. Spiral resonators, stepped impedance resonators, stubs and 

complementary triple concentric split ring resonators are used to design triple bandpass filter 

for GPS, WLAN and Wimax applications.  

Microstrip coupled resonators are used to design compact bandpass filters. A compact dual 

bandpass filter using dual split rings resonators coupled to the microstrip line is designed for 



 
 

vi 
 

Upper Microwave Flexible Use Services. A compact single bandpass filter is designed using 

EC shaped resonators coupled to the microstrip line for 37 GHz band 5G applications. 

High frequency structure simulator is used to simulate the designed filters. The filter designs 

are fabricated, evaluated, and measured results are validated with simulation results. 

The outcome of the research work led to the development of compact wide bandpass, 

bandstop and multiband filters. Metamaterials, coupled resonators are used for compactness. 

Fractals are used for bandwidth enhancement. Slotted stubs are used to improve return loss and 

insertion loss. 

The designed filters are useful for GPS, WLAN, Wi-Max, radar, fixed/mobile satellite 

communications and upper microwave flexible use services applications. 
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Chapter 1 

Introduction 

1.1 Overview 

Most of today’s  UHF, microwave and millimeter wave applications operate in the frequency 

range of 0.4 GHz to 300 GHz [1]. In modern communication systems, numerous applications 

are existing in microwave and millimeter wave regions. Satellite communications, radar, 

electronic warfare, metrology, remote sensing systems, etc., are different applications in the 

above-mentioned frequency range. Mobile communication which is operated in the UHF band 

currently is also shifting to microwave range in 5G technology. 

Filters, diplexers & multiplexers are essential components of communication systems with 

different applications. Diplexers and multiplexers are essentially two and multiple filters that 

are combined through a beamforming network at the common port. In communications 

applications, filters are used to either select a frequency of interest or reject a particular band of 

frequencies. The four basic types of filters are Lowpass filter (LPF), Highpass filter (HPF), 

Bandpass filter (BPF) and Bandstop filter (BSF). Out of all the filters, bandpass filters are most 

essential for communication applications.  

The parameters, which are detailed below, represent how well the filter performs. The 

response of the practical filter is illustrated in Fig 1.1.  

Insertion loss: The power loss when transmitting or receiving frequencies in the pass band is 

usually represented as insertion loss (IL) given in the following expression, where S21 is the 

transmission coefficient. 

                               (1.1) 

where Pi is incident power, Pt is transmitted power 

                          (1.2) 

 Return loss: Return loss (RL) is the loss of power due to impedance mismatch along the 

transmission line as given below, where S11 is the reflection coefficient. 

                           (1.3) 

                                 where Pr is reflected power 

                        (1.4) 
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Bandwidth: The bandwidth of the bandpass filter is defined as the difference between the lower 

and upper cut-off frequencies where the return loss is 10 dB or any desired value in the 

passband.  

BW = fH - fL                          (1.5) 

Center frequency: The center frequency of either passband or stopband is defined as geometric 

mean of the lower cut-off frequency and upper cut-off frequency. If the ratio of upper cut off 

frequency to lower cut off frequency is less than 1.1, then center frequency is considered as 

arithmetic mean of lower and upper cut off frequencies. 

         𝑓𝑐 =
𝑓𝐻+𝑓𝐿

2
                             (1.6) 

  Fractional bandwidth is defined as the ratio of the bandwidth to the center frequency. 

                     (1.7) 

Isolation: Isolation refers to the ability of the filter to prevent or attenuate signals from one 

frequency band from affecting or leaking in to another frequency band. 

Stop band: The frequency range in a microwave filter where the transmission of signals is 

significantly attenuated or blocked. 

For ideal response in the passband region, the insertion loss is to be 0 dB. The variation of 

amplitude in the passband is termed as ripple. The insertion loss changes from 0 dB in the 

passband to a large value in stopband. The sharpness of variation with respect to frequency is 

represented by roll off. In the filter, the number of elements indicate the order of the filter.

 

Fig 1.1 Typical bandpass filter response 

Microwave and millimeter wave filters may be built from transmission lines like coaxial 

lines, waveguides and microstrip lines as distributed networks. The coaxial line has a very high 

bandwidth but is difficult to design for microwave components. Waveguide has the advantages 

of high power-handling capability and low loss but is bulky. Microstrip line is the planar 

transmission line technology suited for realizing elements with low characteristic impedance. 
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Microstrip filter design is based on a printed circuit board (PCB) and can be easily fabricated. 

Microstrip filter is the best choice as it is appropriate for monolithic and hybrid integrated 

circuit fabrication.  

Filters can be designed using image impedance matching. The transition from passband to 

stopband is gradual which can be considered as one of the limitations in filter design. Filters 

can also be designed based on power insertion loss. The network parameters are designed based 

on the considered frequency response. The popular design methods are maximally flat response, 

Chebyshev response, elliptical response and Taylor’s approximation response. Initially, LPF 

prototype is designed then scaled to the appropriate impedance level and cut off frequency to 

design any filter in insertion loss method. From the above methods, the elements of the network 

are obtained as lumped element values which are to be realised using transmission lines as 

distributed parameters at microwave and millimeter wave frequencies. Microwave elements are 

realised by distributed elements such as transmission lines which is done using transformations, 

such as Richard’s transformation and the Kuroda identities. Microstrip filters can also be 

designed using parallel coupled lines, open loop resonators, coupled structures.  

Microwave and millimeter wave frequency spectrum is divided in to different bands with 

specific range of frequencies. Microwave frequency bands and its applications are listed in 

Table 1.1. Many applications are also emerging using 5G technology. 5G communication 

frequency spectrum is classified in to two regions FR1 and FR2 as in Table1.2. Upper 

Microwave Flexible Use Service (UMFUS) applications are also emerging for mobile 

communications which are listed in Table 1.3.  

Table 1.1 Microwave frequency bands and applications 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Name Frequency 

range 

Common applications 

UHF band 300 MHz – 3 

GHz 

Military applications, satellite television 

L Band 1 to 2 GHz Military telemetry, GPS, Air traffic control, Radar 

S Band 2 to 4 GHz Weather radar, Surface ship radar, WLAN, Wimax 

C Band 4 to 8 GHz WLAN, Wimax, Long distance radio 

telecommunications 

X Band 8 to 12 GHz Radar, Terrestrial broadband, Space Communications 

Ku Band 12 to 18 GHz Cable TV, Satellite Communications 

K Band 18 to 26.5 GHz Radar, Satellite Communications, Automotive Radar, 

Upper Microwave Flexible Use Services 

Ka band 

(Millimeter 

wave) 

26.5 to 40 GHz Satellite Communications, Upper Microwave Flexible 

Use Services 
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Table 1.2 5G communication frequency spectrum 

Name Frequency range 

Low band FR1 region 450 MHz – 1 GHz 

Mid band FR1 region 1 GHz – 7 GHz 

High band/ millimeter 

wave FR2 region 

24 GHz – 52 GHz 

 

Table 1.3 Frequency bands of Upper microwave flexible use services 

Name Frequency range (GHz) 

24 GHz band  24.25 – 24.5, 24.75 – 25.25 

28 GHz band 27.5 – 28.35  

Lower 37 GHz band  37 - 37.6  

Upper 37 GHz band 37.6 – 38.6  

39 GHz band 38.6 – 40 

47 GHz band 47.2 – 48.2 

 

Bandpass filters are used in both transmitter and receiver modules of communication system 

at different stages. Filters are used to reduce harmonics generated in the amplifiers at the 

transmitter. At receivers, filters are used in optimizing signal-to-noise ratio and to improve the 

frequency selectivity. Filters realised with microstrip technology for different applications are 

discussed below. The receiver filter in mobile phone is shown in Fig 1.2.  

 

 

Fig 1.2 Receiver filter in mobile phone 
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Fig 1.3 Microstrip parallel coupled bandpass filter for C band applications [2] 

The microstrip parallel coupled filter shown in Fig 1.3 operating at 6 GHz with an insertion 

loss of 7 dB used for C band applications.  

  

Fig 1.4 Microstrip bandpass filter using square open loop resonator [3] 

Square open loop resonator bandpass filter shown in Fig 1.4 has center frequency at 3 GHz. 

The filter has insertion loss of 3.56 dB for S-band radar applications. 

  

Fig 1.5 Microstrip parallel coupled bandpass filter for 5G applications [4] 

 The bandpass filter shown in Fig 1.5 has fractional bandwidth of 9.1 % at center frequency 

36.51 GHz. The insertion loss of the filter is 3.37 dB used for 5G applications. 
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Fig 1.6 A dual bandpass filter using parallel coupled structure [5] 

The dual bandpass filter using parallel coupled structure shown in Fig 1.6 resonates at 17 

GHz and 35 GHz. The proposed filter has high insertion loss of 3 dB and 4 dB respectively for 

both bands for 5G applications. 

 

Fig 1.7 Coaxial bandpass filter 

The coaxial bandpass filter shown in Fig 1.7 has frequency range from 2.4 GHz – 2.5 GHz 

frequency with an insertion loss of 1.3 dB at 2.4 GHz. 

 

Fig 1.8 Five resonator waveguide bandpass filter 
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The five-resonator waveguide bandpass filter shown in Fig 1.8 operates at 7.2 GHz 

frequency is useful for WLAN applications. 

 

 

Fig 1.9 Communication between devices 

Electronic gadgets like smart watch, mobile, laptop are portable devices. Portable devices 

should be compact. There is a need of designing compact components like filters, switches, 

amplifiers etc., for any electronic device to be compact.  

1.2 Motivation 

Microwave and millimeter wave bands are used for many applications which include GPS, 

WLAN, Wimax, radar, satellite communications and Upper microwave flexible-use services. 

Each application has its specific range of frequencies for communication. Filters are required 

at various stages in these applications and also microwave and millimeter wave communication 

systems, demands the need for filters with reduced dimensions and wide bandwidth. To have 

compact filters, filters can also be realised using resonators. There are many types of resonators 

such as cavity resonators, dielectric resonators, quartz crystal resonators, transmission line 

resonators and coupled resonators. 

Compact filters can be realised using metamaterial resonators. Metamaterials of sub-

wavelength dimensions such as split ring resonator (SRR) or complementary split ring 

resonator (CSRR) are also used for filter design. Size reduction is one of the main advantages 

of such resonators since the dimension of these resonators are much smaller than signal 

wavelength at resonance. Microstrip bandpass filter with metamaterial resonator is shown in 

Fig 1.10. Achieving wideband, compactness with low insertion loss within a single filter 

becomes challenging. Bandwidth enhancement can be obtained using fractals and 

complementary metamaterial resonators. Filters must have low insertion loss in passband and 

high attenuation in stopband. 
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 Fig 1.10 Microstrip bandpass filter using metamaterials 

Microwave filters can be designed using coupled resonators. Power transferred along the 

transmission line is achieved by placing the resonators close to each other. In many applications, 

multiband filters are in great demand due to their advantages which are to be explored at 

microwave and millimeter wave frequencies. Multiple frequencies can be allowed or rejected 

using multiband filters. These filters can optimize space, improve system design and 

performance. The design of such filters with optimal characteristics is difficult to obtain. Hence 

a combination of different techniques must be applied for the realization of compact multi-band 

filters. Metamaterial microstrip planar technology enhance the functionality of the miniature 

filter which is helpful for a variety of applications. 

 

1.3 Methodology 

In the present thesis work, an attempt is made to design compact filters with microstrip 

technology for bandpass and bandstop responses. Broadly, microstrip filters are realised by 

using metamaterial unit cells or complementary metamaterial unit cells.  Further, compact wide 

band bandpass filter is realised by employing fractals on the metamaterials. Compactness and 

multibands can be obtained by introducing stubs to the microstrip line in addition to 

metamaterials. Bandstop filters are designed with complementary split ring resonators in the 

ground plane to produce stop bands. Complementary split ring resonators are also used for 

coupling across the gaps along the microstrip line to realise a bandpass filter. Multi band BPFs 

are obtained combing the metamaterials and complementary metamaterials. Microstrip coupled 

resonators are also used for design of single and multiband BPF. 

The methodology followed for the design of filters is illustrated below: 

Initially, the frequency of operation for the filter is identified. Microstrip line is designed 

based on the permittivity of the substrate material to match with 50Ω impedance feed line. The 

length and width of the microstrip line are calculated based on the design expressions. 
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Resonators are chosen with dimensions related to the operating frequencies. Vias, gaps and 

stubs with optimum dimensions are used to improve the performance of the filter. Filters are 

designed using Ansys HFSS software. Equivalent circuits are drawn based on the HFSS 

frequency response of filter and the response of the circuit is simulated using an AWR software. 

The designed filters are fabricated and scattering parameters are measured using a vector 

network analyser. The S-parameters (S11, S21) from simulation and measurements are plotted. 

The passband bandwidth is determined when S11 is less than -10 dB and stopband bandwidth is 

determined when S21 is less than -10 dB. 

1.4 Research Objective 

• To design, simulate and fabricate compact, wide bandpass filters, bandstop filters and multi-

bandpass filters for microwave and millimeter wave applications. 

• To improve the bandwidth of the filter by applying fractals on the metamaterial resonators. 

• To reduce the size of the filter using complementary metamaterial resonators, microstrip 

coupled resonators. 

• To design compact multi-bandpass filters using a combination of metamaterial resonators 

and complementary metamaterial resonators. 

• To enhance the performance of the filter like return loss, insertion loss and stopband 

attenuation. 

• To design compact wide bandpass filters/bandstop filters and multiband pass filters while 

getting above performance characteristics. 

• To validate the above filter designs experimentally and compare them with simulation 

results. 

1.5 Contributions of research work 

 

Fig 1.11 Contributions of research work 
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The key contributions are as shown in Fig 1.11 and summarized as follows: 

(1)  A bandpass filter designed on RT Duroid 3010 substrate material with 0.13mm thickness 

using symmetrical ring resonators and vias has frequency range from 5.47 GHz - 6 GHz with 

an insertion loss of 1.2 dB. The fractional bandwidth is 9.8%. The size of the filter is 0.64 

λg
2 and is useful for C band applications. 

(2)  A bandpass filter is designed by applying moore fractal on the boundary of symmetrical 

ring resonators. The pass band frequency range varies from 6.95 GHz - 7.8 GHz with 

fractional bandwidth of 11.5%. The realized insertion loss is 0.4 dB. The proposed filter is 

realized for C band applications has size of 0.75 λg
2. 

(3)  A bandpass filter designed by loading symmetrical ring resonators on either side of the 

transmission line and vias are placed along the transmission line on RT Duroid 3010 

substrate material with 1.28mm thickness operates in the X-band between 10 GHz - 11.8 

GHz. The fractional bandwidth of the filter is 19.3%. The insertion loss and return loss 

obtained are less than 0.6 dB and 13 dB respectively. The area occupied by the filter is 2.8 

λg
2. 

(4)  EI shaped unit cell based bandpass filter is designed for higher 5G communications. The 

passband frequency range is from 39.7 GHz to 40.7 GHz with fractional bandwidth of 2%. 

The realized insertion loss is 2.5 dB with filter area of 7 λg
2. 

(5)  EIE shaped metamaterial resonators and slotted stubs are used to design a triple bandpass 

filter used for fixed/mobile satellite communications has central frequencies at 7.29 GHz, 

10.67 GHz and 13 GHz with fractional bandwidth of 5.4%, 2.5% and 4.58% respectively. 

The obtained insertion loss is 1.2 dB, 1 dB and 1.4 dB. The area of the filter is 0.32 λg
2. 

(6)  A bandpass filter is designed using complementary triple concentric split ring resonators. 

The frequency range of the filter is 2.85 GHz-3.15 GHz with an insertion loss of 1.5 dB. The 

fractional bandwidth of the filter is 3%. The filter size is 0.13 λg
2 useful for S band 

applications. 

(7)  A Ku band bandstop filter is designed using complementary symmetrical ring resonators 

has stopband frequency range from 12.1 GHz – 13.7 GHz with fractional bandwidth of 11.9 

%. The obtained maximum stop band attenuation of 31 dB. The occupied area of the filter 

is 0.55 λg
2. 

(8)  A quintband bandpass filter is designed for higher 5G communications using EI shaped unit 

cell, complementary symmetrical ring resonators has passband frequency ranges from 38.65-

38.85 GHz, 39.06-39.1 GHz, 39.9-40.28 GHz,41.96-42.06 GHz and 42.87-42.97 GHz. The 

insertion loss obtained is 1.67 dB, 2 dB, 1.54 dB, 2.45 dB and 2 dB with fractional bandwidth 

of 0.5%, 0.1%, 0.94%, 0.23%, 0.23% respectively. The size of the filter is 7 λg
2. 
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(9)  A dual bandpass filter is designed using complementary triple concentric split ring 

resonators, spiral resonators have fractional bandwidth of 7.5% and 4.85 % at center 

frequencies 1.32 GHz and 2.47 GHz with an insertion loss of 1.3 dB and 1.8 dB respectively. 

The filter size is 0.039 λg
2. The dual band filter is useful for GPS, WLAN applications. 

(10) A triple band bandpass filter is designed using complementary triple concentric split ring 

resonators, spiral resonators, stepped impedance resonators, stubs have fractional bandwidth 

of 1.16%, 11.4% and 1.86% at center frequencies 1.29 GHz, 2.27 GHz and 3.21 GHz 

respectively. The attained insertion loss is 1.6 dB, 1.3 dB and 1.8 dB. The area of the filter 

is 0.06 λg
2. This triband filter is useful for GPS, WLAN and Wimax applications. 

(11)  A dual bandpass filter is designed by coupling the dual split rings resonators directly to the 

microstrip line has center frequencies at 24.79 GHz and 28.37 GHz with an insertion loss of 

less than 4.2 dB and less than 4.2 dB. The fractional bandwidth obtained is 8.8% and 2.2% 

for both bands respectively. The size of the dual bandpass filter useful for upper microwave 

flexible use services is 0.1 λg
2. 

(12)  A bandpass filter is designed using EC shaped coupled lines coupled to the microstrip 

transmission line has pass band frequency range from 37 GHz - 39 GHz with fractional 

bandwidth of 5.26%. The realized insertion loss is 0.4 dB. The filter size is 0.96 λg
2. The 

proposed filter is useful for 37 GHz band 5G communications. 

 

1.6 Chapter Organization 

Chapter1 Introduction 

This chapter gives a brief idea on the significance of the filters. The performance parameters 

and applications are explained. Different design methodologies to design filters are discussed.  

The motivation and methodology to design the filter is explained. Research objectives and 

contributions of work are discussed. The thesis organization is elaborated. 

Chapter 2 Review of Literature 

In this chapter, the concepts of microstrip lines, metamaterials, split ring resonators, thin wires 

are explained.  Literature on different methods of designing microstrip filters are reported. 

Chapter 3 Bandpass filters with single and multiple passbands using metamaterials 

This chapter explains the design of a metamaterial based bandpass filter. The performance of 

the filter can be enhanced by using fractal structures and slotted stubs. The bandwidth of the 

filter is improved by applying the moore fractal on the boundary of the metamaterial structure. 

The return loss and stopband attenuation are improved by using slotted stubs. An equivalent 

circuit for a symmetrical ring resonator bandpass filter is discussed. 
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Chapter 4 Bandpass and Bandstop filter using complementary metamaterials  

This chapter discusses the design of a compact bandpass filter using a complementary triple 

split ring resonator structure, gaps are introduced on the microstrip line and vias are placed to 

connect the patch and ground structure to improve the performance of the filter.  A Compact 

and wideband bandstop filter design is explained using a complementary symmetrical ring 

resonator and its equivalent circuit is explained. 

Chapter 5 Multi-bandpass filters using a combination of metamaterials and 

complementary metamaterials 

This chapter explains the design of multi-bandpass filters. Initially, the quint bandpass filter 

using EI-shaped metamaterial resonators and complementary split ring resonators is discussed. 

A dual bandpass filter design using spiral resonators and complementary triple concentric split 

ring resonators are elaborated. A triple bandpass filter design using stepped impedance 

resonators, spiral resonators and complementary triple concentric split ring resonators is 

presented. 

Chapter 6 Bandpass filters using Microstrip coupled resonators  

This chapter discusses the design of a compact dual bandpass filter using dual split ring 

resonators directly coupled to the microstrip line. An equivalent circuit is proposed for the dual 

bandpass filter.  A single bandpass filter using EC-shaped coupled lines with proximity 

coupling is explained. 

Chapter 7 Conclusion and Future scope 

The outcomes of the proposed filter in the thesis work are compared with appropriate 

conclusions and future scope is discussed.  

1.7 Conclusion 

Filters play a major role in any communication system. The performance parameters and 

methods to design filters are reported. The motivation to design metamaterial microstrip filters 

is elaborated. Methodology used to design microstrip filters is explained. Research objectives 

to design compact, wide band microstrip filters are framed. The contributions of research work 

are discussed. Chapters are organized for the achievement of the research objectives. 

 

 



 

 
 

Chapter 2 

Review of Literature 

2.1 Introduction  

Filters with microstrip technology have become popular due to low profile, compact 

structure and easy integration with other circuits. Microwave and millimeter wave filters can 

be designed using the microstrip technology due to its advantages. The geometry and design 

expressions for microstrip line are explained. The significance of metamaterials, split ring 

resonators and thin wires in filter design are elaborated. The literature published on microstrip 

filters are discussed. 

2.2 Microstrip line 

 Microstrip line consists of a ground plane and conducting strip of width ‘W’ separated by a 

dielectric substrate of dielectric constant ‘εr’ and thickness ‘h’. Usually, the thickness is 

considered very much less than operating wavelength (h<<λ). The structure of the microstrip 

line is depicted in Figure 2.1. The distribution of electric and magnetic field lines is shown in 

Figure 2.2. 

 

 

Fig 2.1 Geometry of microstrip line 
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Fig 2.2 Electric and magnetic fields of a microstrip line 

While the transmission of the signal takes place along the microstrip line, the fields due to 

current travel through the dielectric and also free space. So, the wave propagation is quasi-TEM 

mode instead of TEM mode. When the longitudinal components are much smaller than the 

transverse components, a quasi-TEM mode is applicable to facilitate the design. The phase 

velocity, propagation constant and characteristic impedance approximations can be obtained 

from static, or quasi-static solutions. The phase velocity and propagation constant can be 

expressed as 

                              (2.1)
 

                                 (2.2) 

where εe is the effective dielectric constant of the microstrip line. Because some of the field 

lines are in the dielectric region and some are in the air, the effective dielectric constant satisfies 

the relation and depends on dielectric constant and thickness of the substrate and width of 

microstrip line.  

                          (2.3) 

The effective dielectric constant of a microstrip line is given approximately by 

 

       (2.4) 

 

The characteristic impedance of the line depends on the width of the top conductor, effective 

dielectric constant and height of the substrate. The characteristic impedance of microstrip line 

are given below. 
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               (2.5) 

 (2.6) 

 2.3 Metamaterials 

Metamaterials are described as engineered periodic materials for altering electromagnetic 

properties to obtain responses that are not observed naturally. The word metamaterial is a 

combination of "meta" and "material". Meta is a greek word that means something beyond, 

altered, changed. Metamaterial can be engineered by changing its dimensions rather than the 

material with which it is composed of. Metamaterials control the electromagnetic properties of 

microwave devices such as filters, antennas, couplers, power dividers, etc., to design compact 

devices with better performance characteristics.  

The metamaterial structures can be designed to have either negative permittivity using 

metallic thin wires or negative permeability using metallic ring resonators. A single 

metamaterial resonator is called as unit cell. The dimensions of the unit cell should be much 

smaller than the guided wavelength dimensions. For effective homogeneity, structural average 

cell size P is much smaller than the guided wavelength λg [6]. 

               (2.7) 

These unit cells are the building blocks for creating metamaterial periodic surface to enhance 

performance parameters of the device.  

2.3.1 Thin wires 

To introduce negative permittivity in a medium, thin wires are introduced in a dielectric 

medium as shown in Fig 2.3. A lattice of conducting wires with small radii ‘r’ compared to the 

lattice periods ‘a’ and guided wavelength λg can exhibit negative permittivity. By adjusting the 

spacing and size of the elements in metallic thin wire arrays, a material’s electric permittivity 

can be varied.  
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Fig 2.3 Lattice of parallel conducting thin wires [7] 

 

In the proposed work, the thin metallic wires are placed by creating metallic vias from patch 

to ground along the microstrip line. 

2.3.2 Split ring resonator (SRR) 

Split ring resonator consists of a closed conducting loops with gaps in between which are 

called as splits. There can be one or more concentric loops called as rings. When magnetic field 

incidents on the rings, current is induced in the rings and an electric field developed across the 

gaps. The spacing between the gaps with induced opposite charges give the effect of 

capacitance. The dimensions of the gaps decide the capacitance which in turn controls the 

resonant frequency. The length in the conducting path or loop determines the inductance which 

in turn effects the resonant frequency. To use the resonators at microwave frequencies, the 

dimensions of the resonator must be very much less than wavelength as a result the resonators 

are called as sub wavelength resonators. 

 

Fig 2.4 Split ring resonator 

 

By combination of thin wires and SRRs both permittivity and permeability can be made 

negative at same frequency to get double negative properties. 
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2.4 Literature review 

   Microstrip filter design with small size, wide bandwidth and low insertion loss is an 

interesting and challenging research area because insertion loss of the filter is inversely related 

to bandwidth, directly related to the size of the filter. Different techniques are used in various 

literature to design filters with small sizes but with narrow bands and high insertion loss, wide 

bandwidth with low insertion loss and wide bandwidth with large sizes.  

Numerous papers are published to reduce the size of the microstrip filters at microwave and 

millimeter wave frequencies. One such technique is using metamaterials. Metamaterial 

structures loaded on either side of the planar transmission line is one approach to designing 

bandpass filters.  M. Gil (2008) et al. presented a review of the compact metamaterial filter 

design approach [8]. R. Bojanic (2014) et al. studied the orientation of metamaterials placed 

near the microstrip lines and their performance and explained their equivalent circuits [9]. 

Mohammad Syahral (2016) et al. investigated the effect of several SRR elements on its BPF 

characteristics resulting in sharp selectivity with an increase in the number of resonators at the 

cost of high insertion loss [10].  J. Bonache (2005) et al. proposed a left-handed microstrip line 

with periodic loaded SRRs and metallic vias. The proposed bandpass filter resulted in a 

frequency range from 2.99 GHz - 3.11 GHz with fractional bandwidth of 4% and an insertion 

loss of 3.54 dB. The proposed filter has narrow bandwidth and high insertion loss [11]. J. D. 

Baena (2005) et al. studied the electromagnetic behaviour of split ring and complementary split 

ring structures, as well as their coupling to the coplanar waveguide transmission line. A 

bandpass filter designed using SRRs resulted in a passband frequency range from 7.8 GHz - 8.2 

GHz. The attained fractional bandwidth is 5% and maximum insertion loss is 4 dB,  a bandpass 

filter using complementary SRRs has frequency range from 3.2 GHz - 3.8 GHz, fractional 

bandwidth of 17%, insertion loss less than 4dB [12].  Shikhar Chandra (2021) designed a 

bandpass filter composed of split ring resonators and complementary split ring resonators 

(CSRR). The filter’s frequency range is 8.98 GHz- 9.278 GHz with fractional bandwidth of 

3.11%,  insertion loss and return loss are 0.005 dB and 37.29 dB respectively, but the filter has 

less fractional bandwidth [13]. But the narrow bandwidth is not sufficient for some applications.  

Bandwidth improvement can be obtained using fractal structures and complementary 

metamaterials. Fractal structures are implemented in many published works resulting in a wide 

bandwidth. D. Oloumi (2009) et al. designed and fabricated a novel waveguide filter with Koch 

geometry as a periodic structure results in fractional bandwidth of 8.6% with a compact size 

[14]. Rana Sadaf Anwar (2019) et al. implemented minkowski fractal islands on a three-layer 

frequency selective surface to reduce the size and improve bandwidth using a novel approach 



Chapter2: Review of literature 

18 
 

resulting in fractional bandwidth of 87.4% [15]. He-Xiu Xu (2012) et al. investigated single 

negative metamaterial transmission lines consisting of a host transmission line in the conductor 

strip and a moore and Hilbert fractal-shaped complementary ring resonator etched in the ground 

plane. The proposed filter has fractional bandwidth of 32% at resonant frequency of 3.5 GHz, 

insertion loss less than 1 dB and return loss of 30 dB. The application of fractals improves 

bandwidth compared to a conventional design by 30.2% for the first iteration and 47.7 % for 

the second iteration [16]. 

Wide bandpass filters can be designed using complementary metamaterial structures. 

Mahmoud Abu Hussain (2020) et al. presented double symmetric unit cells with electric 

coupling between CSRRs which has resonating frequency at 10 GHz to design a bandpass filter. 

The  fractional bandwidth of the filter is 15%, but the filter is large [17]. Badr Nasiri (2020) et 

al. designed a bandpass filter using low-impedance feed lines and CSRR structures. The 

designed filter operates at 4 GHz with fractional bandwidth of 62%, but the filter is large [18]. 

Kada becharaf (2020) et al. published an article to design a wide bandpass filter using circular 

complementary split ring resonators. The proposed filters operate with a center frequency of 

around 6.8 GHz, with a bandwidth of 3.4 GHz – 9.3 GHz, a return loss greater than 17 dB, 

minimum insertion loss of 2 dB. The proposed filter has high insertion loss [19]. Rasool 

Keshavarz (2020) et al. introduced a four-turn complementary spiral resonator to design a 

miniaturized bandpass filter. The fractional bandwidth of the proposed filter is 8.2% at a center 

frequency of 0.73 GHz [20]. 

S. Moitra (2019) et al. proposed a substrate-integrated waveguide bandpass filter using 

circular CSRR structures. The designed bandpass filter has fractional bandwidth of 24.2% at 

center frequency 10 GHz, maximum insertion loss is 3.05 dB [21]. W. Yuan (2019) et al. 

proposed a bandpass filter using CSRR-defected ground structures (DGS), dumbbell-shaped 

DGS structures, interdigital coupling structures, open stubs and short stubs resulting in 

fractional bandwidth of 63% at a resonant frequency of 5.5 GHz. The insertion loss obtained is 

greater than 1 dB [22]. Y. Cheng (2015) et al. presented a dual-mode bandpass filter using 

CSRR split as a square patch resonator. The designed filter resonates at 3.42 GHz with 

fractional bandwidth of 3.5%. The insertion loss obtained is less than 1 dB [23]. Yan Zheng 

(2020) et al. proposed a four-stage bandpass filter using substrate-integrated waveguide cavities 

with complementary split ring resonators. The proposed design has a frequency range from 9.4 

GHz – 10.6 GHz with fractional bandwidth of 12%. The insertion loss of 1.59 dB [24]. 

Bandstop filters can be designed using resonant metamaterial structures and complementary 

resonant structures. Mustafa K. Taher Al-Nuaimi (2010) et al. used sub-wavelength split ring 
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resonators and complementary split ring resonators (CSRRs) to design compact microstrip 

bandstop filters. A sharp bandstop is achieved at 5.41 GHz with 50 dB stopband attenuation 

using split ring resonators. But with complementary metamaterial resonators, a rejection of 50 

dB is attained around 4 GHz – 5.8 GHz with sharp cut-offs. Complementary metamaterial 

structures result in wide bands and are compact  using same structures [25]. Badr Nasiri (2018) 

et al. proposed microstrip band-stop filter using complementary split ring resonator attached to 

the microstrip feed line. The proposed structure results in a rejection bandwidth of 1.2 GHz – 2 

GHZ with FBW of 50% with 30 dB attenuation [26]. 

Multi-bandpass filters are playing a significant role nowadays to meet the increasing 

demands of satellite and modern communication systems. Bukola Ajewole (2022) et al. 

proposed an I-shape design with three SSRRs on the outmost part that are etched onto the FR-

4 dielectric substrate material to design multi-bandpass filter results in high insertion loss, large 

size due to usage of array structure [27]. Manoj Prabhakar Mohan (2018) et al. designed a triple 

band filter based on double periodic CRLH structure resulting in insertion loss of 3.06 dB, 2.71 

dB and 3.16 dB at resonant frequencies 3.3 GHz, 6 GHz and 9 GHz, respectively. The fractional 

bandwidths are 3 %, 4.7 % and 3.5 %, respectively for all three bands, but the filter is large 

[28].  

Another approach to designing compact bandpass filters is by using microstrip coupled 

metamaterial resonators. Ria Lovina Defitri (2016) et al. proposed an SRR structure circle-

shaped coupled to a microstrip line to obtain a compact size narrow bandpass filter for X-band 

applications at an operating frequency of 9 GHz. The fractional bandwidth obtained is 2.3%. 

The insertion loss is 2.242 dB. The proposed filter is large [29]. Ahmed A. Ibrahim (2018) et 

al. presented second and third-order microstrip coupled SRR resonators using optimization 

techniques. The obtained fractional bandwidth is 13% at the center frequency 2.3 GHz and the 

insertion loss attained is 0.7 dB. The size of the filter is large [30]. D. Bukuru (2017) et al. 

proposed a compact quad bandpass filter by using two coupled half-wavelength quad mode 

stepped impedance resonators and two open-loop stepped impedance resonators. The proposed 

filter has fractional bandwidth of 3 %, 6.41 %, 3.7 % and 4.56 % at center frequencies 2.4 GHz, 

3.3 GHz, 5.38 GHz, 6.48 GHz respectively, but the filter has high insertion loss of 1.9 dB, 1.6 

dB, 3.5 dB, 3.2 dB [31]. 

In the published literature narrow bandwidth is obtained using sub-wavelength split ring 

resonator structures. Wide bandwidth is obtained using fractal structures, but with large size. 

Compactness and wide bandwidth are the basic requirement for communication systems. These 

can be achieved by applying fractals on the sub-wavelength resonant structures.  For the first 
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time symmetrical ring resonators are loaded on either side of transmission lines to design wide 

bandpass filters for mid-band 5G applications. Moore fractal is applied to the symmetrical ring 

resonator metamaterial structures providing the advantage of getting wide bandwidth with 

compact size for C band applications.  

Compactness and wide stop band can be obtained using complementary metamaterial 

structures for Ku band applications. The multi-bandpass filter is designed using metamaterial 

and slotted stubs for fixed/ mobile satellite services. Multi-bandpass filters are designed using 

metamaterial spiral resonators, complementary SRRs, stubs and stepped impedance resonators 

for GPS, WLAN and Wi-Fi applications. Microstrip coupled metamaterial resonators are used 

to design compact dual bandpass filters. For the first time compact dual bandpass filter is 

designed using microstrip technology useful for Upper Microwave Flexible Use services. 

2.5 Conclusion 

Microstrip technology is vital for filter design at microwave and millimeter wave 

frequencies. The literature survey for compact designs and improvement of bandwidth is 

studied. From the literature survey, it is obvious that the compact wideband filter design is a 

well-researched topic. However, there is still more research must be done to design simple 

single and multiple wide bandpass/bandstop filters with small sizes and low insertion loss. So, 

this thesis presents a simple, compact, wideband microstrip filter design.  

 

 

 

 

 



 

 
 

Chapter 3 

Bandpass filters with single and multiple pass bands using 

metamaterials 

3.1 Introduction  

In microwave and millimeter wave applications, bandpass filters are used to select the 

desired frequency range for efficient use of spectrum. Weather radar systems, terrestrial 

microwave links, 802.11 a version of Wi-Fi devices are some of the applications in C-band 

frequency range which lies from 4 GHz to 8 GHz. Remote sensing satellites, fixed and mobile 

satellites for communications, meteorological satellites for weather monitoring applications are 

in X band from 8 GHz to 12 GHz frequency range. Ku band frequency range is used for fixed 

satellite broadcast services, aviation and cable TV relay. Fixed satellite services fixed wireless 

access applications comes under Upper Microwave Flexible Use Services. All the above-

mentioned applications need bandpass filters at many stages of the transmitter and receiver. 

Compact, wide bandpass filters operating in microwave and millimeter wave frequencies are 

in demand for many communication systems. Several techniques are reported in the literature 

for realising microstrip bandpass filters. Researchers have reported design of bandpass filters 

using concepts of substrate-integrated waveguide techniques, stubs, open loop uniform 

impedance resonators and coupled resonators along the transmission line.  

Qing Liu (2016) et al. presented elliptic single cavity and dual cavity bandpass filters based 

on dual mode resonators. A non-degenerate dual mode resonator is developed from circular 

substrate integrated waveguide cavity. Single cavity bandpass filter has fractional bandwidth of 

7.6% at 5.21 GHz center frequency with minimum insertion loss of 0.87 dB. But, the size of 

the single cavity filter is large. Dual cavity bandpass filter has fractional bandwidth of 9.57% 

at 5.22 GHz center frequency. The obtained insertion loss is 1.62 dB. But, the dual cavity filter 

has high insertion loss and also large in size [32]. 

M. Amirian (2019) et al. proposed a microstrip bandpass filter using a transmission line with 

two identical open-ended stubs on both sides. The passband frequency range of the filter is 1.68 

GHz-1.82 GHz with fractional bandwidth of 8%. The insertion loss of the designed filter is 4 

dB and return loss is 23 dB. But, the insertion loss of the filter is high [33]. 
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Wenjie Feng (2020) et al. investigated a bandpass filter using intercoupled short and open-

ended resonators which interact through adjacent coupling. The bandpass filter frequency range 

is 1.79 GHz – 2.2 GHz with a fractional bandwidth of 8.5% at 2 GHz resonant frequency. An 

insertion loss of 1.43 dB is obtained, but the filter has high insertion loss  and the structure of 

the filter is complex [34]. 

Min-hang weng (2020) et al. proposed a triple bandpass filter using two pairs of open loop 

uniform impedance resonators. Three passbands are obtained for the filter by selecting the 

lengths of two pairs of resonators. The bandpass filter operates at 1.93 GHz, 2.6 GHz and 3.9 

GHz with fractional bandwidth of 5%, 11%, 3% respectively. The obtained insertion loss is 1.5 

dB, 0.6 dB and 1.83 dB respectively for the above mentioned three bands. But the size of the 

filter is large [35].  

Muhib Ur Rahman (2017) et al. presented a triband bandpass filter using two stub-loaded 

dual-mode resonators and coupled resonators. The fractional bandwidths of the filter are 12.6 

%, 6.25 % and 14.49% at 1.575 GHz, 2.4 GHz and 3.45 GHz center frequencies, respectively. 

The  measured insertion loss is 0.7 dB, 1.14 dB and 0.3 dB, but the size of the filter is large 

[36]. 

W. Wang (2005) et al. investigated different metamaterial structures such as split ring, 

symmetrical ring, omega and S shaped resonators.  In the presented structures, symmetrical ring 

resonators have 12% fractional bandwidth which is large when compared with other structures 

[37].  

Y.S. Mezaal (2015) et al. presented a microstrip bandpass filter using dual edge coupled 

resonators designed in the form of moore fractal geometries up to third order iteration. Both the 

second and third iteration levels resonates at a center frequency of 2.4 GHz with insertion loss 

less than 0.2 dB. The size of the filter is 0.026 λg
2 and 0.015 λg

2 for second and third iterations, 

respectively. Size reduction of 43% is observed from second iteration to third iteration [38]. 

From the literature it is observed that the reported filters have wide bandwidth but have high 

insertion loss.  

Published metamaterial bandpass filters have narrow band and high insertion loss [7,8]. To 

obtain compact filters the number of resonators should be kept minimum. Fractal structures can 

be applied to filters to get wide bandwidth. Insertion loss can also be reduced by decreasing the 
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number of resonators in the design. By combining all the above techniques compact, wideband, 

low insertion loss bandpass filters can be designed. 

In the proposed chapter, symmetrical ring metamaterial resonator and moore fractal 

structures are used for the bandpass filter design in the C and X bands. An EI shaped resonator 

is used to design bandpass filter for upper microwave flexible use services applications. Slotted 

stubs are implemented in between EIE shaped resonators to design triple bandpass filters which 

lies in C, X and Ku bands.  

Metamaterial structures varies permittivity and permeability of the medium. The possible 

structures which cause these effects are symmetrical ring resonators and vias which are 

discussed below. Further, structure modifications of the resonator with fractals are also 

discussed. 

3.2 Symmetrical ring resonator 

Symmetrical ring resonator structure is novel example of metamaterial resonators as shown 

in Fig 3.1. Symmetrical ring resonator is a metallic ring that has been split symmetrically and 

two rings are placed adjacent to each other. This structure can concentrate the energy of the 

coupled field between adjacent arms of the rings. As there is a less fringing effect with this 

structure, it tends to yield accurate response [37].  

 

Fig 3.1 Symmetrical ring resonator 

 

3.3 Metallic vias  

Metallic vias are used to connect the transmission line to the ground plane as shown in Fig 

3.2. Vias provide resistance and capacitance. These vias produce a negative dielectric constant 
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that can be used to control wave propagation along the transmission line. To control pass and 

stop bands, the spacing ‘s’ and diameter ‘d’ of vias are changed.  

   

Fig 3.2 Metallic via 

3.4 Fractals 

Benoit Mandelbrot derived the term fractal from the Latin word ‘fractus’ means fragmented 

or broken. Fractal is geometric shape in which each side is repeated statistically along the 

structure which has the property of self-similarity. 

3.4.1 Moore fractal 

The Moore curve, which is similar to the Hilbert curve, is a continuous fractal space-filling 

curve. It is a loop version of the Hilbert curve with a unique recursive process that makes the 

moore curve's ends converge. Hilbert and moore fractal curves for second, third and fourth 

iterations are shown in Fig 3.3 and Fig 3.4, respectively. 

 

Fig 3.3 Hilbert fractal curve 
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Fig 3.4 Moore fractal curve 

3.5 Stubs 

A stub is a length of microstrip line that is connected to the line as shown in Fig 3.5.a & Fig 

3.5.b. The stub connected to the microstrip line can be left open or shorted to the ground using 

via. As a result, standing waves are formed on the stub. The length of the stub determines the 

impedance offered on the line at the location of stub. The impedance offered can be either a 

capacitive, inductive, open circuit or short circuit. A quarter wavelength of the stub is used for 

impedance transformation. Stubs are employed on the transmission line for impedance 

matching. Stubs can also be used as series or shunt resonant circuits. 

 

Fig 3.5 Short circuit stub, its equivalent circuit 

 

Fig 3.6 Open circuit stub, its equivalent circuit 

3.6 Metamaterial filters 

The combination of split ring resonators and vias are incorporated along the microstrip line 

to control the wave propagation along the transmission line. Microstrip line acts as all pass 
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filter. To obtain bandpass filter, frequencies above and below the passband have to be stopped. 

A significant portion of electric flux lines are induced between microstrip line and ground when 

vias are connected through the substrate along the microstrip line. This electric field produces 

a negative-ε effect over a band of frequency which introduce stop bands. Split ring resonators 

are placed on either side of the microstrip line to have better coupling between the microstrip 

line and split ring resonators. A significant portion of the magnetic field lines is expected to cut 

the split ring resonators. This magnetic field gives rise to a negative-µ effect over a band of 

frequencies which stops signal propagation. Thus, over a band of frequencies when negative µ 

and ε occurs, signal propagation happens along the line. 

3.7. Design of bandpass filter using symmetrical ring resonator for 

C-band applications 

Bandpass filters with wide bandwidth using symmetrical ring resonators and vias along 

microstrip line is proposed to lie in the frequency range of C-band. The specifications of the 

filter are given in Table 3.1. The center frequency of the bandpass filter is selected as 5.75 GHz. 

A conventional high-frequency material, RT Duroid 3010 substrate is selected for the design. 

The dimensions of the microstrip line used in the bandpass filter is realised using equations 

[2.4-2.6] for 50 Ω feed impedance. The width of the microstrip line is obtained as 2.11 mm. 

Table 3.1. Design specifications of symmetrical ring resonator BPF 

Parameter Value 

Frequency band of operation C-band 

Bandwidth  0.53 GHz 

Center frequency 5.75 GHz 

Feed impedance 50 Ω 

Substrate material RT Duroid 3010 

Dielectric constant 10.2 

Substrate thickness 0.13mm 

Copper laminate thickness 35 µm 

Order of the filter 1 and 2 

Insertion loss 1.2 dB 

Return loss 29 dB 

Q-factor 10.9 
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The unit cell of the symmetrical ring resonator is taken to satisfy the homogeneity condition 

i.e, larger dimension of the unit cell is less than or equal to λg/4, where λg is the guided 

wavelength. At f0 = 5.75 GHz and εr = 10.2, the guided wavelength is obtained as 

= 16.19 mm 

Symmetrical ring resonator unit cell is shown in Fig 3.7. The dimensions of the symmetrical 

ring resonator are shown in Table 3.2. The dimensions of the symmetrical ring resonator are 

optimized to get better performance.  

 

Fig 3.7 Symmetrical ring resonator unit cell 

Table 3.2 Dimensions of symmetrical ring resonator unit cell 

 

 

 

Initially, the bandpass filter is designed with single symmetric ring resonator which 

corresponds first order filter. Later, two resonators are placed along the microstrip line which 

corresponds to second order filter. First order and second order bandpass filters are realised 

using symmetrical ring resonators and vias on microstrip line as shown in Fig 3.8 and 3.9 

respectively. Length of microstrip line is taken as 8.12 mm and 16.12mm for first order and 

second order bandpass filter respectively. The diameter of metallic via as 0.4 mm and the gap 

between vias as 8.08 mm is chosen for better performance characteristics. The size of the  first 

order and second order filters are  8.12 mm × 10.84 mm and 16.12 mm × 10.84 mm respectively.  

Parameter a b c d e 

Value (mm) 3.12 1.56 0.3 0.295 0.24 
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Fig 3.8 Top view of first order symmetrical ring resonator bandpass filter using single resonator 

 

Fig 3.9 Top view of second order symmetrical ring resonator bandpass filter using double resonators 

3.7.1 Equivalent circuit realization 

Equivalent circuit of the proposed bandpass filter is represented using the T circuit model 

for second order symmetrical ring resonator bandpass filter is shown in Fig 3.10. The lumped 

inductance and capacitance values of the second order symmetrical ring resonator bandpass 

filter are given below 

L1 = 30 nH, C1=0.0257 pF, L2=0.064 nH, C2= 12 pF 
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Fig 3.10 Equivalent circuit of second order symmetrical ring resonator bandpass filter 

3.7.2 Results and discussion 

 

Fig 3.11 Comparison of S-parameters of first order and second order symmetrical ring resonator bandpass filter 
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Fig 3.12 Comparison of simulation and equivalent circuit results of second order symmetrical split ring resonator 

bandpass filter 

 

Fig 3.13 The electric field distribution of second order symmetrical ring resonator bandpass filter at 5.7 GHz 

frequency in the passband 

The designed bandpass filters are simulated using Ansys HFSS and simulation results are 

presented in the following Fig 3.11. The second order filter has better performance when 

compared to first order. Hence, equivalent circuit is represented for second order filter. From 

Fig 3.11, an improvement in the roll-off rate from first order bandpass filter to second order 

bandpass filter is observed. An equivalent circuit is designed from the simulation results of 

HFSS and the circuit is simulated using an AWR design environment to determine S11 and S21 

response. The HFSS simulation results and equivalent circuit simulation results are compared 

in Fig 3.12. for the second order symmetrical ring resonator bandpass filter. The passband 
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frequency range of the symmetrical ring resonator bandpass filter designed using lumped 

equivalent circuit is 5.55 GHz – 5.95 GHz. The fractional bandwidth is 6.9% with an insertion 

loss of 0.1 dB. The return loss of the filter is 27 dB. The frequency range of the simulated 

bandpass filter is 5.47 GHz – 6 GHz which lies in C-band with fractional bandwidth of 9.25%. 

The insertion loss of the simulated filter is 1.2 dB. The return loss is 32 dB. The electric field 

distribution of the proposed bandpass filters is shown in Fig 3.13. in which transmission of 

current from port 1 to port 2 illustrates the passband characteristic.   

3.8. Design of bandpass filter using moore fractal symmetrical ring 

resonator for C-band applications 

Moore fractal is applied to the symmetrical ring resonator unit cell as shown in Fig 3.14. The 

vertical side of symmetrical ring resonator unit cell is folded to one third of the total length. 

The total length of the vertical side of moore fractal applied symmetrical ring resonator is same 

as that of symmetrical split ring resonator. As a result, the size of moore fractal symmetrical 

ring resonator unit cell is reduced and also the capacitance effect of the moore fractal resonator 

is increased with resultant increase in bandwidth. The design specifications of the moore fractal 

symmetric ring resonator BPF are shown in Table 3.3.  

Table 3.3. Design specifications of moore fractal symmetrical ring resonator BPF 

 

 

 

 

 

 

 

Parameter Value 

Frequency band of operation C-band 

Center frequency 7.36 GHz 

Feed impedance 50 Ω 

Substrate material RT Duroid 3010 

Dielectric constant 10.2 

Substrate thickness 0.13mm 

Copper thickness 35 µm 

Order of the filter 2 

Bandwidth 0.85 GHz 

Insertion loss 0.4 dB 

Return loss 29 dB 

Q-factor 8.6 
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Fig 3.14 The unit cell of the moore fractal symmetrical ring resonator 

Table 3.4 Dimensions of moore fractal symmetrical ring resonator unit cell 

 

 

 

The dimensions of the unit cell are shown in Table 3.4. Moore fractal symmetrical ring 

resonators are placed on either side of the microstrip line at the same location on the microstrip 

line where via is placed. To improve the performance two sets of via and unit cell are used. 

Initially, a microstrip line is designed at the center frequency for 50 Ω feed impedance. The 

width of the line is obtained as 1.95mm and a length of 12.2mm is considered to accommodate 

the two-unit cell resonators for second order filter. The size of the filter is obtained as 12.2 mm 

× 10.84mm (0.97 λg × 0.78 λg). The top view of moore fractal symmetrical ring resonator 

bandpass filter is shown in Fig 3.15. 

 

Fig 3.15 Top view of moore fractal symmetrical ring resonator bandpass filter 

Parameter a b c d e f 

Value (mm) 3.12 0.63 0.22 0.24 0.2 0.7 
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3.8.1 Equivalent circuit realization 

The equivalent circuit of the moore fractal symmetrical ring resonator bandpass filter is 

shown in Fig 3.16. The lumped inductance and capacitance values of the moore fractal 

symmetrical ring resonator bandpass filter are L1 = 17.69 nH, C1=0.024 pF, L2=0.06 nH, C2 = 

7 pF, where L1 and C1 are series inductance and capacitance L2 and C2 are shunt elements. 

 

Fig 3.16 Equivalent circuit of moore fractal symmetrical ring resonator bandpass filter 

3.8.2 Results and discussion 

 

Fig 3.17 Comparison of S-parameters of moore fractal symmetrical ring resonator bandpass filter for simulation 

and equivalent circuit 

The S-parameters of the moore fractal symmetrical ring resonator bandpass filter using 

HFSS simulation and equivalent circuit simulation are shown in Fig 3.17. The passband 

frequency using lumped equivalent circuit is 7.45 GHz – 8.05 GHz with fractional bandwidth 

of 7.74% at the center frequency 7.75 GHz. From the simulation results, the passband frequency 
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range is 7.15 GHz - 8.15 GHz with fractional bandwidth of 13.1% at the center frequency 7.63 

GHz. A good similarity is obtained between equivalent circuit results and HFSS simulation 

results. The electric field distribution of the proposed bandpass filter is shown in Fig 3.18. which 

represents signal flow from input port to output port.  

 

Fig 3.18 The electric field distribution of moore fractal symmetrical ring resonator bandpass filter at 7.8 GHz 

frequency in the passband 

 

Fig 3.19 Top view of fabricated moore fractal symmetrical ring resonator bandpass filter 

 

Fig 3.20 Bottom view of fabricated moore fractal symmetrical ring resonator bandpass filter 
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Fig 3.21 Top view of fabricated moore fractal symmetrical ring resonator bandpass filter with mounting box 

 

Fig 3.22 HFSS simulation and measurement S-parameters comparison for moore fractal symmetrical ring 

resonator bandpass filter 

The top view, bottom view and with mounting box of fabricated prototype of moore fractal 

symmetrical ring resonator BPF are shown in Fig 3.19, Fig 3.20 and Fig 3.21.  The measured 

and simulation results are compared in Fig 3.22. The frequency range of passband from the 

measurement results is from 6.95 GHz - 7.8 GHz  which lies in C-band with fractional 

bandwidth of 11.54% at the center frequency of 7.36 GHz and insertion loss is 0.4 dB.  

The shift in the passband frequency may be due to dimensional tolerances during etching of 

the copper material at the time of fabrication. The variations in the S21 are due to SMA 

connector and cable losses.  
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 Bandwidth enhancement and compact size are observed by using moore fractal on a 

symmetrical ring resonator bandpass filter.  

Table 3.5 Comparison of symmetrical ring resonator BPF with published works 

 

 

 

 

 

 

 

 

The proposed bandpass filter parameters are compared with published bandpass filters in 

Table 3.5. As compared to published work, moore fractal BPF has low insertion loss and large 

bandwidth useful for C band applications. 

3.9 Design of bandpass filter using symmetrical ring resonator for 

X-band applications 

The dimensions of the symmetrical ring resonator and gaps in between resonators are 

modified to realize bandpass filters for X-band applications. The number of resonators is 

increased to improve the selectivity of the filter. The design specifications of the X-band 

bandpass filter are shown in Table 3.6. A microstrip line of width 1.46 mm is designed based 

on equations [2.4-2.6] for impedance matching for 50 Ω feed line. To accommodate the unit 

cell resonators the length of the microstrip line is considered as 23.88mm. The structure of the 

symmetrical ring resonator unit cell is shown in Fig 3.23 and dimensions for the proposed filter 

are listed in Table 3.7. 

 

 

 

References Center 

frequency 

(GHz) 

Fractional 

Bandwidth 

(%) 

Insertion 

Loss (dB) 

Size (λg
2) 

[32] 5.22 7.6 1.62 3.36 

[33] 1.75 8 4 0.042 

[34] 2 8.5 1.43 0.25 

[39] 5.25 9.5 <1 1.08 

[2] 6 9 3.5 1.3 

Symmetrical ring 

resonator BPF 

5.75 

 

9.25 1.2 0.64 

Moore fractal 

symmetrical ring 

resonator BPF 

7.36 11.5 0.4 0.75 
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Table 3.6 Design specifications of fourth order symmetrical ring resonator BPF 

Parameter Value 

Frequency band of operation X-band 

Center frequency 10.75 GHz 

Feed impedance 50 Ω 

Substrate material RT Duroid 3010 

Dielectric constant 10.2 

Substrate thickness 1.27mm 

Copper laminate thickness 35 µm 

Order of the filter 4 

Bandwidth  2.5 GHz 

Insertion loss < 1 dB 

Return loss > 12 dB 

Q-factor 4.3 

 

 

Fig 3.23 Symmetrical ring resonator unit cell 

Table 3.7 Unit cell dimensions of symmetrical ring resonator 

Parameter a b c d 

Value (mm) 3.12 1.56 0.24 0.24 

 

Four vias of diameter 0.4mm are placed at a distance of 3.52mm in between them.  The top 

view of the proposed filter is shown in Fig 3.24. The size of the proposed filter is 10 mm × 

23.88 mm, which is approximately 2.6 λg × 1.1 λg, where λg is the guided wavelength. 
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Fig 3.24 Top view of the fourth order symmetrical ring resonator bandpass filter 

3.9.1 Results and discussion 

 

Fig 3.25 Simulation results of fourth order symmetrical ring resonator bandpass filter 

Simulation results are shown in Fig 3.25. The proposed filter has a wide pass band extended 

from 9.2 GHz to 11.7 GHz which lies in X-band. The fractional bandwidth is 23.8%.  The 

insertion loss is 0.5 dB to 1 dB. The return loss is greater than 12 dB in the passband. 
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3.10 Design of EI-shaped metamaterial bandpass filter for higher 

5G applications 

EI-shaped unit cell behaves as an LC resonant circuit to resonate at higher frequencies. The 

inductance is inversely related to length of the line and capacitance is inversely proportional to 

spacing between the lines.  EI shaped unit cells are designed to resonate at high frequencies 

resulting in design of bandpass filter at millimeter wave frequencies. The EI-shaped unit cells 

and vias are proposed along the microstrip line to design a bandpass filter useful for higher 5G 

applications. The design specifications of the filter are listed in table 3.8. 

 

Table 3.8. Design specifications of EI shaped metamaterial BPF 

 

 

 

 

 

 

 

 

 

 

 

 

The width of the microstrip line calculated using equations [2.4-2.6] is obtained as 1.1mm 

for 50Ω feed impedance. The length of the microstrip line is taken as 14mm to accommodate 

the unit cells on both sides of the line. EI-shaped unit cell is shown in Fig 3.26. and its 

dimensions are mentioned in Table 3.9. The vias are placed with a spacing of 3.7 mm along the 

microstrip line, which have a diameter of 0.4 mm. The top view of the EI shaped metamaterial 

bandpass filter is shown in Fig 3.27. 

Parameter Value 

Frequency band of Operation Higher 5G 

Center frequency 40 GHz 

Feed impedance 50 Ω 

Substrate material RT Duroid 4003C 

Dielectric constant 3.55 

Substrate thickness 0.813 mm 

Copper laminate thickness 35 µm 

Order of the filter 3 

Bandwidth  0.8 GHz 

Insertion loss 2.5 dB 

Return loss  >10 dB 

Q-factor 50 
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Fig 3.26 EI-shaped unit cell structure 

Table 3.9 Dimensions of EI-shaped unit cell 

 

 

Fig 3.27 Top view of the EI-shaped unit cell bandpass filter 

 3.10.1 Results and discussion 

 

Fig 3.28 S-parameters of EI-shaped unit cell bandpass filter 

Parameter a b c d 

Value (mm) 2.6 2.6 0.2 0.2 
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S-parameters of the simulated filter are shown in Fig 3.28. The passband range of the 

proposed filter is 39.7 GHz - 40.5 GHz lies in higher 5G band at the central frequency 40.1 

GHZ. The fractional bandwidth of the filter is 2%. The insertion loss of the proposed filter is 

less than 2.5 dB within the pass band range. The proposed bandpass filter has a sharp roll-off 

of 66 dB/GHz and 186 dB/GHz on both sides with 21 dB attenuation in both stopbands. 

Simulation results of the proposed filter are compared with published works in Table 3.10. But, 

the size of the filter is large when compared with published literature. 

Table 3.10 Comparison of EI shaped metamaterial BPF with published works 

 

 

 

 

 

 

 

3.11 Design of EIE-shaped metamaterial and slotted stubs-based 

triple passbands filter 

The EI shaped unit cell is modified to EIE shaped structure with reduced dimensions of ‘I’ 

in the unit cell. A microstrip line of width 1.75mm and length of 19.95mm is obtained to get 

impedance matching with a 50Ω feed line.  

The EIE-shaped metamaterial unit cell is shown in Fig 3.29 and dimensions are shown in 

Table 3.11. EIE-shaped metamaterial and vias are placed along the microstrip line. Open circuit 

stubs of length 2.085 mm approximately λg /8, a width of 1.05 mm nearly λg /4 are introduced 

to the microstrip line in between the EIE shaped resonator as shown in Fig 3.30. The spacing 

between the stubs is taken as 5 mm. Slots are introduced in the stubs to improve the 

performance. Vias are placed along the microstrip line to obtain better stopband attenuation. 

The diameter of the vias is chosen as 0.4mm with spacing between them as 3.7 mm. The 

combination of metamaterial structures, vias and slotted stubs resulted in a triple bandpass filter 

References Frequency 

Range 

(GHz) 

 

Fractional 

Bandwidth 

(%) 

 

Insertion 

Loss 

(dB) 

 

Size 

(λg
2) 

 

[40] 31- 32.42 4.5 1.19 - 

[41] 29-30.6 5.3 1.6 3.39 

[42] 34.2-35.8 4.28 3 0.11 

EI shaped 

BPF 

39.7-40.5 2 2.5 7 
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with good performance characteristics. The top view of the proposed bandpass filter is shown 

in Fig 3.31. The dimensions of the structure are optimised to achieve a compact triple pass 

bands bandpass filter. 

 

Fig 3.29 Structure of EIE-shaped metamaterial unit cell 

Table 3.11 Dimensions of EIE-shaped metamaterial unit cell 

 

 

 

 

Fig 3.30 Open circuit slotted stub 

 

Fig 3.31 Top view of EIE-shaped metamaterial triple bandpass filter 

 

Parameter a b c d e f 

Value (mm) 1.22 1.84 0.24 0.56 1.4 0.2 
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3.11.1 Results and discussion 

 

Fig 3.32 Top view of fabricated prototype of triple bandpass filter 

 

Fig 3.33 Simulation and measured S11 for the triple bandpass filter 

 

Fig 3.34 Simulation and measured S21 of the triple bandpass filter 



 

Chapter 3: Bandpass filters with single and multiple pass bands using metamaterials 

 

44 
 

 

(a) 

 

 

(b) 

 

(c) 

Fig 3.35 Electric field distributions of the triple bandpass filter at pass bands frequencies (a) 7.3 GHz, (b) 10.7 

GHz and (c) 13 GHz respectively 

The top view of the fabricated prototype is shown in Fig 3.32. The overall dimensions of the 

proposed filter are 7.85 mm × 19.95 mm, which are approximately 0.36 λg × 0.91 λg, where λg 

is the guided wavelength. The simulation and measured results are compared in Fig 3.33 & Fig 

3.34.  The passbands of the bandpass filter are 7.1 GHz - 7.5 GHz, 10.57 GHz - 10.78 GHz and 

12.8 GHz -13.4 GHz lies in C-band, X-band and Ku-band respectively. The fractional 

bandwidth is 5.4%, 2.5% and 4.58% for both simulation and measured results. The minimum 

insertion losses are 1.3 dB, 1.9 dB and 1.5 dB for measurement whereas for simulation are 0.8 

dB, 1 dB and 1.2 dB in the three passbands respectively. The maximum measured return losses 
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are 23 dB, 13 dB and 30 dB whereas simulation return losses are 20 dB, 19 dB and 25 dB for 

the three bands respectively. The transmission zeros are at 9 GHz, 11.8 GHz and 14.3 GHz in 

both measured and simulated results. The electric field distributions of the pass bands of the 

triple bandpass filter are shown in Fig 3.35. The transmission of the signal from input port to 

output port is observed at 7.3 GHz, 10.7 GHz and 13 GHz. The measured and simulated results 

are in good agreement. In Table 3.12, triple bandpass filter is compared with published works 

which shows that proposed triple bandpass filter is compact. 

Table 3.12 Comparison of EIE shaped metamaterial BPF with published works 

  

 

 

 

 

 

3.12 Conclusion 

In this chapter single and multi-passbands bandpass filters are designed. Bandpass filters are 

designed by loading metamaterial resonators on either side of the microstrip line and vias are 

placed from microstrip line to ground. Symmetrical ring resonators are used to design compact 

single bandpass filters for C band and X band applications. Moore fractal symmetrical ring 

resonators have given compact and wide pass passband for C band applications. Metamaterial 

resonators are also attempted for 5G applications.  Consideration of metamaterial unit cells and 

stubs resulted in multiple passbands bandpass filters in C, X and Ku bands respectively. 

References Central 

frequencies 

(GHz) 

Fractional 

Bandwidth 

(GHz) 

Insertion 

loss (dB) 

 Size 

(λg
2) 

[35] 1.93,2.6,3.9 5,11,3 1.5,0.6,1.83 0.41 

[36] 1.575,2.4,3.45 12.6,6.25,14.49 0.7,1.14,0.3 0.48 

[43] 9.15,9.6,10.3 <1,1.2,3.8 <1, <1, <1 1.18 

EIE 

metamaterial 

and slotted 

stubs BPF 

7.29, 10.67,13 5.4,2.5, 

4.58 

1.3,1.9,1.5 0.32 



 
 

Chapter 4 

Bandpass and Bandstop filter using complementary 

metamaterials 

4.1 Introduction 

In filter design, the usage of complementary metamaterial resonators provides compactness 

of the design and also wide bandwidth.  Communication devices are in great need of compact 

filters operating in microwave and millimeter wave bands. Radio location and maritime radio 

navigation applications operate in the S-band require compact bandpass filter. 

Several papers are published on design of compact bandpass filters using complementary 

split ring resonators (CSRR). Benzerga Fellah (2021) et al. proposed X band bandpass filter 

based on half-mode substrate integrated waveguide. Complementary split ring resonators are 

used as defected ground structures in the design. The bandpass filter frequency range is 13.2 

GHz – 14.8 GHz with fractional bandwidth of 11.4% at a center frequency of 14 GHz. An 

insertion loss of 2.6 dB and a return loss of 14 dB are realised. But, the filter has high insertion 

loss [44]. Snezana Lj. Stefanovski (2013) et al. presented X-band bandpass waveguide filters, 

utilizing CSRR structures as single and dual-mode resonators. The filter’s pass band frequency 

range is 11.82 GHz – 12.18 GHz. A fractional bandwidth of 3% is obtained at 12.037 GHz 

center frequency. The bandpass filter has return loss of 32 dB and insertion loss of 0.1 dB , but 

do not have sharp roll-off [45]. Hailin Cao (2013) et al. designed a bandpass filter using back-

to-back triangular complementary split-ring resonators engraved on the waveguide surface with 

a quarter-mode substrate integrated waveguide resonator.  At the center frequency of 3.7 GHz, 

the designed filter attains a wideband with a fractional bandwidth of 24.3%. The measured 

insertion loss is 1.8 dB at 3.7 GHz and the return loss is better than 10 dB from 3.4 to 4.2 GHz 

but the filter has high insertion loss [46]. 

Bandstop filters are also required at many stages of communication systems and healthcare 

applications. Fixed-Satellite broadcast services, Aviation, Cable TV relay applications comes 

under Ku band. Compact wideband bandstop filters are to be designed in the Ku band to meet 

the present-day requirements. 

 Many papers are published to design compact bandstop filters. Hicham Lalj (2013) et al. 

proposed a design of compact microstrip bandstop filters based on complementary split ring 

resonators using an array of miniaturized loaded CSRRs etched below the microstrip line on 
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the ground plane. The filter has a stop band from 5 GHz – 6.8 GHz with stopband attenuation 

of 43 dB at center frequency [47]. S. Thomas Niba (2020) et al. presented a bandstop filter 

using half-wavelength transmission lines which is based on the design and optimization 

technique. The designed filter stop band frequency range is 6 GHz – 7 GHz with stopband 

attenuation of 25 dB at center frequency [48]. 

In the proposed work, complementary triple concentric split ring resonators are employed 

for the first time on both sides of the gaps of the microstrip line and vias are used to short the 

microstrip line and ground plane resulting in a bandpass filter useful for radar applications. 

Complementary symmetrical ring resonators are loaded in the ground plane just beneath the 

microstrip line, resulting in a compact bandstop filter with high stopband attenuation and wide 

stopband in the Ku band. 

4.2 Complementary split ring resonator 

The structure that results from removing the split ring resonator topology from a metallic 

sheet can be considered as the SRR's complementary structure known as a complementary split 

ring resonator (CSRR). It can be excited using either a magnetic field applied to the structure 

plane or with axial electric field. CSRR exhibits negative permittivity for a certain frequency 

band. A well-known method to realize filters is to have CSRR etched on the ground plane below 

the microstrip line. Good in-band and out-of-band performance are offered by filters with 

CSRRs. The structure of complementary split ring resonator is shown in Fig 4.1. 

 

Fig 4.1. Complementary split ring resonator unit cell 
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4.3 Design of bandpass filter using complementary split-ring 

resonators for S-band applications 

A novel compact triple complementary resonant metamaterial structures, gaps, vias are 

implemented for S-band filter applications. Gaps are introduced along the microstrip line. Via 

filled with copper is placed along the microstrip line in between the microstrip line and ground 

plane. Triple concentric split ring resonators consist of three concentric square rings are etched 

from the ground plane. The design specifications of the proposed filter are listed in Table 4.1. 

Novelty: The gaps and vias are used with in a design for the first time.  A single via 

introduces a pass band with the proposed design dimensions at lower frequencies. The coupling 

effect of triple concentric split ring resonator improves return loss of the bandpass filter. 

Table 4.1 Design specifications of complementary triple concentric split ring resonator BPF 

 

 

 

 

 

 

 

 

Fig 4.2 Triple concentric split ring resonator unit cell 

 

Parameter Value 

Frequency band of operation S-band 

Center frequency 3 GHz 

Feed impedance 50 Ω 

Substrate material RT Duroid 3010 

Dielectric constant 10.2 

Substrate thickness 0.13mm 

Copper laminate thickness 35 µm 

Order of the filter 2 

Bandwidth 0.3 GHz  

Insertion loss 1.5 dB 

Return loss 16 dB 

Q-factor 10 
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Table 4.2 Dimensions of the triple concentric split ring resonator unit cell 

Parameter  a b c d e 

Value (mm) 5 5 0.4 0.2 0.2 

 

The triple concentric split ring resonator unit cell is shown in Fig 4.2. and its dimensions are 

mentioned in Table 4.2. The consideration of three rings increases the greater flexibility for the 

design by incorporating additional inductance and capacitance effect. In addition, the size of 

the unit cell is also reduced to realise a compact filter.  

A microstrip line of length of 17.5 mm and width of 2.25 mm is designed based on equations 

[2.4-2.6] for impedance matching with a 50Ω feed line. Gaps of length 0.15mm are placed along 

the microstrip line and via with diameter of 0.4 mm is placed through the substrate from the 

microstrip line to the ground plane to lie midway in between the gaps. The top and bottom 

views of the realised filter are shown in Fig 4.3 and Fig 4.4. respectively. The dimensions of 

the proposed filter are 17.5 mm×7.81 mm (0.55 λg ×0.25 λg). 

 

Fig 4.3  Top view of the triple concentric split ring resonator bandpass filter 

 

Fig 4.4 Bottom view of the triple concentric split ring resonator bandpass filter 
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4.3.1 Results and discussion 

 

Fig 4.5 S-parametrs of triple concentric split ring resonator bandpass filter 

The simulation results are shown in Fig 4.5. The proposed filter has a passband from 2.85 

GHz-3.15 GHz lies in S-band with  center frequency at 3 GHz and fractional bandwidth of 3%. 

The insertion loss of the filter is 1.5 dB at the center frequency. The roll-off rate of the filter is 

58.8 dB/GHz on the lower side and 67.8 dB/GHz on the upper side. From Table 4.3, it can be 

concluded that the proposed filter is compact and also has low insertion loss. The proposed 

design is useful for S-band applications. 

Table 4.3 Comparison of complementary triple concentric split ring resonator BPF with published works 

 

 

 

 

 

 

 

 

 

Compared to the results of [49] the proposed filter has better insertion loss and the design is 

complex compare to the proposed design. 

References Center 

frequency 

(GHz) 

Fractional 

Bandwidth 

(%) 

Stop 

band 

Rejection 

over 

stopband 

Insertion 

loss (dB) 

Size 

(λg
2) 

[49] 5 7.6 5.2 GHz- 

50 GHz 

> 20 dB 1.8 0.1 

[23] 3.41 3.5 3.7 GHz-

4.5 GHz 

> 20 dB <1 0.38 

[24] 10 12 10.6 GHz 

-16.3 GHz 

> 37 dB 1.59 0.39 

Triple 

concentric 

CSRR BPF  

3 

(2.85-3.15) 

3 3.15 GHz-

11.5 GHz 

> 20dB 1.5 0.13 
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4.4 Design of compact complementary symmetrical ring resonator 

bandstop filter for Ku band applications 

A bandstop filter is proposed using complementary symmetrical ring resonator structures 

which are periodically etched in the ground plane along the microstrip line for Ku band 

applications in the frequency range 12 GHz – 18 GHz. The design specifications are shown in 

Table 4.4. 

Table 4.4 Design specifications of complementary symmetrical ring resonator BSF 

 

 

 

 

 

 

 

 

 

The microstrip line is designed for 50 Ω feed impedance. All pass filter is designed by 

choosing a microstrip line width of 2.06 mm on RT Duroid 4003C substrate material 

considering substrate height of 0.813 mm and dielectric constant of 3.55 based on the equations 

[2.4-2.6]. The length of the microstrip line is taken as 19.23 mm. 

The design of the bandstop filter is proposed initially by designing an all-pass filter with the 

microstrip line. Complementary resonant structures are incorporated in the ground plane for the 

bandstop filter. The magnetic field is induced around the microstrip line. The presence of a 

dielectric substrate makes the field lines to be tightly concentrated just below the central 

conductor and the electric flux density reaches its maximum value in the vicinity of this region. 

If an array of complementary symmetrical ring resonator structures which act as LC resonators 

are etched on the ground plane aligned with the microstrip line, strong coupling with the desired 

polarization is expected, which results in a single negative medium with a negative permittivity. 

Therefore, the previously propagating waves in the absence of complementary symmetrical ring 

resonators become evanescent waves. Consequently, the signal propagation is inhibited over a 

Parameter Value 

Frequency band of operation Ku band 

Center frequency 12.87 GHz 

Feed impedance 50 Ω 

Substrate material RT Duroid 4003C 

Dielectric constant 3.55 

Substrate thickness 0.813mm 

Copper laminate thickness 35 µm 

Order of the filter 4 

Bandwidth  1.6 

Stopband attenuation 31 dB 

Q-factor 8 
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certain band of frequencies. Thus, the use of resonators along the microstrip line forms a 

bandstop filter.  

The structure of unit cell of the complementary symmetrical ring resonator is shown in Fig 

4.6. The dimensions of the unit cell are shown in Table 4.5. 

 

Fig 4.6 Structure of complementary symmetrical ring resonator unit cell 

Table 4.5 Unit cell dimensions of complementary symmetrical ring resonator 

 

 

The top view and bottom view of the proposed filter are shown in Fig 4.7 and Fig 4.8 

respectively. The total size of the proposed filter is 19.23×4.78 mm2, which is approximately 

1.5 λg by 0.37 λg, where λg is the guided wavelength at the center frequency.  

 

Fig 4.7 Top view of complementary symmetrical ring resonator bandstop filter 

 

 

Fig 4.8 Bottom view of complementary symmetrical ring resonator bandstop filter 

Parameter a b c d e 

Value (mm) 3.12 1.56 0.2 1.24 0.24 
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4.4.1 Equivalent circuit realization 

The lumped element equivalent circuit of the proposed bandstop filter is represented using 

the T circuit model as shown in Fig 4.9. The microstrip line consists of series inductance and 

shunt capacitance. The series inductance ‘L’ is calculated using the equations [4.1- 4.2], 

                                               (4.1) 

 

  (4.2) 

 

 The coupling between the microstrip line and complementary symmetrical ring resonator 

structures is represented by CC. Lr and Cr represent the equivalent inductance and capacitance 

of resonant structures used in the proposed design. The inductance and capacitance values are 

determined using equation 4.3 where fr represents the resonant frequency of the proposed 

bandstop filter determined from the simulation results. 

             (4.3) 

 

 

Fig 4.9 Equivalent circuit model for the complementary symmetrical ring resonator bandstop filter 
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4.4.2 Results and discussion 

 

 

Fig 4.10 Comparison of S-parameters of complementary symmetrical ring resonator bandstop filter from 

simulation and equivalent circuit 

Labels represented are for a bandstop filter. Out of band responses are different for 

simulation and equivalent circuit results may be due to the different analysis techniques such 

as Finite element method in HFSS and Method of moments in AWR. The variations are resulted 

in the simulation results. 

 

 

Fig 4.11 Electric field distribution for a complementary symmetric ring resonator bandstop filter at 11.5 GHz 

frequency in the passband 

 

Fig 4.12 Electric field distribution for a complementary symmetric ring resonator bandstop filter at 12.6 GHz 

frequency in the stopband 
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Fig 4.13 Electric field distribution for a complementary symmetric ring resonator bandstop filter at 14 GHz 

frequency in the passband 

 

Fig 4.14 Top view of fabricated complementary symmetrical ring resonator bandstop filter 

 

Fig 4.15 Bottom view of fabricated complementary symmetrical ring resonator bandstop filter 
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Fig 4.16 Simulation and measured S-parameters of complementary symmetrical ring resonator bandstop filter 

The variations in the S21 are due to dielectric losses, SMA connector and cable losses. The 

shift in the passband frequency may be due to dimensional tolerances during etching of the 

copper material at the time of fabrication. 

The designed complementary symmetrical ring resonator bandstop filter is simulated with 

an Ansys HFSS simulator using the finite element method. The equivalent circuit is determined 

from the simulation results of HFSS and the circuit is simulated using AWR design to determine 

the S11 and S21 response.  The comparison of S11 and S21 simulation results is shown in Fig 4.10.  

The fractional bandwidth of the simulated bandstop filter is 11.9% with stopband from 12 GHz 

- 13.5 GHz. The proposed filter has a center frequency of 12.72 GHz. The maximum attenuation 

obtained is nearly 39 dB in the stopband.  

The fractional bandwidth obtained for the equivalent circuit is 11.2% at center frequency 

12.58 GHz with stopband from 11.9 GHz - 13.3 GHz. The maximum attenuation obtained 

through electrical simulation is nearly 36 dB. The simulation and equivalent circuit results have 

a good agreement. The electric field distribution for the bandstop filter at 11.5 GHZ, 12.6 GHz 

and 14 GHz are shown in Fig 4.11 to Fig 4.13. The signal propagation from input port to output 

port is observed in Fig 4.11 and Fig 4.13. The signal inhibition is observed in Fig 4.12. 

The fabricated top and bottom views of the proposed bandstop filters are shown in Fig 4.14 

and Fig 4.15 respectively. The measured and simulation results are compared in Fig 4.16.  The 

frequency range of the bandstop filter is 12.1 GHz - 13.7 GHz lies in Ku-band from the 

measurement results. The fractional bandwidth is 12.4%. The maximum stopband attenuation 

is nearly 31 dB. An insertion loss of nearly 4 dB is obtained in the passband with measurement. 

The performance of the designed bandstop filter is compared with published work in Table 4.6. 
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The designed filter is compact and has high stopband attenuation when compared with 

published work.   

Table 4.6 Comparison of complementary symmetrical ring resonator BSF with published works 

 

 

 

 

 

 

 

 

 

4.5 Conclusion 

In this chapter, compact bandpass and bandstop filters are designed using complementary 

resonators. For bandpass filter, gaps and vias are also introduced for realising the desired 

passbands for S-band applications, whereas for bandstop filter only complementary structures 

are able to give the desired stopbands for Ku band applications. Both filters have shown good 

performance characteristics with complementary metamaterial structure. Compactness is 

achieved for bandpass filters by using complementary structure. Compactness and wide 

stopband are obtained for bandstop filter by using complementary structures. 

 

References Center 

frequency 

(GHz) 

Fractional 

Bandwidt

h (%) 

Stopband 

Attenuatio

n (dB) 

Size (λg
2) 

[50] 11.4 9.6 35 0.75 

[51] 3.5 9.2 21.6 3.2 

[52] 2.4 8.3 24 2.13 

[22] 3.7 53 27 0.28 

[53] 3.33 3 12.08 0.72 

[54] 10.74 14.7 20 2.77 

Complementary 

symmetrical ring 

resonator BSF 

12.87 12.4 31 0.55 



 

 
 

Chapter 5 

Multiband bandpass filters using a combination of 

metamaterials and complementary metamaterials 

5.1 Introduction 

For multiband operations filters are significant components in microwave and millimeter 

wave transceivers. In upcoming applications, several communication standards are provided 

for operation especially in mobile terminals also the size of the filter needs to be reduced to 

meet the mass and volume requirements of the entire system particularly for satellite system 

and mobile devices. Multiband bandpass filters are an attractive solution to select multiple 

bands using single filter with a relatively compact circuit size. To incorporate two or more 

desired communication bands in a single unit and to filter unwanted frequencies, filters with a 

multi-band response have attracted more and more interest in modern devices implemented for 

different applications. Many applications are emerging in millimeter wave region like 

broadcasting, mobile phone and remote sensing. GPS application falls in L band and WLAN 

and Wimax applications are in the C band. All the above-mentioned applications need 

multiband bandpass filter. 

Several design methods are proposed for multiband bandpass filters in published literature. 

D.C.H. Bong (2019) et al. synthesized a dual bandpass filter using a chained response method 

which has multiple passbands at center frequencies of 26.1 GHz and 27.9 GHz with fractional 

bandwidth of less than 1% for both bands and with insertion loss of 1 dB, 1.4 dB respectively, 

but the designed filter is large in size [55]. D. Bukuru (2017) et al. presented a compact quad 

bandpass filter by using two coupled half-wavelength quad mode stepped impedance 

resonators. The filter has passband center frequencies at 2.4 GHz, 3.3 GHz, 5.38 GHz and 6.48 

GHz with fractional bandwidth of 3%, 6.41%, 3.7 %, 4.56 % and insertion loss of 1.9 dB, 1.6 

dB, 3.5 dB, 3.2 dB respectively. But, the filter has high insertion loss [31]. C.F. Chen (2012) et 

al. designed a bandpass filter using a coupling technique which has passbands at 1.55 GHz, 

2.79 GHz, 3.29 GHz, 4.47 GHz with fractional bandwidth of 3.1 %, 3.22 %, 2.79 %, 2.23 % 

and insertion loss of 2.8 dB, 2.9 dB, 2.6 dB and 2.3 dB respectively. But this design has high 

insertion loss [56].  Y. Guo (2018) et al. proposed a quint bandpass filter using a two-layer PCB 

manufacturing technique, EBG material and lumped capacitors that have center frequencies at 

1.53 GHz, 1.9 GHz, 2.35 GHz, 2.86 GHz and 3.3 GHz with fractional bandwidth of 1.91%, 

1.31%, 1.62%, 1.05% and 0.97% and insertion loss of 2.2 dB, 3.6 dB, 2.5 dB, 2.6 dB and 5.4 
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dB respectively, but the size of the filter is large due to periodic structure [57]. J. Ai (2016) et 

al. designed a multiband bandpass filter using three quarter wave stepped impedance resonators 

with a common short point to the ground that has center frequencies at 2.1 GHz, 3 GHz, 4 GHz, 

4.7 GHz, 7.2 GHz with fractional bandwidth of 13.7%, 5.6%, 10.5%, 5.1% and 2.9% and 

insertion loss of 0.98 dB, 1.78 dB, 1.22 dB, 1.77 dB and 2.39 dB respectively, but this design 

has high insertion loss at lower frequencies [58].   

H. Y. Gao (2016) et al. proposed two dual bandpass filters one using complementary split 

ring resonators, complementary spiral resonators (CSR) on tapered substrate integrated 

waveguide. The designed filter pass bands have center frequencies at 4.32 GHz and 5.52 GHz 

with fractional bandwidth of 5.76% and 4.98% and insertion loss of 2.79 dB and 2.92 dB 

respectively. Second filter is proposed with substrate integrated waveguide has passband center 

frequencies at 3.84 GHz and 4.96 GHz with fractional bandwidth of 6.69% and 5.28% and 

insertion loss of 1.65 dB and 3.33 dB respectively. But the filter has high insertion loss [59]. A. 

Rouabhi (2022) et al. developed a filter with dual passbands using tapered SRRs which consist 

of asymmetric shaped square rings with interlinking has center frequencies at 5.02 GHz and 

8.92 GHz with fractional bandwidth of less than 1% for both bands. The insertion loss is 6.22 

dB and 5.23 dB respectively. But the filter has high insertion loss and low fractional bandwidth 

[60].  

H. Fabian Gongora (2021) et al. presented a tunable triband frequency selective surface unit 

cell based on varactor diode loaded split ring slots. When the varactor diode is reverse biased, 

capacitance is introduced between the split rings then the resonant frequencies are at 8.74 GHz, 

10.03 GHz and 11.77 GHz with insertion loss of 0.8 dB, 1.4 dB and 1.7 dB respectively, when 

diode is off, the resonant frequencies are  at 8.53 GHz, 9.7 GHz and 11.47 GHz with insertion 

loss of 1.1 dB, 2.3 dB and 2.4 dB respectively [61]. A. Kumar (2017) et al. proposed a compact 

tri-band bandpass metamaterial filter based on a meander line with a rectangular stub that has 

center frequencies at 2.1 GHz, 5.7 GHz and 7.3 GHz with fractional bandwidth of 57.1%, 8.7% 

and 4.1%, insertion loss of 0.8 dB, 1.6 dB and 2.4 dB respectively [62].  

M. U. Rahman (2018) et al. designed a bandpass filter for three bands using resonators and 

stub loading on line. The resonators are further coupled with internal resistors for dual-mode 

operation, but the size of the filter is large [36] . N. Kumar (2014) et al. presented a compact 

three stubs loaded open-loop resonator-based triple bandpass filters, one filter has passband 

center frequencies at 1.59 GHz, 3.12 GH and 4.02 GHz with fractional bandwidth of 15.7%, 

12.7% and 5.71%, another one has passband center frequencies at 1.93 GHz, 3.6 GHz and 4.89 

GHz with fractional bandwidth of 19.2%, 11.6% and 2.86% respectively  [63].  
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Designing a multiband bandpass filter is complex as all the passbands must have good 

performance. Several techniques are to be involved in the design, to get better performance for 

all bands. Metamaterials, complementary metamaterials, gaps, vias, stubs and stepped 

impedance resonators are employed to improve stop band attenuation for stop bands in between 

passbands and to improve return loss for pass bands. Novel structures like EI coupling 

structures are used for filter design at higher 5G band application. Stepped impedance 

resonators are also employed in the design of filters. 

5.2 Stepped impedance resonators 

 

Fig 5.1 Stepped impedance resonator  

 Stepped impedance is realized with transmission lines of low and high impedances. Stepped 

impedance resonator is made up of two transmission lines with different lengths and 

characteristic impedance as shown in Fig 5.1. The resonant frequency of stepped impedance 

resonator is realized by adjusting the high and low impedance of the lines. These resonators 

when applied to filters suppress spurious frequencies and also control the insertion loss. 
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5.3 Design of EI-shaped metamaterial and complementary split 

ring resonator based multiband bandpass filter for higher 5G 

applications 

EI-shaped metamaterial structure and vias are proposed along the microstrip line to design a 

bandpass filter. EI-shaped unit cell is designed as LC resonant circuit to resonate at higher 

frequencies. CSRRs are placed beneath the microstrip line in the proposed design to generate 

multiple bands at higher 5G frequency bands. The design specifications are listed in Table 5.1. 

Table 5.1 Design specifications of EI shaped metamaterial and CSRR BPF 

Parameter Value 

Frequency band of operation Higher 5G  

Center frequency 38.75 GHz, 39.08 GHz, 40.02 

GHz, 42.02 GHz and 42.93 GHz 

Feed impedance 50 Ω 

Substrate material RT Duroid 4003C 

Dielectric constant 3.55 

Substrate thickness 0.813mm 

Copper laminate thickness 35 µm 

Order of the filter 3 

Bandwidth 0.2 GHz, 0.04 GHz, 0.35 

GHz,0.11 GHz, 0.1 GHz. 

Isolation  24 dB, 30 dB,32 dB,48 dB, 23 dB 

Insertion Loss 1.67 dB, 2 dB, 1.54 dB, 2.45 dB, 

2 dB 

Return Loss 18 dB, 17 dB, 20 dB,13.7 dB, 

21.5 dB. 

Q-factor 977 

 

The width of the microstrip line for the multi-bandpass filter is 0.95mm and the length of 

the microstrip line is 14mm using equations [2.4-2.6] for 50Ω feed impedance. The diameter of 

the vias is 0.4mm and the spacing between them is 3.7mm. EI-shaped unit cell is shown in Fig 

5.2. and its dimensions are mentioned in Table 5.2. Complementary split ring resonator is 

shown in Fig 5.3 and its dimensions are listed in Table 5.3. The layout of the EI shaped 

metamaterial quint bandpass filter is shown in Fig 5.4. 
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Fig 5.2 Structure of EI-shaped metamaterial unit cell 

Table 5.2 Dimensions of EI shaped metamaterial unit cell  

 

 

 

Fig 5.3 Structure of complementary split ring resonator 

Table 5.3 Dimensions of complementary split ring resonator  

 

 

 

Fig 5.4 Layout of the EI-shaped metamaterial quint bandpass filter 

 

 

Parameter a b c d 

Value (mm) 2.6 2.6 0.2 0.2 

Parameter a b c d 

Value (mm) 0.8 1.3 0.1 0.1 
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5.3.1. Results and discussion 

 

Fig 5.5 S-parameters of the simulated EI-shaped metamaterial quint bandpass filter 

The proposed bandpass filters are simulated by the finite element method (FEM) using the 

software package ANSYS's HFSS. The S-parameters of the simulated quint passband filter is 

shown in Fig 5.5.  The response of the quint bandpass filter has a frequency range from 38.65 

GHz-38.85 GHz, 39.06 GHz-39.1 GHz, 39.9 GHz-40.25 GHz, 41.96 GHz-42.07 GHz, 42.87 

GHz-42.97 GHz. The proposed quint bandpass filter has fractional bandwidth of 0.5%, 0.1%, 

0.94%, 0.23% and 0.23% at the respective frequency bands. The insertion loss of the quint 

bandpass filter is 1.67 dB, 2 dB, 1.54 dB, 2.45 dB and 2 dB respectively at the center 

frequencies. The return loss is greater than 13.7 dB all over the passbands and band-to-band 

isolation is better than 24 dB. The electric field distribution of quint passbands is shown in Fig 

5.6 to Fig 5.10. The signal propagation from input port to output port is observed at all pass 

band frequencies. The proposed quint bandpass filter is compared with published works in 

Table 5.4.  

 

Fig 5.6 Electric field distribution of the passband at 38.75 GHz of quint bandpass filter 
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Fig 5.7 Electric field distribution of the passband at 39.08 GHz of quint bandpass filter 

 

Fig 5.8 Electric field distribution of the passband at 40.02 GHz of quint bandpass filter 

 

Fig 5.9 Electric field distribution of the passband at 42.02 GHz of quint bandpass filter 

 

Fig 5.10 Electric field distribution of the passband at 42.93 GHz of quint bandpass filter 
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Table 5.4 Comparison of EI shaped metamaterial and CSRR BPF with published works 

References Frequency 

range (GHz) 

FBW (%) IL (dB) Size (λg
2) 

[64] 4.22-4.38,4.59-

4.61, 4.88-4.93 

3.7, 0.4, 1 <1, <1, <1 0.48 

[65] 0.5-1.03,2-3.41, 

3.18-3.8,4.05-

4.9,5.2-6.25 

10.6, 33.5, 

17.6, 16, 

20 

0.12, 0.68, 

0.28, 0.65, 

0.57 

0.01 

[66] 0.43-0.68, 1.5-

1.54, 

3.64-3.91,4.69-

4.72, 4.2-5.6 

50, 1.4, 

5.8, 1.2, 

5.5 

0.1, 0.2, 

0.2, 0.25, 

0.15 

0.01 

[67] 2.31-2.46, 3.35-

3.68, 5.1-5.4, 

6.63-6.91 

6.4, 9.4, 

3.8, 4.9 

0.5, 1.3, 

1.3, 1 

0.09 

[57] 1.52-1.54, 1.8-

1.85, 

2.3-2.35, 2.8-

2.84, 

3.3-3.32 

1.91, 1.13, 

1.62, 1.05, 

0.97 

2.2, 3.6, 

2.5, 2.6, 

5.4 

0.21 

[58] 1.97-2.28, 2.92-

3.1, 

3.7-4.1, 4.55-

4.8, 

7.12-7.36 

13.7, 

5.6,10.5, 

5.1, 2.9 

 

0.98, 1.78, 

1.22, 

1.77, 2.39 

0.1 

Quint band 

pass filter 

38.65-38.85, 

39.06-39.1, 

39.9-40.28, 

41.96-42.06, 

42.87-42.97. 

0.5, 0.1, 

0.94, 0.23, 

0.23 

1.67, 2, 

1.54, 2.45, 

2 

7 
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5.4 Design of dual band bandpass filters using metamaterials and 

spiral resonators for L band and S band applications 

Bandpass filter is designed with gaps, vias and complementary split ring resonators [4.3]. A 

dual bandpass filter is designed by modifying the gap on the microstrip line as spiral resonator. 

The design specifications are shown in Table 5.5.  

Microstrip line has a width of 2.25 mm for impedance matching with 50Ω feed line. Gaps 

along the microstrip line are 0.15 mm while via filled with copper has a diameter of 0.4 mm 

and placed through the substrate from the microstrip line to the ground plane. Complementary 

triple concentric split ring resonators are etched on the ground plane beneath the microstrip line. 

Table 5.5 Design specifications of dual bandpass filter 

 

 

 

 

 

 

 

 

Fig 5.11 Top view of the dual bandpass filter 

Parameter Value 

Frequency band of operation L band, S band 

Center frequency 1.32 GHz, 2.47 GHz 

Feed impedance 50 Ω 

Substrate material RT Duroid 3010 

Dielectric constant 10.2 

Substrate thickness 0.13mm 

Copper laminate thickness 35 µm 

Order of the filter 2 

Bandwidth 0.1 GHz, 0.2 GHz 

Isolation 20 dB 

Insertion loss  1.3 dB, 1.8 dB 

Return loss 15 dB, 16 dB 

Q-factor 13 
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Fig 5.12 Bottom view of the dual bandpass filter 

 

 

Fig 5.13 Fabricated top view of the dual bandpass filter 

 

 

Fig 5.14 Fabricated bottom view of the dual bandpass filter 

 The gaps along the microstrip line are modified as spiral resonator to have the effect of 

coupled lines. The dimensions of the filter are 14 mm × 15.81mm which is approximately 0.19 
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λg × 0.21 λg, where λg is the guided wavelength at the lowest center frequency. The top and 

bottom views of the simulated dual bandpass filter are shown in Fig 5.11 and Fig 5.12, 

respectively while that of fabricated prototypes are shown in Fig 5.13 and Fig 5.14, respectively. 

5.4.1 Results and discussion 

 

Fig 5.15 Simulation and measured return loss S11 of the dual bandpass filter 

 

Fig 5.16 Simulation and measured insertion loss S21 of the dual bandpass filter 

The simulation and measured S11 and S21 results for the dual bandpass filter are shown in Fig 

5.15 & Fig 5.16, respectively. The simulated dual bandpass filter has center frequencies at 1.3 

GHz and 2.46 GHz with fractional bandwidth of  8% and 4.85% for first and second band 

respectively. The minimum insertion loss obtained is 1.15 dB and 1.7 dB for first and second 

bands respectively. The return loss is 21 dB for the first band and 17 dB for the second band. 

The measured dual bandpass filter has passband center frequencies at 1.32 GHz and 2.47 GHz 

lies in L-band and S-band respectively. The fractional bandwidth of the proposed filter is 7.5% 
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for the first band and 4.85% for the second band. The minimum insertion loss obtained is 1.3 

dB for the first band and 1.8 dB for the second band. The return loss is 15 dB for the first band 

and 16 dB for the second band. The roll-off rate for the first band is 203 dB/GHz on the lower 

side, 64 dB/GHz on the upper side, for the second band 35 dB/GHz on the lower side and 94.6 

dB/GHz on the upper side. The dual bandpass filter is of size 0.039 λg
2 and is compact and 

useful for GPS and WLAN applications. From Table 5.6. it is observed that the dual bandpass 

filter is compact. 

Table 5.6 Dual bandpass filter comparison table 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

References Center 

frequency 

(GHz) 

Fractional 

bandwidth 

(%) 

Insertion 

loss (dB) 

Size 

(λg
2) 

[59] Type 1 4.32,5.52 5.76,4.98 2.79,2.92 0.22 

Type 2 3.84,4.96 6.69,5.28 1.65,3.33 0.07 

[60] 8.89,11.04 <1, <1 2.68,2.61 3.3 

[68] 5.57,7.84 6.8,4.1 1.8,2 0.22 

[69] 5.02,8.92 <1, <1 6.22,5.23 0.17 

Dual 

bandpass 

filter 

1.32, 2.47 

 

7.5,4.85 1.3,1.8 0.039 
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5.5 Design of triple band bandpass filters using metamaterials, 

stepped impedance resonators and stubs for L-band and S-band 

applications  

Triple bandpass filter is realised from dual bandpass filter [5.4] by introducing T-shaped 

stubs on the microstrip line to lie between the spiral resonators. The T-shaped stubs with 

optimum dimensions are added in between spiral resonators to improve the return loss and to 

generate triple pass bands. Further stepped impedance resonators are introduced along the 

microstrip line at the input and output ports. The design specifications of triple bandpass filter 

are listed in Table 5.7.  

Table 5.7 Design specifications of triple bandpass filter 

 

 

 

 

 

 

 

 

 

 

Fig 5.17 Top view of the triple bandpass filter 

Parameter Value 

Frequency band of operation L band, S band 

Center frequency 1.29 GHz, 2.27 GHz, 3.21 GHz 

Feed impedance 50 Ω 

Substrate material RT Duroid 3010 

Dielectric constant 10.2 

Substrate thickness 0.13mm 

Copper laminate thickness 35 µm 

Order of the filter 2 

Bandwidth 0.15 GHz, 0.32 GHz, 0.1 GHz 

Isolation 20 dB for both bands 

Insertion loss 1.6 dB, 1.3 dB, 1.8 dB 

Return loss 17 dB, 13 dB, 18 dB 

Q-factor 32 
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Fig 5.18 Bottom view of the triple bandpass filter 

 

 

Fig 5.19 Fabricated top view of Triple bandpass filter 

 

 

Fig 5.20 Fabricated bottom view of Triple bandpass filter 

The dimensions of the designed filter are 22mm × 15.81mm which can also be represented 

as 0.3 λg × 0.2 λg, where the guided wavelength (λg) is calculated at the lowest center frequency. 

The top and bottom views of the triple bandpass filter are shown in Fig 5.17 and 5.18, while 

that of the fabricated filters are shown in Fig 5.19 and 5.20, respectively. 
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 5.5.1 Results and discussion 

 

Fig 5.21 Simulation and measured return loss S11 of the triple bandpass filter 

 

Fig 5.22 Simulation and measured insertion loss S21 of the triple bandpass filter 

The simulation and measurement results  for S11 and S21  of the triple bandpass filter are 

shown in Fig 5.21 & Fig 5.22, respectively. The simulated triple bandpass filter has center 

frequencies at 1.27 GHz, 2.2 GHz and 3 GHz lies in L-band and S-band. The fractional 

bandwidth for the first band is 1%, for the second band is 6% and for the third band is 1.8%. 

The minimum insertion loss obtained is 1.2 dB, 0.99 dB and 1.5 dB respectively. The return 

loss is 18 dB,17 dB and 22 dB respectively. The measured triple bandpass filter have center 

frequencies at 1.29 GHz, 2.27 GHz and 3.21 GHz. The fractional bandwidth is 1.16%, 11.4% 

and 1.86%  for all three bands respectively. The minimum insertion loss obtained is 1.6 dB, 1.3 

dB and 1.8 dB respectively in the passband. The return loss is 17 dB,13 dB and 18 dB 

respectively. The roll-off rate for the first band is 262 dB/GHz on the lower side and 115 

dB/GHz on the upper side, for the second band it is 56 dB/GHz on the lower side, 49 dB/GHz 
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on the upper side, for the third band it is 47 dB/GHz on the lower side and 180 dB/GHz on the 

upper side.   

 The triple bandpass filter size is 0.06 λg
2  which is compact and useful for GPS, WLAN, 

WiMAX applications. The right shift in frequency response of return loss is observed may be 

due to dimensional tolerances at the time of fabrication. The variations in S21 may be due to 

cable losses, SMA connector losses. From Table 5.8. it is observed that the triple bandpass filter 

is compact.  

Table 5.8 Triple bandpass filter comparison table 

References Center frequency 

(GHz) 

Fractional 

bandwidth (%) 

Insertion loss 

(dB) 

Size 

(λg
2) 

 [61] 8.63,9.86,11.62 2.4,3.3,2.5 0.8,1.4,1.7 0.97 

[36] 1.575,2.4,3.45 10,5,11 0.7,1.14,0.3 0.54 

 [63] 1.93,3.6,4.89 19.2, 1.6, 2.86 - 0.076 

 [35] 1.96,2.6,3.9 5,11,3 1.5,0.6,1.83 0.41 

[62] 2.1,5.7,7.3 57.1,8.7,4.1 0.8,1.6,2.4 0.073 

Triple 

bandpass 

filter 

1.29,2.27,3.21 1.16,11.4,1.86 1.6,1.3,1.8 0.06 

 

5.6 Conclusion 

A Quint bandpass filter is designed using EI-shaped resonators  and complementary split 

ring resonators for higher 5G applications. Spiral resonators and T shaped stubs are applied for 

compact design. A compact dual bandpass filter is designed for GPS and WLAN applications. 

A compact triple bandpass filter is designed using complementary triple concentric split ring 

resonators, spiral resonators and T shaped stubs for GPS, WLAN and Wimax applications. 

 



 

 
 

Chapter 6 

Bandpass filters using microstrip coupled resonators 

6.1 Microstrip coupled resonators 

Coupled resonator circuits are used for the design of compact microwave/millimeter wave 

filters. Coupled resonator circuits can be applied for the design of waveguide filters, dielectric 

resonator filters, ceramic combline filters and microstrip filters. The coupling between the 

microstrip line and resonators, among resonators is based on the proximity and the associated 

fringe fields. Resonators can be coupled directly or in proximity to the microstrip line. Different 

types of coupling configurations like electric coupling, magnetic coupling and mixed-coupling 

are shown in Fig 6.1.  

 

Fig 6.1 Types of coupling 

Commercial applications like fixed-satellite, mobile satellite, remote sensing applications 

comes under Upper Microwave Flexible Use Services. Several papers are published to design 

bandpass filters at higher frequencies using different waveguide technologies. H. Hanen (2012) 

et al. designed a bandpass filter at 28 GHz frequency with dielectric waveguide which has 

fractional bandwidth of 5.14% and insertion loss of 0.15 dB. But the size of the filter is large 

[70]. K. Onaka (2017) et al. proposed a bandpass filter using a quartz crystal waveguide at 28 

GHz band which has fractional bandwidth of 10.4% and insertion loss of 1.2 dB. But the filter 

size is large [71]. D. C. Bong (2019) et al. used waveguide topology to design a dual bandpass 

filter at 26 GHz and 28 GHz which has fractional bandwidth less than 1% for both bands and 

insertion loss is 1 dB and 1.4 dB for first and second bands respectively. Size of the filter is 

large [55]. 

Coupled transmission lines are proposed in the literature for design of filters [72]. 

Metamaterial structures can exhibit novel electromagnetic properties at microwave and 

millimeter wave frequencies that cannot be obtained using conventional materials. By 

employing metamaterial units as coupled resonators, it is possible to achieve good 

miniaturization in filters. A.A. Ibrahim (2018) et al. designed a bandpass filter using microstrip 
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coupled split-ring resonators that have a center frequency at 2.4 GHz with fractional bandwidth 

of 12.5%. The insertion loss and return loss are 0.7 dB and 15 dB respectively [30]. Ghaith 

Mansour et.al. proposed a cross-coupled microstrip bandpass filter composed of C-shaped 

square resonators and tapped feed lines. The proposed bandpass filter resonates at 2GHz with 

fractional bandwidth of about 5%. The return loss is 25 dB, insertion loss is 6 dB in the passband 

which is high [73].  

Mohammed Chetioui et.al. presented a cross-coupled trisection bandpass filter using open-

loop resonators. The simulated trisection filter with a passband center frequency of 1.025 GHz 

exhibits an insertion loss of 0.6 dB, a return loss of 20 dB and fractional bandwidth of 10%. 

The rejection is larger than 30 dB at 1.09 GHz, but the filter size is large [74]. Rohit. et al. 

proposed a method to design a bandpass filter using a dual feed line and microstrip open-loop 

resonator structure. The proposed filter response produces passband frequency range of 5.3-

5.4GHz, stopband attenuation of 50dB, return loss above 25dB. The fractional bandwidth of 

the filter is 1.86 % which is less [75]. A.J. Salim et.al. presented a bandpass filter using two 

open-loop resonators with polygonal structures. The fractional bandwidth is 10% at the center 

frequency of 2.4 GHz, with a return loss of about 26 dB and an insertion loss of  0.8 dB [76].  

Mudrik Alaydrus et.al. proposed a four-pole bandpass filter using square open-loop 

resonators. The center frequency of the passband is located at about 2.45 GHz with fractional 

bandwidth of 4.89% and an insertion loss of 6.64 dB. But the filter has high insertion loss [77]. 

Nikita. V. Ivanov proposed an approach to define coupling characteristics of coupled 

resonators. The proposed bandpass filter resonates at 2.9 GHz with fractional bandwidth of 

6.8%, return loss of 25 dB and insertion loss of 2dB. But filter size is large [78]. Ahmed. A. 

Ibrahim et.al presented a compact bandpass filter using microstrip coupled resonators. The 

proposed filter resonates at 3 GHz with FBW of 6.6%, insertion loss less than 1 dB and return 

loss of  25 dB [79].  

Keeping the above techniques into consideration, a compact microstrip coupled 

metamaterial dual bandpass filter is proposed for Upper microwave flexible use services. A 

bandpass filter using EC-shaped coupled line resonators is designed for 37 GHz band for higher 

5G mobile communications.  
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6.2 Compact dual bandpass filter using dual split rings resonator 

for upper microwave flexible use services 

A dual bandpass filter is designed with dual split rings resonator unit cell. The unit cell is 

incorporated to the gaps on the microstrip line as coupled lines. The design specifications are listed 

in Table 6.1. 

Table 6.1 Design specifications of dual split rings resonator BPF. 

 

 

 

 

 

 

 

 

 

A dual-split rings resonator dimensions are optimized to obtain better performance of the 

bandpass filter. The metamaterial structure homogeneity condition of a unit cell size less than one-

fourth of the guided wavelength is considered for the design as shown in Fig 6.2. The dimensions 

of the dual-split ring resonator are shown in Table 6.2.  

 

Fig 6.2 Dual-split rings resonator unit cell 

 

 

 

Parameter Value 

Frequency band of operation Higher 5G 

Center frequency 24.79 GHz, 28.37 GHz 

Feed impedance 50 Ω 

Substrate material RT Duroid 4003 

Dielectric constant 3.55 

Substrate thickness 0.813mm 

Copper laminate thickness 35 µm 

Bandwidth  2.18 GHz, 

0.65 GHz 

Isolation 24 dB 

Insertion loss < 4.2. < 4.2 

Return loss >10 dB, 20 dB 

Q-factor 43 
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Table 6.2 Dimensions of dual-split rings resonator unit cell 

 

 

The microstrip line is coupled through dual split rings resonators. The dual split rings resonators 

are coupled through fringe fields due to proximity placement. The strength of coupling depends on 

the fringe fields. The dual split rings resonators have maximum electric field intensity at the open 

gaps of the resonator at resonance condition. Electric coupling is obtained as the open sides of the 

two coupled resonators are placed closely. The fringe fields are stronger near the gaps and decay 

outside the region. The top view of the proposed filter is shown in Fig 6.3. The main design occupies 

the area of 2.6 mm × 1.8 mm, which is 0.4λg × 0.27λg, where λg is the guided wavelength at a center 

frequency of the first band. The overall circuit size of the filter is 14 mm × 10.75 mm. The width of 

14mm is chosen to match to the SMA connector size. 

 

Fig 6.3 Top view of the dual-split ring resonator dual bandpass filter 

 

 

 

 

 

 

 

Parameter a b c d e 

Value (mm) 1.17 1.8 0.2 0.2 0.2 
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6.2.1 Equivalent circuit realization 

The lumped element equivalent circuit of the proposed dual split rings resonator dual bandpass 

filter is shown in Fig 6.4.  

 

 Fig 6.4 Equivalent circuit for dual split rings resonator bandpass filter 

The T-circuit of L1/2, L2/2 and 2C1 and 2C2 represents the microstrip line on each side. L3C3, 

L4C4, L5C5 and L6C6 resonators represent equivalent dual split rings resonators. The coupling of 

microstrip line and resonators is represented using C7 and C8 and Inductance is represented using 

L7 and L8. Open slit gaps are represented using C9, C10, C11 and C12. The coupling gaps are 

represented using C13 and C14. Mutual inductance between coupling gaps is represented using L13 

and L14. Inductance and mutual inductance due to a T-shaped patch between open slits of 

proximately coupled resonators are represented using L15, L16, M15 and M16.  

The equivalent lumped element values of the proposed dual split rings resonator dual bandpass 

filter are L1 = L2 = 0.0004 nH, C1 = C2 = 0.0375 pF, L3 = L4 = L5 = L6 = 0.8 nH, C3 = C4 = C5 = C6 

= 0.02115 pF, C7 = C8 = 0.029 pF, L7 = L8 = 0.85 nH, C9 = C10 = C11 = C12 = 0.02115 pF, L13 = L14 

= 1.9 nH, C13 = C14 = 0.008 pF, L15 = L16 = 0.65 nH and M15 = M16 = 0.707 nH.  
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6.2.2 Results and discussion 

 

Fig 6.5 Comparison of S11 and S22 for simulation and equivalent circuit of dual split rings resonator dual BPF 

 

Fig 6.6 Comparison of S12 and S21 for simulation and equivalent circuit of dual split rings resonator dual BPF 

The proposed dual-split ring resonator dual bandpass filter is simulated using the HFSS 

simulator and the finite element method. The equivalent circuit of the proposed dual-split ring 

resonator dual bandpass filter is simulated using an AWR design environment. The comparison of 

S-parameters S11, S21, S22 and S12 for HFSS simulation and lumped element equivalent circuits are 

shown in Fig 6.5 and Fig 6.6, respectively. The proposed design resonated in the frequency range 

from 23.6 to 25.6 GHz and 27.9 to 28.25 GHz from simulation results with pass band center 

frequency 24.6 GHz and 28 GHz respectively. The frequency of the lumped equivalent circuit 

ranged from 23.8–24.35 GHz and 27.7–28.2 GHz with pass band center frequencies at 24.075 GHz 

and 27.95 GHz. The fractional bandwidth of the proposed design is 8.1% and 1.1% for both bands 

and 2.28% and 1.78% from HFSS simulation and AWR simulation respectively. The insertion loss 

is less than 1 dB in both bands for the HFSS simulation and less than 0.5 dB in the AWR simulation 
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for lumped element equivalent circuits. In the proposed design, S12 and S22 are measured to verify 

the reciprocity of the design. 

 

Fig 6.7 Top view of fabricated prototype for dual-split ring resonator dual bandpass filter 

 

 

Fig 6.8 Bottom view of fabricated prototype for dual-split ring resonator dual bandpass filter 
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Fig 6.9 Top view of fabricated prototype along with an aluminum mounting box for dual-split ring resonator 

dual bandpass filter 

 

 

Fig 6.10 Comparison of S11 and S22 of dual split rings resonator dual bandpass filter for simulation and 

measurement 

 

Fig 6.11 Comparison of S21 and S12 of dual split rings resonator dual bandpass filter for simulation and 

measurement 

The proposed dual-split rings resonator dual bandpass filter is fabricated and measured to 

validate its performance using the network analyser N5222A. The fabricated prototypes of the 
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proposed dual-split ring resonator dual bandpass filter are shown in Fig 6.7 to Fig 6.9. The 

comparison of S-parameters S11, S21, S22 and S12 for HFSS simulation and measurement are shown 

in Fig 6.10 and 6.11 respectively. The frequency range for the measurement results is 23.8 GHz–

25.98 GHz and 28.05 GHz–28.7 GHz with pass band center frequencies 24.79 GHz and 28.37 GHz 

lies in higher 5G band. The fractional bandwidth of the proposed design is 8.8% and 2.2% for the 

first band and second band, respectively from the measurement results. The insertion loss is less 

than 4.2 dB from the measurement results. From the comparison table 6.3, it can be concluded that 

the proposed design is compact, dual bands are observed using microstrip technology, which is 

compact. The variations are high in S21 may be due to more dielectric losses, SMA connectors 

losses, calibration losses in vector network analyser at higher frequencies. 

Table 6.3 Comparison of dual split rings resonator BPF with published works 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

References Center 

frequency 

(GHz) 

Fractional 

bandwidth 

(%) 

Insertion 

loss (dB) 

Size 

[80] 28 11 2.7 23×10 mm2 

3.19×1.38 λg
2 

 
[70] 28 5.14 0.15 60 ×40 mm2 

[71] 27.95 10.4 1.2 33.7×3.4 mm2 

0.47×4.68 λg
2 

 
[55] 26.1,27.9 <1 1, 1.4 30×18 mm2 

 45×18 mm2 

[81] 33 18 2.6 0.3×0.126 mm2 

[82] 30 23.4 1.66 0.11×0.086 mm2 

[83] 28 9 1.6 16.8×12 mm2 

2.97×2.13 λg
2 

 
Dual split 

rings 

resonator 

dual BPF 

24.79,28.37 8.8, 

2.2 

<4.2 2.6×1.8 mm2 

0.1 λg
2 
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6.3. EC-shaped resonator microstrip coupled based bandpass filter 

for 37 GHz band 5G mobile communications 

A microstrip coupled resonator bandpass filter is designed for upper microwave flexible-use 

services. The microstrip line is designed to match feed line of 50 Ω, which leads to a microstrip 

line width of about 1.2 mm (for the relative permittivity of 3.55). The E-shaped resonator is 

formed by using C shaped line of length λg and a line of length λg/4 to enhance coupling. To 

improve coupling between two E-shaped resonators, C-shaped resonators of length nearly λg/2 

are placed facing each other and located in between two E-shaped resonators facing each other.  

The design specifications are mentioned in Table 6.4. 

Table 6.4 Design specifications of EC shaped resonator BPF 

 

 

 

 

 

 

 

 

 

The proposed filter is designed on Rogers RT Duroid 4003C substrate material with a 

permittivity of 3.55, having a thickness of 0.813mm. The length and width of the proposed 

design are 13 mm and 9 mm respectively. The electrical size of the filter excluding input and 

output ports is 1.7 λg × 0.57 λg where λg is the guided wavelength at the resonant frequency. The 

top view of the EC-shaped resonator microstrip coupled bandpass filter is shown in Fig 6.12.  

Parameter  Value  

Frequency band of operation Higher 5G 

Center frequency 38 GHz 

Feed impedance 50 Ω 

Substrate material RT Duroid 4003 C 

Dielectric constant 3.55 

Substrate thickness 0.813mm 

Copper laminate thickness 35 µm 

Bandwidth 2 GHz 

Insertion loss 0.37 dB 

Return loss 37 dB 

Q-factor 19 
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Fig 6.12 Top view of the microstrip coupled EC-shaped resonator bandpass filter 

6.3.1 Results and discussion 

 

Fig 6.13 S-parameter of the simulated EC-shaped resonator microstrip coupled bandpass filter 

 

Fig 6.14 Electric field distribution of the EC-shaped resonator microstrip coupled bandpass filter for the pass 

band at 38 GHz frequency 

 

Fig 6.15 The group delay of the EC-shaped resonator microstrip coupled bandpass filter 
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The proposed design is simulated using Ansys HFSS simulator, a finite element method 

mesh analysis solver. The proposed EC-shaped resonator bandpass filter resonates at 38GHz 

frequency.  The S-parameter of the simulated EC-shaped resonator microstrip coupled bandpass 

filter is shown in Fig 6.13. The proposed filter has a frequency range from 37 GHz - 39 GHz 

lies in higher 5G band. The fractional bandwidth of the filter is 5.26% at 38 GHz center 

frequency. The insertion loss realized for the filter is 0.37 dB. The return loss obtained for the 

filter is 37 dB. The EC-shaped resonator filter has transmission zeros at 35.2 GHz and 41.2 

GHz respectively. The electric field distribution is shown in Fig 6.14. shows the electric field 

distribution from input port to output port is shown in Fig 6.14.  The group delay of the filter is 

a measure of the average time delay of the filter as a function of frequency. The group delay is 

a convenient measure of the linearity of the phase to frequency. Flat group delay shows good 

filter response in passband. A group delay of nearly 0.25 ns is there in the entire passband as 

shown in Fig 6.15. Flat group delay is observed over the pass band frequencies. From the 

comparison table 6.5., it can be concluded that the designed bandpass filter is compact and has 

low insertion loss. 

Table 6.5 Comparison of EC shaped resonator BPF with published works 

 

 

 

 

 

6.4 Conclusion  

In this chapter, bandpass filters are designed using microstrip coupled resonators. Coupled 

resonators are directly connected to the microstrip line to achieve compactness and low 

insertion loss. A compact dual bandpass filter is designed using dual split rings resonator for 

upper microwave flexible use services. A wide bandpass filter is designed using EC shaped 

microstrip coupled resonator for 37 GHz band 5G mobile applications. 

 

References Center 

frequency 

(GHz) 

Fractional 

Bandwidth 

(%) 

Inserti

on loss 

(dB) 

Circuit 

size 

(λg
2) 

[41] 29.8 4.76 1.4 1.14 

[4] 36.51 9.1 3.37 2.34 

[84] 38.2 8.4 2 2.74 

EC shaped 

resonator 

BPF 

38 5.26 0.37 0.96 



 

 
 

Chapter 7 

Overall conclusions and future scope 

7.1. Research findings of the thesis 

The literature published on microstrip filters is explored and the gaps are identified. Research 

objectives are framed to design microstrip filters at microwave and millimeter wave 

frequencies. The research work is focused on exploring single, multiple pass bands bandpass 

filters, bandstop filter design using metamaterials, complementary metamaterials and 

microstrip coupled resonators. The designed filters have potential applications such as GPS, 

WLAN, Wimax, radar, mid-band 5G, fixed/mobile satellite and upper microwave flexible use 

services applications for trans-receive roles.  

In chapter 3, Symmetrical ring metamaterial resonators are loaded on either side of the 

microstrip line along with vias to design a single bandpass filter. The passband frequency range 

of the filter is from 5.47 GHz to 6 GHz. The obtained insertion loss is 1.2 dB. The fractional 

bandwidth is 9.8% at the center frequency of 5.73 GHz. The size of the filter is 0.64 λg
2. The 

realized filter is useful for C-band applications. Moore fractal is applied on the boundary of the 

symmetrical ring resonator resulting in a wide bandpass filter. The filter’s operating frequency 

is from 6.95 GHz to 7.8 GHz with fractional bandwidth of 11.5%. The attained insertion loss is 

0.4 dB. The area occupied by the filter is 0.75 λg
2. The moore fractal symmetrical ring resonator 

bandpass filter is useful for C band applications. The spacing between resonators is changed 

and the thickness of the RT Duroid 3010 substrate is changed from 0.13 mm to 1.28 mm, the 

resulting filter works in the X-band. The operating frequency range is from 10 GHz to 11.8 

GHz with fractional bandwidth of 19.3%. The insertion loss obtained is less than 0.6 dB and 

return loss is 13 dB. The area of the filter is 2.8 λg
2. 

EI-shaped unit cell is designed and loaded on either side of the microstrip line along with 

vias to design a bandpass filter. The frequency range of the filter is from 39.7 GHz to 40.7 GHz. 

The insertion loss and fractional bandwidth obtained are 2.5 dB and 2% respectively. The size 

of the filter is 7 λg
2. The filter is useful for higher 5G applications. The outer I shape is removed 

to reduce operating frequency leading to EIE shaped resonator. These resonators are loaded on 

either side of the microstrip line. Stubs placed in between resonators improved the return loss. 

The slots are placed within the stubs to improve stopband attenuation. Thus, a triple bandpass 

filter is designed. The triple bandpass filter has fractional bandwidth of 5.4 %, 2.5% and 4.58% 

at central frequencies at 7.29 GHz, 10.67 GHz and 13 GHz respectively. The realized insertion 
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loss is 1.2 dB, 1 dB and 1.4 dB. The area occupied by the filter is 0.32 λg
2. The designed triple 

bandpass filter is useful for fixed/mobile satellite communications.  

In chapter 4, a bandpass filter is designed by employing complementary triple concentric 

split ring resonators at the gaps in addition to vias. The bandpass filter has a frequency range 

from 2.85 GHz to 3.15 GHz. The insertion loss is obtained as1.5 dB. The fractional bandwidth 

is 3% at the center frequency 3 GHz with filter size of 0.13 λg
2. The filter is compact and useful 

for S-band applications. A bandstop filter is designed by placing complementary symmetrical 

ring resonators on the ground plane along the transmission line and has fractional bandwidth of 

11.9 % at a center frequency of 12.6 GHz. The maximum stopband attenuation obtained is 31 

dB. The area occupied by the filter is 0.55 λg
2. The compact bandstop filter is useful for Ku 

band applications. 

In chapter 5, the EI-shaped unit cell quint band bandpass filter is designed by placing unit 

cell structure on either side of the microstrip line in addition to complementary symmetrical 

ring resonators. The quint bandpass filter has frequency ranges from 38.65-38.85 GHz, 39.06-

39.1 GHz, 39.9-40.28 GHz,41.96-42.06 GHz and 42.87-42.97 GHz, insertion loss of 1.67 dB, 

2 dB, 1.54 dB, 2.45 dB and 2 dB, respectively. The size of the filter is 7 λg
2. The filter is useful 

for higher 5G applications. A dual bandpass filter is designed by placing the complementary 

triple concentric split ring resonators in the ground plane. The spiral resonators are attached to 

the transmission line and placed in between the complementary structures. The dual bandpass 

filter has center frequencies at 1.32 GHz and 2.47 GHz. The minimum insertion loss obtained 

is 1.3 dB and 1.8 dB. The fractional bandwidth is 7.5 % and 4.85 % for both bands. The area of 

the filter is 0.039 λg
2. The compact dual bandpass filter is useful for GPS and WLAN 

applications. A stepped impedance microstrip line is introduced to generate additional passband 

and stubs are added in between spiral resonators on either side of the transmission line for the 

dual bandpass configuration resulting in a triple bandpass filter. The bandpass filter has 

fractional bandwidth of 1.16%, 11.4% and 1.86% at center frequencies 1.29 GHz, 2.27 GHz 

and 3.21 GHz respectively. The obtained insertion loss is 1.6 dB, 1.3 dB and 1.8 dB. The size 

of the filter is 0.06 λg
2. The triple bandpass filter is useful for GPS, WLAN and WiMAX 

applications.  

In chapter 6, dual split rings resonators are coupled to the microstrip line to design a dual 

bandpass filter. The bandpass filter has fractional bandwidth of 8.8 % and 2.2 % at center 

frequencies at 24.79 GHz and 28.37 GHz, with an insertion loss of less than 4.2 dB for both 

bands. The size of the dual bandpass filter is 0.1 λg
2. The dual bandpass filter is useful for Upper 

microwave flexible use services. A bandpass filter is designed using EC-shaped coupled lines 
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coupled to the microstrip line. The bandpass filter has an insertion loss of 0.4 dB at a center 

frequency of 38 GHz. The fractional bandwidth obtained is 5.26%. The occupied area of the 

filter is 0.96 λg
2 useful for 37 GHz band 5G mobile communications.  

 

7.2. Future scope of work 

Compact single and multi-bandpass filters, bandstop filters using different metamaterial and 

complementary metamaterial resonators useful for higher 5G applications can be explored. 

Additive manufacturing can be applied which can improve the design freedom and productivity 

of compact designs required at the millimeter wave frequencies. 

7.2.1 Design of diplexers using microstrip bandpass filters 

The design of diplexers involves combining two or more bandpass filters on the same PCB 

to create a device that can separate or combine multiple frequency bands. First identify the 

frequency bands required to separate or combine. Select appropriate microstrip bandpass filter 

types for each frequency band. The filters should be designed to have passbands that match the 

desired frequency ranges. For combing the signals, connect the input signals of the two 

frequency bands to the input ports of the respective bandpass filters. Connect the output ports 

of both bandpass filters together to form the combined output of the diplexer. Multiplexers can 

also be designed in the same process. 

 

 

Fig 7.1 Diplexer using bandpass filters 
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