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Abstract

This thesis work explores the design of compact and high performance microwave filters
using substrate integrated waveguide technology. A substrate integrated waveguide is a
planar version of a conventional waveguide, which is having features like planar circuit
integrability, ease of fabrication, low-cost and high power handling. A class of Substrate
Integrated Waveguide (SIW) and Half mode Substrate Integrated waveguide (HMSIW)
bandpass filters are proposed in this context. Applications like satellite communication uses
devices which can withstand high power. Therefore, SIW filters can be used for satellite
applications in the microwave bands like Ku, X, C, S, and L etc.

The main objective of this thesis is to design SIW bandpass filters using simple planar
technology and low-cost substrates. To fulfill this, a class of compact and easily fabricable
SIW bandpass filters are proposed for Ku-band (12 − 18GHz) and S-band (2 − 4GHz)
applications. These filters are designed using simple electromagnetic band gap (EBG)
structures and latest feeding techniques like tapered-via feeding. Filters are designed using
low-cost and easily available substrate FR4 with the help of High frequency structural
simulator (HFSS) V.14. The dimensions of the filters are optimized and simulation results
are analyzed. The proposed Ku-band filter has proven to be compact since its footprint is
160mm2 . The S-band filter has been fabricated using low-cost and easily available FR4
substrate. The measurement results are found to be good in agreement with the simulation
results. Though the obtained results are similar to the other reported filters, there is a huge
demand of compactness in this miniaturization era. Therefore, another well-established
concept of Half-mode SIW (HMSIW) technology is used to further reduce the size of
the designed filters. So a compact HMSIW bandpass filter is designed for the Ku-band
applications which is almost half in size as compared to conventional SIW designs. The
return loss is achieved as 45dB and insertion loss is 1.5dB in the passband of the filter,
which is promising corresponding to the size. Another similar design is made for X-band
(8 − 12GHz) applications using HMSIW technology. The overall footprint of the filter
which shows its compactness; is 102mm2 i.e. almost half the size of its equivalent SIW
filter.

Keywords: SIW ; HMSIW ; EBG; HFSS; Ku-band.



vii 

 

 

Contents 
 

Supervisor’s certificate                                                                                                         ii 

Dedication                                                                                                                            iii 

Declaration of Originality                                                                                                    iv 

Acknowledgement                                                                                                                v 

Abstract                                                                                                                                vi 

List of Figures                                                                                                                       x 

List of Tables                                                                                                                      xii 

1.INTRODUCTION                                                                                                            1 

1.1 Motivation ...................................................................................................................... 2 

1.2 Objective ......................................................................................................................... 3 

1.3 Contribution .................................................................................................................... 3 

1.4 Structure of thesis ........................................................................................................... 3 

2.1 Introduction .................................................................................................................... 5 

2.2 Microwave Filters ........................................................................................................... 5 

2.3 Filter Design Methods .................................................................................................... 6 

2.3.1 Performance characteristics ..................................................................................... 6 

2.3.2 Filter design process ................................................................................................ 7 

2.4 Substrate Integrated Waveguide ................................................................................... 11 

2.4.1 Waveguide ............................................................................................................. 11 

2.4.2 Substrate integrated Waveguide Filter ................................................................... 14 

2.4.3 Half-mode SIW filters ............................................................................................ 20 

2.5 Summary ....................................................................................................................... 22 

3.1 Introduction .................................................................................................................. 23 

3. Design and analysis of a class of compact SIW bandpass filters                                    23 

2. Substrate Integrated Waveguide Filters                                                                             5 



viii 

 

3.2 SIW filter Design process ............................................................................................. 23 

3.2.1 Theory .................................................................................................................... 23 

3.2.2 Tapered via transition ............................................................................................ 25 

3.2.3 Design of EBG structure using ‘U’ slot ................................................................. 26 

3.3 Design of a SIW band-pass filter for Ku band ............................................................. 27 

3.3.1 Design flow ............................................................................................................ 27 

3.3.2 Geometry and calculation of the dimensions ......................................................... 28 

3.3.3 Results and analysis ............................................................................................... 31 

3.3.4 Performance analysis ............................................................................................. 34 

3.4 Design of a SIW band-pass filter for S-band ................................................................ 35 

3.4.1 Design geometry .................................................................................................... 35 

3.4.2 Calculation of the dimensions ................................................................................ 36 

3.4.3 Results and analysis ............................................................................................... 37 

3.5 Fabrication .................................................................................................................... 40 

3.6 Summary ....................................................................................................................... 41 

4. Design and Analysis of Compact HMSIW Filters                                                           42 

4.1 Introduction .................................................................................................................. 42 

4.2 Half-mode SIW filter theory ......................................................................................... 42 

4.3 Design of a compact Ku band HMSIW bandpass filter ............................................... 42 

4.3.1 Design calculations ................................................................................................ 42 

4.3.2 Structure and dimensions ....................................................................................... 43 

4.3.3 Results and analysis ............................................................................................... 44 

4.4 Design of a compact X band HMSIW bandpass filter ................................................. 45 

4.4.1 Design calculations ................................................................................................ 46 

4.4.2 Structure and dimensions ....................................................................................... 46 

4.4.3 Results and analysis ............................................................................................... 47 

4.5 Summary ....................................................................................................................... 48 

5. Conclusions and Future scope                                                                                      49 

5.1 Conclusions .................................................................................................................. 49 

5.2 Future scope .................................................................................................................. 50 



ix 

 

References                                                                                                                            51 

Bibliography                                                                                                                         53 

Dissemination                                                                                                                      54 

 

 



x 

 

List of Figures 

 
1.1: Performance gap diagram of waveguide and planar structure ...................................... 1 

2.1: Block diagram of a RF front end of a mobile base station [2] ...................................... 5 

2.2: (a) Butterworth lowpass characteristics (b) Chebyshev lowpass characteristics [1] ..... 9 

2.3 lowpass to lowpass transformation [2] ......................................................................... 10 

2.4: Element transformations for lowpass .......................................................................... 10 

2.5: Element transformations for lowpass-highpass ........................................................... 11 

2.6 Geometry of a Rectangular waveguide ........................................................................ 12 

2.7 structure of Substrate Integrated Waveguide ................................................................ 15 

2.8: Surface current distribution [12] ................................................................................. 17 

2.9: (a) E-field vector representation in a waveguide (b) E-field vector representation in a 

microstrip line [16] (c) Tapered feeding (d) Tapered-via feeding ...................................... 18 

2.10: CPW to SIW transition .............................................................................................. 18 

2.11: (a) Structure of HMSIW (b) Field profile in HMSIW [19] ....................................... 20 

3.1: Basic model of SIW filter ............................................................................................ 24 

3.2: Tapered via transition .................................................................................................. 25 

3.3 (a) U-slot design  (b) Wave travelling mechanism  ...................................................... 26 

3.4: Ku band filter design flow ........................................................................................... 27 

3.5: Structure of the designed SIW filters (a) Top view of the basic design (b) Top view of 

the Improved Design (c) Top view of the Improved Design II (d) Final design ................ 30 

3.6: S11 performance of a, b and c (first three designs) ...................................................... 31 

3.7: S21 performance of the a, b and c ................................................................................ 32 

3.8: S21 and S11 curve of the Final design (d) ..................................................................... 32 

3.9: Group delay profile of the Final design ....................................................................... 33 

3.10: Radiation loss of the final design .............................................................................. 34 

3.11 (a) Basic design of the S-band filter (b) final design .................................................. 36 

3.12 S-parameter curve of the basic design ........................................................................ 38 

3.13 S-parameter curve of the final design ......................................................................... 38 

3.14: S-parameter curves for the designed S-band filters ................................................... 39 

3.15: Group delay of the S-band filters .............................................................................. 39 

3.16: Fabricated S-band SIW filter ..................................................................................... 40 

3.17: S11 curves for the S-band filters ................................................................................. 40 



xi 

 

4.1: Top view of the Ku-band HMSIW filter structure ...................................................... 43 

4.2: S-parameter curves of the HMSIW Ku-band filter ..................................................... 44 

4.3: Group delay of the HMSIW Ku-band filter ................................................................ 45 

4.4: (a) Diametric view of the designed x-band HMSIW filter (b) Top-view of the HMSIW 

filter .................................................................................................................................... 46 

4.5: S-parameter curves of the HMSIW Ku-band filter ..................................................... 47 

4.6: Group delay of the X-band HMSIW filter .................................................................. 48 

 

  



xii 

 

List of Tables  

 
3.1: Design dimensions of the Proposed SIW Filters ......................................................... 29 

3.2: Simulated performance parameters of the designed filters ......................................... 34 

3.3: Comparison of Performance among Proposed SIW Filter with other SIW Filters for Ku 

Band Applications .............................................................................................................. 35 

3.4: Dimensions of the designed structures ........................................................................ 37 

4.1: Design dimensions of the Ku-band HMSIW Filter ..................................................... 44 

4.2: Design dimensions of the X-band HMSIW Filter ....................................................... 47 

 

 



 

1 

 

Chapter 1 

INTRODUCTION 

In the recent years, the use of microwave filters has been increased to manifolds because of 

its applications in satellite communications, electronic warfare systems, military radar and 

TV broadcasting systems. A microwave filter is a frequency selective network normally 

working in the microwave frequency range i.e. from 300MHz-300GHz which allows the 

signals to transmit in the passband and provides high attenuation in the stopband of the filter. 

Since the demand for compact and high fidelity communication systems are increased, 

hence many technologies for microwave filter design are developed. One such famous 

technology is Substrate Integrated Waveguide (SIW) technology.  

Substrate integrated waveguide technology has been an emerging field of research 

in the recent years. Since it possess some special characteristics such as low-cost, relatively 

low-loss, high Quality, ease of fabrication and mass-production which is considered to be 

the best of both conventional waveguides as well as the planar microstrip structures. One 

such comparison between the planar microstrip structure and conventional waveguide is 

shown in Figure 1.1. The performance gap is bridged using SIW as shown in the Figure 1.1. 

These characteristics also allow a user to improve the bandwidth and size of the microwave 

component without losing its performance.   

 

Figure 1.1: Performance gap diagram of waveguide and planar structure 
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Microwave filters are devices which can separate the wanted frequencies from unwanted 

frequencies [1-4]. Substrate Integrated Waveguide (SIW) is the technology used to design 

high power handling and planar integrable devices such as isolators, filters, power dividers 

and couplers [5]. A detailed study of fundamentals about SIW has been presented in [5, 6]. 

In the process of designing a SIW bandpass filter the width of it plays an important role. A 

new formula for effective width calculation has been described in [7]. Transition between 

SIW and other planar devices are very much required to provide excitation to these 

structures. One such wideband transition from microstrip to SIW is proposed in [8]. A 

number of slotted topologies using the electromagnetic band-gap (EBG) structures are 

presented in [9-11]. In these proposed designs the basic EBG structure is a U-slot. Guided-

wave analysis, leakage characteristics, accurate modelling and wave mechanism of a SIW 

are described in [12-13]. Design methodology of SIW filter and its dispersion characteristics 

are presented in [14, 15]. Since there is a mismatch in the impedance of the microstrip line 

and the SIW, the transitions are required to provide matching as described in [16, 17]. Half-

mode geometries are possible due to the magnetic wall behavior shown by the symmetric 

plane along the direction of propagation. Such geometries are proposed in [18, 19].  

1.1 Motivation 

Though many technologies are there to design microwave filters, SIW seems promising 

because of its qualities like high power handling, planar structure, easy fabrication and ease 

of integration with other planar antennas. But still there is sufficient scope for the 

development in these filters for miniaturized applications. Due to the multiplexing 

applications in wireless communication channels the demand for sharp cutoff frequency 

filters have been increased. Therefore, in this thesis the filters for different microwave 

frequency bands are proposed using latest advancements in the SIW like the use of 

Electromagnetic band-gap (EBG) structures and better feeding mechanisms to improve the 

overall performance of the filters. So this motivates to design SIW filters with following 

requirements: 

 Design of a compact SIW bandpass filter with high isolation and low-reflection. 

 Design of SIW filters with linear performance in the passband with very low and 

constant group delay. 

 SIW filter design with wideband and sharp transition response. 
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1.2 Objective  

The objective of this work is to design a class of compact SIW bandpass filters. The filters 

are to be designed to work in Ku, X and S bands of the microwave frequencies. The 

objective can be specified as follows: 

 Design of a compact SIW filter for Ku-band applications. 

 Design of a half-mode SIW (HMSIW) filter for X-band and Ku-band applications. 

1.3 Contribution  

 A compact and improved Ku band bandpass filter with a smooth planar microstrip 

to SIW transition having multiple ‘U’-slots is designed. In this Size is reduced by at 

least two times as compared to the other traditional filters operating in Ku-band. 

 A half-mode SIW bandpass filter is proposed for X-band (8-12GHz) applications. 

Size of the designed X-band HMSIW filter is reduced by 50% in terms of its width 

as compared to other SIW filters for similar applications. 

 Another S-band (2-4GHz) SIW filter is designed and fabricated using low-cost and 

widely available substrate FR4.  

 Designs are simple using EBG structures to provide better stopband response. 

 Lower group delay of around 0.2 nanosec in all the designs which shows the linearity 

of the filter response. 

1.4 Structure of thesis  

This thesis explores the design of compact and high performance microwave filters using 

substrate integrated waveguide (SIW) and half-mode SIW (HMSIW) technology. A class 

of Substrate Integrated Waveguide (SIW) bandpass filters for different microwave bands 

are proposed in this context. The work in this thesis are divided into the following chapters. 

Chapter 2 describes about the various types of microwave filters, filter basics and their 

design methodology. This also includes the literature survey of latest trends and techniques 

to microwave filter design for the applications like satellite communication, millimeter-

wave and others. Out of which an exhaustive study is carried out for SIW filters. 

Chapter 3 is about the design and analysis of SIW bandpass filters for Ku-band and S-band 

applications using Electromagnetic Band-gap (EBG) structures. It also includes the latest 

feeding techniques like tapered-via feeding for better passband performance of the filters. 
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Parametric study is used to get the best dimensions for the proposed bandpass filters and 

making them compact. The designs were made using high frequency structural simulator 

(HFSS) V.14. 

Chapter 4 presents a study of HMSIW (Half mode SIW) filters by designing X-band and 

Ku-band bandpass filters using Half-mode concept. Half-mode structures show an excellent 

gain in the footprint of the filter circuit by reducing the size to half of its original size without 

losing the performance. 

Chapter 5 summarizes the work done in this thesis by providing brief conclusions and the 

future scope for the project.  
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Chapter 2 

Substrate Integrated Waveguide Filters 

2.1 Introduction 

In this chapter, a brief overview of microwave filters are presented. The basic fundamentals 

of microwave filter design and the performance parameters are also discussed. Except that 

the other things which are presented includes rectangular waveguide, Substrate Integrated 

Waveguide (SIW) and the relation between these two. Though many things are covered in 

this chapter related to SIW technology but main focus is given to the SIW filter design 

process. 

2.2 Microwave Filters 

A microwave filter is a frequency selective network generally working in the microwave 

frequency range i.e. from 300MHz-300GHz which allows good transmission of signals in 

the passband and provides high attenuation in the stopband of the filter [1-4]. The various 

types of frequency selectivity achieved by employing these filters are lowpass, highpass, 

bandpass and bandstop. Microwave filters play a vital role in the electronic systems, 

communications systems such as mobile communication, satellite and radar systems [2]. In 

cellular communication very specific requirements needs to be followed in base station as 

well as in cellphones. In the Figure 2.1 such an instance is shown which shows a block 

diagram of a RF front-end of the cellular base station. 

 

Figure 2.1: Block diagram of a RF front end of a mobile base station [2] 
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The antenna shown in Figure 2.1 works as a transceiver. So while transmitting the signal 

the receiving filter needs to provide very high attenuation for the signals in the transmission 

band and should also follow the criteria of low insertion loss in the passband. Since there 

are some strict means needs to be taken care of while designing microwave filters, hence 

comes the filter design methods. Although there exists a number of methods and 

technologies to design microwave filters, the miniaturization and efficiency characteristics 

are still a challenging problem. 

2.3 Filter Design Methods  

2.3.1 Performance characteristics 

The performance of a microwave filter is characterized by certain factors like insertion loss, 

return loss, quality factor (Q-factor), group delay and fractional or 3dB bandwidth. However 

these are not the only parameters considered while designing a filter. In the following 

section a brief description of these factors are presented. 

a. Insertion loss 

The loss in the signal power due to the insertion of a microwave device or transmission line 

is called insertion loss. Its mathematical relation with the transmission coefficient (𝜏) is 

given in the following Eq. (2.1).  

IL = 10log(
𝑃𝑇

𝑃𝑅
) = -20log |𝜏|                                                 (2.1) 

 where  𝑃𝑇   and 𝑃𝑅 denotes the transmitted and received power respectively. 

b. Return loss 

The loss in the incident power due to the impedance mismatching is called return loss of the 

filter as in [2]. It’s symbolized as: 

   RL = 10log(
𝑃𝑖

𝑃𝑟
) = -20log |Γ|                                                             (2.2) 

 where  𝑃𝑖   and 𝑃𝑟 denotes the incident and reflected power respectively. Where Γ denotes 

the reflection coefficient of the filter. 
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c. Group delay   

Group delay shows the presence of linearity in the filter response. If the group delay 

provided by the filter is constant, then the phase response of the filter is said to be linear. It 

can be denoted as: 

𝜏𝑔  =  −
𝑑𝜓(𝜔)

𝑑𝜔
                                                                    (2.3) 

where 𝜓(𝜔) represents the phase response of the filter and for a constant group delay this 

has to follow linearity [2]. 

i.e.                       𝜓(𝜔) = k𝜔              (2.4) 

 where k is a constant and 𝜔 is the angular frequency in rads/sec. 

d. Fractional bandwidth 

Fractional bandwidth (FBW) of a bandpass filter can be defined as the ratio of the filter 

bandwidth to its center frequency. It’s normally used to categorize between wideband and 

ultra wideband (UWB) filters. If FBW is greater than 0.25 or 25% then the filter response 

is said to be UWB in nature.  

FBW = 
𝑓2−𝑓1

𝑓𝑐
               (2.5)  

where 𝑓𝑐 is the center frequency; 𝑓1 and 𝑓2  are the lower and upper cutoff frequencies 

respectively. 

Apart from this there are other factors like Quality factor, radiation loss, efficiency etc., 

which are also important while doing the study of a microwave filter. These aspects are 

termed in the following chapters. 

2.3.2 Filter design process 

The strict requirements of communication systems lead to the invention of many techniques 

of filter design. Some of these famous techniques are image parameter method and insertion 

loss method [4]. In image parameter method, an equivalent two port network is formed using 

LC sections for providing a filtered response. However, the analysis is not very flexible for 

producing specific frequency response over the range. The later one, i.e. the insertion loss 

method uses network synthesis for designing a filter to get the desired response. This method 

is comparatively easier as compared to image-parameter method, since it starts with a low 
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pass model and then that is converted to its equivalent high-pass or band-pass model by 

using frequency and impedance transformations.   

(i) Determination of the transfer function 

Generally the transfer function of the filter is approximated using Butterworth, Chebyshev 

and elliptic functions as in [4].  

The Butterworth gives the simplest approximation for an ideal low-pass filter which is 

maximally flat in nature [2]: 

|𝑆12 (𝑗𝜔)|2 =
1

1+𝜔2𝑁  
                (2.6) 

Therefore the insertion loss is given as 

𝐿𝐴 = 10 log10( 1 + 𝜔2𝑁)         (2.7) 

where  𝑆12(𝑗𝜔) is transmission coefficient. 

Where 𝜔 denotes the angular frequency and N corresponds to the degree of the network. At 

“w=1rad/sec” the insertion loss becomes 3-dB, hence this is known as the cut-off frequency 

of the filter i.e. 𝜔𝑐 =1 rad/sec. This cutoff also marks the transition between the passband 

and stopband of the response. As the value of N i.e. the order of the filter increases the 

transition becomes sharp and faster. 

The return loss can be obtained using the Eq. (2.8) as given below: 

|𝑆11(𝑗𝜔)|2 =
𝜔2𝑛

𝜔2𝑛+1 
              (2.8) 

Where  𝑆11(𝑗𝜔) : reflection coefficient 

Another widely used attenuation characteristic is the “Tchebyscheff” or equi-ripple function. 

The scattering parameters related to this response can be defined considering 𝑇(𝜔) as the 

chebyshev function of order n are as follows: 

|𝑆11(𝜔)|2 =
1

1+𝜖2𝑇2(𝜔) 
                           (2.9) 

|𝑆21(𝜔)|2 =
𝑇2(𝜔)

1+𝜖2𝑇2(𝜔) 
         (2.10) 

where 𝜖 is the ripple constant corresponds to the ripples present in the passband of the filter. 
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Thus from Eq. (2.10) the insertion loss can be calculated as: 

𝐿𝐴(𝜔) = 10 log10( 1 + 𝜖2𝑇2(𝜔))       (2.11) 

The attenuation characteristics for a low pass prototype filter has been presented in the 

Figure 2.2 from [1]. 

  

(a)                                                                           (b)  

Figure 2.2: (a) Butterworth lowpass characteristics (b) Chebyshev lowpass characteristics [1] 

It can be observed from the Figure 2.2 that, though the Butterworth provides maximally flat 

response in the passband but the transition to stopband is very slow as compared to 

chebyshev characteristics. For sharp cutoff frequency requirements, chebyshev will be the 

best choice but the passband ripples will have some effect on the input signal. 

(ii) Lumped network transformations 

Most of the microwave filters work in a 50Ω environment, therefore 1Ω impedance level 

needs to be scaled to 50 Ω (𝑍0) impedance level. That’s the reason for impedance scaling. 

In case of an inductor the value gets multiplied by 𝑍0 and in case of a capacitor it gets 

divided by the same. This can be written as following [2]:  

L ⇒ 𝑍0L and C⇒ C/𝑍0   

a. Lowpass to lowpass for arbitrary cutoff frequency  

The cutoff frequency of a lowpass prototype is basically 1Hz. The transformation 

needed to convert this to any random frequency of 𝜔𝑐 is described in this section. 
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Consider a lowpass transmission characteristic of the type 

|𝑆12 (𝑗𝜔)|2 =
1

1+𝐹𝑁
2(𝜔)   

           (2.12) 

After the frequency transformation from 𝜔 to 𝜔/ 𝜔𝑐 we get the cutoff frequency at 𝜔𝑐 

. 

 

Figure 2.3 lowpass to lowpass transformation [2] 

The element or network components are also transformed as given in Figure 2.4 using 

description given in [2].  

   

Figure 2.4: Element transformations for lowpass 

b. Lowpass to highpass transformation 

 The transformation for frequency is 

𝜔 ⇒   
−ωc

ω
                   (2.13)  

       The element transformation can be similarly presented in the Figure 2.5.  
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Figure 2.5: Element transformations for lowpass-highpass 

The other transformations like lowpass to bandpass and lowpass to bandstop can be done in 

the similar approach. Though many techniques are present, but Substrate integrated 

waveguide technique became very famous in these days due to its performance 

characteristics and ease of fabrication. In the next section a literature survey of SIW 

technology is presented.  

2.4 Substrate Integrated Waveguide  

2.4.1 Waveguide   

A waveguide is a hollow or dielectric filled metallic tube with uniform cross sections used 

to direct the electromagnetic wave by confining the energy. Waveguide is bulky and 

expensive but has the capability of high power handling [4] and low-loss. The use of planar 

microwave structures like microstrip lines and striplines has become more common these 

days due to the requirements for portable devices and miniaturization of communication 

systems, however the need for low-loss and high power handling structures like waveguides 

has not been ignored. The applications of waveguides are frequent in satellite systems and 

millimeter wave structures. 

(i) Rectangular waveguide  

A waveguide having rectangular cross section is called as a rectangular waveguide (RWG). 

A substrate integrated waveguide follows the working principle of a rectangular waveguide. 

The structure of the rectangular waveguide is shown in Figure 2.6 where it’s considered that 

the guide is filled with dielectric material of permittivity 𝜖 and permeability  𝜇 . Maxwell’s 

field equations are used to find the electromagnetic field configurations exist in a rectangular 

waveguide. Transverse electric (TE) and transverse magnetic(TM) modes are present in a 

rectangular waveguide. TEM, i.e. transverse electromagnetic mode doesn’t present in a 
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RWG since TEM requires two conductors to propagate. TE and TM modes are generally 

denoted as 𝑇𝐸𝑚𝑛 and  𝑇𝑀𝑚𝑛  , where m and n corresponds to the mode numbers. 

 

Figure 2.6 Geometry of a Rectangular waveguide 

a. TE Modes 

The structure of the rectangular waveguide is shown in Figure 2.6 where it’s considered 

that the guide is filled with dielectric material of permittivity 𝜖 and permeability  𝜇 . For 

the TE mode the electric field component along the direction of propagation becomes 

zero ( zE =0 ). The Maxwell’s equations and boundary conditions of electric and 

magnetic fields are used to derive the field components present in a 𝑇𝐸𝑚𝑛 configuration 

[4]. They can be written as:  
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The cutoff wave number ( 2

ck ) and propagation phase constant (  ) are related by the 

following equations. 

2 2

2

c

m n
k

a b

    
    
   

        (2.15) 

2 2 2  ck k            (2.16)  

The lowest frequency which can be supported by a waveguide is known as the cutoff 

frequency and the dominant mode is the mode with the lowest cutoff frequency. For TE 

configuration, if a>b then the dominant mode is represented as  𝑇𝐸10 . The cutoff frequency 

depends on the properties of the dielectric material filled inside the guide and also the mode 

number. It can be expressed as: 

2 2
1

2 2

k m ncf
cutoff a b

 

   

   
     
   
   

    (2.17) 

2 2 2 2 1/2

2

( )
c

ab

m b n a
 


         (2.18) 

where cλ  corresponds to the cutoff wavelength of the waveguide, ‘a’ is the width 

and ‘b’ is the height of the rectangular waveguide. For the dominant mode the cutoff 

frequency can be calculated by using the below equation: 

10

1

, 2
f
cutoff TE a 

           (2.19) 

where a is the width of the rectangular waveguide. 

b. TM Modes 

For the transverse magnetic (TM) mode the magnetic field component along the direction 

of propagation ( zH ) doesn’t exist. The other field components can be written as following: 
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The wave-number and cutoff frequency calculation are similar to the TE mode. They are as 

follows: 
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     (2.21) 

It can be seen that the cutoff frequency of the dominant mode, i.e. 𝑇𝐸10 mode doesn’t 

depend on the height ‘b’ of the waveguide. So by decreasing the height to some extent won’t 

have any effect on the performance. This gives rise to the discovery of SIW technology.  

2.4.2 Substrate integrated Waveguide Filter 

The substrate integrated waveguide technology was first introduced by Ke Wu et al. [5] in 

the year 2003, as a new concept for high-frequency integration circuits. SIW structure is 

based on a planar dielectric substrate with two parallel arrays of metallic vias connecting 

the top and bottom layer of the substrate [6]. As shown in Figure 2.7 the top and bottom 

metallic layers of the substrate are connected by the two walls of via-fence. SIW technology 
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is more popular over the classical waveguide technology due to the features like low-cost, 

mass-producible, high-Q factor [6], low-loss [5] and simple-structure.  

 

Figure 2.7 structure of Substrate Integrated Waveguide 

From the Figure 2.7, the parameters of the SIW filter can be stated as: 

h: Height of the Substrate 

𝝐 : Dielectric constant of the substrate 

𝑾𝒆𝒇𝒇 : Effective width of the SIW 

d: Diameter of the metallic via 

P: distance between two consecutive vias 

There are some basic rules and constraints involved with the calculation of the above 

parameters. Modelling, wave mechanisms, leakage characteristics and performance analysis 

are described in the literatures [12-14]. The basic design of a SIW filter includes the width 

calculation which depends on the cutoff frequency of the SIW. The calculation of effective 

width (w), via diameter (d) and gap between the two consecutive vias (p) are described in 

[5-6]. From [12], it can be observed that the modes present in the SIW are different from 

the modes which exist in a rectangular waveguide. The first step for designing any bandpass 

filter is to calculate the width of the waveguide according to the cutoff frequency.  
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(i) Effective width of the SIW 

For the dominant mode of operation, the cutoff frequency of the waveguide depends only 

on the width of the guide. Therefore the height can be chosen as low as possible for 

designing the SIW. The relation between the width and cutoff frequency for 𝑇𝐸10 mode is 

presented in [6, 7]: 

10 2

c
f

w r r 
           (2.22)   

where r  and r  are the electric permittivity and magnetic permeability of the substrate.  

Where w is the width of the SIW. The effective width and width are related by the following 

formula as in [12]. 

2 2
-1.08* - 0.1*

d d
W w

eff p w

   
   
   
   

        (2.23) 

where d: diameter of the via 

However a more accurate formulation is given in [15], which includes via diameter‘d’ and 

via spacing (p) as written in Eq. (2.24). 

2
-

0.95*210

c d
f w
cTE pr

 
 
 
 

        (2.24) 

The width calculation analysis is mostly done for the 𝑇𝐸𝑚𝑜 modes because 𝑇𝐸𝑚𝑛 modes 

doesn’t exist in the SIW. That’s discussed in the next session where supported modes for 

SIW are given. 

(ii) Modes supported in SIW 

Though the SIW structures are having similar behavior as conventional rectangular 

waveguides but the difference is still noticeable. First, the SIW is a guided-wave periodic 

structure which may lead to EBG (Electromagnetic band-gap) behavior. Secondly, due to 

presence of space between two consecutive vias the leakage losses are unavoidable. 

Therefore, the modes exist in SIW are kind of different from modes present in RWG. As 

given in [12], the numerical methods were applied to calculate surface current distribution 

in a SIW, where TM modes couldn’t be extracted. So TM modes aren’t present in the SIW. 
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Despite this 𝑇𝐸𝑚𝑛 modes (where m and n both nonzero) aren’t present due to the 

discontinuity in the regular waveguide structure. The surface current distribution is given in 

Figure 2.8. The only modes which exist in SIW structure are 𝑇𝐸𝑚0 modes, for instance 

𝑇𝐸10, 𝑇𝐸20, 𝑇𝐸30 etc. 

 

 

 

Figure 2.8: Surface current distribution [12] 

 (iii) Feeding mechanism 

Feeding to a SIW plays a vital role in the design of the SIW filters. Since the SIW 

components like isolators, couplers, filters, etc. are needed to be integrated on the same PCB 

with other components, so planar transitions or feeding techniques are developed. Some of 

the most popular and efficient planar feeding techniques are microstrip line (MSL) feed, 

tapered feeding [16], tapered-via feeding [8] and Coplanar waveguide(CPW) feeding [9] . 

The E-field profiles for MSL and waveguide are shown in Figure 2.9, from which it can be 

observed that they share almost the same field-profile. Therefore using a microstrip line to 

excite the waveguide structure is quite possible since they have profiles oriented in the same 

direction. That’s how these planar techniques are developed. Tapered feeding is a type of 

feeding in which the microstrip line is tapered out to provide impedance matching between 

the planar MSL and SIW as shown in Figure 2.9 (c). In this case the tapered-out line is able 

to match the impedance, but still there are some reflection losses due to the sudden transition 

from MSL to waveguide. A new technique is proposed in [8] to reduce these losses by 

providing a tapered-via feeding. In tapered-via feeding as shown in Figure 2.9(d), extra two 

vias are used in between the transition to make the transition smoother. In tapered and 

tapered-via feeding, the thickness of the substrate is reduced to provide impedance 

matching, which leads to the minimization of conductor loss but it also gives rise to an 
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increase in radiation loss in the MSL. That is the reason, these feeding techniques are not 

preferable for mm-wave frequency range. Hence, CPW-SIW feeding is used for mm-wave 

applications. 

 

Figure 2.9: (a) E-field vector representation in a waveguide (b) E-field vector representation in a 

microstrip line [16] (c) Tapered feeding (d) Tapered-via feeding 

In [17] a coplanar waveguide excitation is used to provide feeding to a SIW structure as 

shown in Figure 2.10. In this type of excitation, the feed line is placed as an inserted stub 

and it requires only single plane for the feeding.  Though the increase in height of the 

substrate leads to losses in the tapered feeding techniques, but CPW isn’t sensitive to the 

thickness of the dielectric material. Therefore it provides better performance in very high 

frequencies like mm-wave frequencies. However, CPW-SIW has got a lower bandwidth as 

compared to the normal microstrip line feed. That’s the reason UWB applications don’t use 

CPW feeding. Still there is provision for modified CPW feeding techniques for bandwidth 

improvement. 

 

Figure 2.10: CPW to SIW transition 
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(iv) Losses present in SIW 

There are basically three types of losses present in a substrate integrated waveguide. Which 

are: 

 Conductor losses 

 Dielectric or substrate loss 

 Radiation or leakage loss 

Conductor losses are present due to the finite electric conductivity of the top and bottom 

metal layers. Dielectric or substrate loss is also a type of conducting loss which is due to the 

loss tangent of the dielectric material used as a substrate. At high frequencies i.e. mostly at 

mm-wave applications the proper choice of substrate material plays an important role, 

because when the frequency increases the major contribution to losses is provided by 

dielectric material. As given in [13], due to presence of gaps between the metallic posts, 

there is a leaky wave propagates in the SIW which is responsible for the leakage or radiation 

losses. The radiation losses can be calculated using the relation in Eq. (2.25) in [3]. 

Radiation loss =   2 2

11 211 S S         (2.25) 

where 11S  and 21S  are the reflection and transmission coefficients or the scattering 

parameters. 

Now since these losses are present which can’t be avoided, but the design considerations 

may be applied to minimize these losses. So comes the design rules into picture which is 

clearly stated in [12-14]. The formulations consider: 

 Proper choice of post diameter. 

 Proper choice of via spacing in terms of via diameter. 

The formulations were developed using a large amount of simulation and experimental data. 

Choosing the via diameter ‘d’ depends on the guided wavelength ‘𝜆𝑔’ as:  

𝑑 <
𝜆𝑔

5
            (2.26) 

Via spacing ‘p’ should be, such that: 

2p d           (2.27) 
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These two rules are not mandatory but sufficient, since choosing a specific via diameter is 

not always possible due to the presence of fabrication constraints. 

2.4.3 Half-mode SIW filters 

Half-mode SIW (HMSIW), yet another concept in integrated waveguide technology which 

was first proposed by wei hong et al. [18]. HMSIW is an integrated guided-wave structure 

which is half in size as compared to conventional SIW but gives almost the same 

performance as shown in Figure 2.11. This kind of structure is possible because of the 

magnetic wall behavior shown by the symmetric plane along the direction of propagation. 

So, even the size of SIW is cut to half, still the field behavior is unchanged.  

Two models of HMSIW are described in [19]. First, to calculate the field 

distributions inside a HMSIW and another to obtain an approximate formula for calculation 

of the effective width of HMSIW. Numerical analysis was used in [19] to show the different 

possible field profiles in HMSIW. 

 

Figure 2.11: (a) Structure of HMSIW (b) Field profile in HMSIW [19] 
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(i) Modes present in HMSIW 

The width to height ratio is large in HMSIW, so it supports only quasi 𝑻𝑬𝒎∗(𝟎.𝟓),𝟎  modes , 

where m = 1, 3, 5, 7….. as characterized in [19]. This is similar to half of the dominant 

mode in SIW i.e. 𝑇𝐸10 . In the Figure 2.11 (b), the field pattern of the dominant mode in 

HMSIW is presented. For instance the modes possible in HMSIW would be 

𝑇𝐸0.5,0 , 𝑇𝐸1.5,0 , 𝑇𝐸2.5,0  etc…  

(ii) Effective width calculation of HMSIW 

The effective width calculation for the HMSIW is similar to the width calculation carried 

out in SIW. Effective width can be calculated using Eq. (2.28) in [19]. The effective width 

of HMSIW is half the width of SIW.  

,'
, 2

W
eff SIW

W
eff HMSIW

         (2.28) 

where '
,

W
eff HMSIW

   = effective width of the HMSIW 

               
,

W
eff SIW

        = effective width of the SIW 

Effective width of the SIW can be written as below: 

2 2
2 1.08 0.1

, 2
d d

W w
eff SIW p w

 
 
 
 

          (2.29) 

where 2w = actual width of the rectangular waveguide 

 P= pitch or via spacing 

 d = diameter of the via 

Due to the fringing effect in the microstrip line the actual width of the HMSIW becomes: 

'  
,

W W w
eff HMSIW effHMSIW

          (2.30) 

This additional width ‘ w ’ can be calculated using the Eq. (2.31). 

2 '' 104 261
0.3 38

0.05 *ln 0.79* 2.77
3 2

W W
w effHMSIW effHMSIW

h hh hr

    
       
   

 

   (2.31) 
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Effective width and cutoff frequency of a HMSIW are related as follows: 

0.5,0 4
,

c
f
cTE W reff HMSIW


        (2.32) 

The losses in HMSIW are either at the same level or even lower than the losses present in 

SIW when identical materials are used and arrangement of vias are similar. A more detailed 

and extensive use of HMSIW technology for bandpass filter design has been given in 

chapter 4.   

2.5 Summary     

In this chapter a brief study about microwave filters, their use and design methodology has 

been discussed. Along with this the basics of SIW bandpass filters and their relationship 

with the rectangular waveguides are also studied. Different types of feeding mechanisms 

and calculation of basic parameters involved in the design of SIW filters are described with 

the use of various formulae and figures. Basic features of Half-mode SIW and its use to 

make compact filter designs are also briefed. These fundamentals of filter design is used in 

the chapter 3 to design SIW filters for different microwave bands. 
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Chapter 3 

Design and analysis of a class of compact 

SIW bandpass filters 

3.1 Introduction  

In this chapter a class of compact and high performance SIW bandpass filters are proposed 

using tapered-via transition and a simple EBG structure. The proposed filters are designed 

for Ku band (12-18GHz) and S-band (2-4GHz) of the microwave frequencies. The filters 

were designed and simulated using High frequency Structural Simulator (HFSS).  The 

proposed filters are designed and simulated on a low cost FR4 substrate by the HFSS v14. 

The S-band filter is fabricated using FR4 substrate. The improvement in results are also 

described and compared with similar designs reported in the literature.  

3.2 SIW filter Design process 

Design of the basic model includes calculation of width, via diameter and via spacing of the 

SIW filter. However, there are other calculations due to the use of tapered-via and u-slotted 

EBG structure. The basic theory for designing a SIW bandpass filter is discussed in the 

following section. 

3.2.1 Theory  

A basic structure of an SIW consists of the top and bottom metal planes of a substrate and 

two parallel arrays of via holes (also known as via fence) integrated in the substrate as shown 

in Figure 3.1.The width of the SIW filter is calculated by using Eq. (3.1) corresponding to 

the lower cutoff frequency ‘𝑓𝑐𝑢𝑡𝑜𝑓𝑓’ of the dominant mode (𝑇𝐸10) [10].   

 fcutoff =
c

2𝑤 √ϵr  
                                                     (3.1) 

where design parameter ‘𝑤’ is the width of SIW, ‘𝜖𝑟’ is the dielectric permittivity of the 

substrate used for the construction of SIW structure and ‘c’ is the velocity of light in free 

space. 
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Figure 3.1: Basic model of SIW filter  

In the Figure 3.1 the different geometrical parameters are defined as: 

𝑊𝑓 = width of the microstrip feed line 

d = diameter of the via 

P= via spacing 

L = length of the SIW  

W= width of the SIW  

𝑤𝑒𝑓𝑓= effective width of SIW 

Increase in via spacing ‘𝑝’ between the consecutive posts lead to increase in radiation or 

leakage  loss of the SIW structure and also diameter ‘d’ has some constraints as described 

in chapter 2. Hence, the selection of proper location of the vias and diameter of the holes in 

the SIW structure are critical design parameters.  The dimensions of array of vias are 

optimistically calculated by using Eq. (3.2) and Eq. (3.3).   

𝑑 <
𝜆𝑔 

5
                            (3.2) 

𝑝 ≤ 2𝑑            (3.3) 

where ‘𝜆𝑔’ is the guided wavelength and is determined by using Eq. (3.4). 

𝜆𝑔 =
𝜆𝑚𝑠

√ 𝜖𝑟𝑒𝑓𝑓

            (3.4) 
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Here, ‘𝜆𝑚𝑠’ is the wavelength of the microstrip feed line corresponding to centre frequency 

‘𝑓𝑐’ of the bandpass filter and ‘𝜖𝑟𝑒𝑓𝑓
’ is the effective dielectric constant. ‘𝑓𝑐’ is calculated 

using Eq. (3.5).  

   𝑓𝑐 =
𝑓𝑙+𝑓ℎ

2
                                   (3.5) 

  where  𝑓𝑙 and 𝑓ℎ are the lower and higher cut-off frequencies in the pass band of the 

filter.The width of the waveguide port ‘𝑤’ is calculated by using Eq. (3.6), described in [7]. 

𝑤 =
𝑐

2 𝑓𝑐𝑢𝑡𝑜𝑓𝑓 √𝜖𝑟
              (3.6)  

3.2.2 Tapered via transition 

Tapered via or modified taper is used for MSL to SIW transition. A wideband transition 

from microstrip line to SIW structure, consists of a microstrip line along two extra vias are 

used as a feed-line to the SIW which is proposed in [8] and is shown in Figure 3.2.  

 

Figure 3.2: Tapered via transition 

The feedline i.e. transition from microstrip line (MSL) having an impedance of 50 Ohms to 

SIW having impedance less than 50 Ohm is tapered out in order to get the lowest reflection 

loss in the passband. Two metallic vias are added at the transition of tapered microstrip line 

to SIW structure to achieve a wide band with better isolation. The physical dimensions of 

taper, i.e. length ‘𝑙𝑡𝑎𝑝’ and width ‘𝑤𝑡𝑎𝑝’ are calculated using the analytical expressions 

given in [8]. The length of the taper is calculated by: 

  𝑙𝑡𝑎𝑝 =
𝜆𝑔

4
          (3.7)  
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The width of the taper 𝑤𝑡𝑎𝑝  is calculated as: 

𝑤𝑡𝑎𝑝 = 𝑤𝑓 + 0.154*𝑙           (3.8) 

where 𝑤𝑓 is the width of the microstrip feedline and 𝑙  is the width of the SIW filter. 

3.2.3 Design of EBG structure using ‘U’ slot  

As given in [9-11] the ‘U’ slot behaves as an EBG (electromagnetic band gap) by creating 

a stopband in the transmission range of the SIW filter. In the basic design as shown in Figure 

3.3 one U-slot is made at the Centre for creating a stopband at the upper stop-band of the 

filter. 

 

Figure 3.3 (a) U-slot design  (b) Wave travelling mechanism  

Figure 3.3(b) shows a 180𝑜  delay which is responsible for the transmission zero in the upper 

stopband region of the filter, since in the path -3 a phase difference is created between the 

incoming and the outgoing waves. That’s how ‘U’ slot introduces a stopband zero and as a 

result the stopband behavior improves. The length or height of the slot is crucial parameter 

for calculating the stopband zero frequency since they are related inversely as given in the 

Eq. (3.9).   

𝑓𝑧 =
𝑐

4 𝑙𝑠 √𝜖𝑟
           (3.9) 

where 𝑙𝑠 = length of U slot  

𝑓𝑧 = frequency at which the transmission zero has to be introduced 
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3.3 Design of a SIW band-pass filter for Ku band 

In this section a SIW bandpass filter is proposed by using tapered via and multiple U-slots 

for having applications in Ku band (12-18GHz) region. The filter is designed in the HFSS 

software using low-cost and easily available FR4 substrate having dielectric constant 

(𝜖𝑟=4.4), dielectric loss tangent 0.02 and height 0.5mm.  

3.3.1 Design flow 

The flow or structure of the designed filters are shown in Figure 3.4. The Figure shows how 

the basic structure is modified along the way to get the final design.  All the filters were 

designed for Ku band of operations only. 

 

 

Figure 3.4: Ku band filter design flow 
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3.3.2 Geometry and calculation of the dimensions 

The dimensions for the filters are calculated using the Eq. (3.1) to (3.9) keeping in mind the 

following desired requirements, as they are designed to be operated in Ku band (12-18GHz). 

The design specifications can be summarized as follows: 

 Cutoff frequency for Ku-band: 9.5GHz 

 Center frequency of the passband: 14.5GHz 

 Upper stopband zero frequency: 20GHz 

 Proper choice of d and p. 

The SIW filter proposed in [9] is used to make the basic design for Ku band. In basic design, 

due to the existence of a single ‘U’ shaped slot, the stopband loss is maximized as the ‘U’ 

slot leads to a transmission zero in the stopband.  The basic design has less bandwidth and 

degraded performance due to impedance mismatching. With improved design, a tapered 

transition which provides a smooth transition from microstrip line to SIW structure is 

presented to enhance the return loss performance and bandwidth.  Further, in improved 

design-II the modified version of improved design with two vias at the transition from MSL 

to SIW is proposed. Further, S11 performance is improved due to the presence of two extra 

vias. Eventually, in the final design, improved design-II is modified with the addition of 

four numbers of U-slots arranged symmetrically about two parallel rows as shown in Figure 

3.5(d). The presence of multiple ‘U’ slots corresponds to the improvement in the stopband 

response. The structures showing top view and dimensions of the designed filters are shown 

in the Figure 3.5. 

The SIW filters are designed using a double-sided copper clad FR4 (dielectric constant (𝜖𝑟) 

=4.4, thickness 0.5 mm, loss tangent 0.02 S/m) substrate due to its ease in availability & 

low-cost.  The calculated parameters are fine-tuned later using parametric analysis and 

inbuilt optimizer present in HFSS v.14. The final design parameters of all the SIW filters 

are given in TABLE 3.1.  
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Table 3.1: Design dimensions of the Proposed SIW Filters  

Design 

parameters     

(in mm) 

Basic 

Design 

Improved 

Design  

Improved 

Design II 

Final 

Design 

     

𝐿 5.621 5.621 5.621 5.621 

𝑤𝑒𝑓𝑓1 11.12 -- -- -- 

𝑤 7.58 7.58 7.58 7.58 

𝑤𝑒𝑓𝑓 8.48 8.49 8.49 8.49 

𝑤1 9.90 9.90 9.90 9.90 

𝑝 1.35 1.35 1.35 1.35 

𝑑 0.90 0.90 0.9 0.9 

𝑙𝑚𝑓 2.72 2.72 2.72 2.72 

𝑤𝑓 0.955 0.955 0.955 0.955 

𝑤𝑒𝑓𝑓2 - 16.3 16.3 16.3 

𝑙𝑡𝑎𝑝 - 2.58 2.58 2.58 

𝑤𝑡𝑎𝑝 - 2.26 2.26 2.26 

𝑙𝑠 1.98 1.98 1.98 1.98 

𝑡𝑠 1.30 1.30 1.30 1.30 

𝑤𝑠 0.1887 0.1887 0.1887 0.1887 

𝑝1 - 0.885 0.885 0.885 

𝑤𝑣 - 7.26 7.26 7.26 

𝑔 - - - 0.60 

𝑚 -- - -- 6.46 

𝑠1 

 

- -- - 0.521 
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Figure 3.5: Structure of the designed SIW filters (a) Top view of the basic design (b) Top view of 

the Improved Design (c) Top view of the Improved Design II (d) Final design 
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3.3.3 Results and analysis 

A detailed analysis of simulation results of the performance parameters like 𝑆11, 𝑆21 , group 

delay and radiation loss of the filters presented in this section.  

(i) S11 and S21 performance 

The return loss performances are as shown in Figure 3.6. The results show that for the basic 

design, the passband is not wide enough to accommodate the Ku band frequencies as the 

S11 curve for a band of frequencies in the passband region go above the -10 dB reference 

level. This is normally due to the sudden transition in the impedance level of the microstrip 

feedline to the SIW structure. So, this problem is quite solved in improved design, by using 

a tapered transition between MSL and SIW structure. As the tapered transition provides a 

smooth continuity, the complete passpand (9.31 GHz - 17.22 GHz) is achieved in improved 

design. Later, in improved design-II, two metallic vias are introduced between tapered 

microstrip line and SIW structure for the smooth transition from the planar microstrip 

structure to waveguide structure with minimized reflection. This results in further 

improvement in the return loss of the filter as maximum S11 value attained is -44.1 dB.  The 

final design provides a better S11 value of -53.143 dB at the frequency of 14.51 GHz due to 

the introduction of multiple ‘U’ slots as shown in Figure 3.8.  

 

Figure 3.6: S11 performance of a, b and c (first three designs) 
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Insertion loss plots are as shown in Figure 3.7. The results show that the insertion loss stays 

below 1.9 dB in the pass band region for the first three designs. However, the stopband 

performance of these filters aren’t good enough due to absence of a stopband zero. Finally, 

the stopband response of the final design is improved significantly as shown in Figure 3.8. 

This is attained by the introduction of multiple ‘U’ shaped slots arranged in two parallel 

arrays in the SIW structure which creates a transmission zero in the upper-stopband and 

hence the insertion loss attains its maximum value of 20.1 dB at a frequency of about 20 

GHz.  

 

Figure 3.7: S21 performance of the a, b and c  

 

Figure 3.8: S21 and S11 curve of the Final design (d) 
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(ii) Group delay 

Group delay is plotted against frequency. The group delay for the final proposed design 

comes out to be 0.242ns (maximum) and 0.161ns (min.) in the entire passband region of the 

filter as shown in Figure 3.9. This indicates that in the passband, the delay provided to all 

the frequencies are constant and same, which behavior is normally observed in linear 

systems. 

 

Figure 3.9: Group delay profile of the Final design 

(iii) Radiation loss 

Radiation loss is resulted due to the leaky wave and loss tangent (δ) of the substrate used in 

the design. It can be calculated by using ( 1. −|𝑆11|2   −  | 𝑆21|2  ) as given in chapter 2. The 

radiation loss is then plotted against frequency is shown in Figure 3.10. It shows that the 

radiation loss is below 20% in the passband of the proposed final design. This can be further 

reduced by using low-loss substrates like Roger RO4350, etc.  
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Figure 3.10: Radiation loss of the final design 

3.3.4 Performance analysis 

The simulation results obtained are summarized in the TABLE 3.2. From the table it’s 

implied that, the final proposed design achieves the improved performance in terms of low 

reflection, the minimum value of group delay, better isolation and radiation loss. Hence, the 

proposed filter can be considered appropriate for the Ku-band applications.  The simulated 

results of proposed final design are compared with the simulation results of existing SIW 

filters in the literature for Ku band applications, as presented in TABLE 3.3. The proposed 

SIW filter shows a decent amount of improvement in case of performance as compared to 

the SIW filters reported in literatures.   

Table 3.2: Simulated performance parameters of the designed filters 

Result Analysis Basic 

Design 

Improved 

Design  

Improved Design II Final Design 

     

𝑓𝐿  (GHz) 9.55 9.30 10 10.19 

𝑓𝐻 (GHz) 17.22 17.22 17.22 17.05 

𝑆11 (in dB) < -8 <-10 <-10 <-10 

𝑆11 (in dB) 

(Best case) 
-26 -25.74 -43 -54 

𝑆21 (in dB) >-4.20 > -2.40 > -2.25 > -2.20 
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Table 3.3: Comparison of Performance among Proposed SIW Filter with other SIW Filters for Ku 

Band Applications 

Design 

proposed by 

Substrate Insertion 

Loss  

(dB) 

Return loss 

(dB) 

3dB FBW 

(%) 

Footprint 

(mm2) 

fc  

(Center 

Freq.) 

(GHz) 
       

[20] 
KYOCE

RA A493 
1.41 >10 10 545 12.6 

[21] RO4350 1 >5 23 1915 15.75 

Proposed 

final Design 
FR4 1.13 >10 51 160 13.5 

 

 The proposed design possesses better stop-band characteristics due to the existence of 

multiple ‘U’ shaped slots. A part of this work has been published in [22]. The SIW structure 

introduces transmission zeros in the upper stopband region of the filter. The taper-via 

transition at the planar to SIW provides lower reflection which results in wide bandwidth of 

the filter. The overall size or footprint of the filter is 160 mm2 which signifies its 

compactness. The proposed design possesses minimum return loss, better isolation, decent 

fractional bandwidth (FBW) of 51%. It is compact in size, low in cost and easier to fabricate 

than the other complex designs mentioned in the literature. 

3.4 Design of a SIW band-pass filter for S-band 

The S-band (2-4GHz) is a part of the EM spectrum for microwave applications. This band 

is used by weather forecasting radars, ship-surface radars and communication satellites. 

Since the applications in this band are broad and needs equipment’s to work in strict 

environments, so a SIW bandpass filter is designed for this band which is capable of high 

power handling and compact in size as compared to a conventional waveguide. The 

proposed filter has been fabricated using a low-cost substrate FR4 (loss tangent=0.02, 𝜖𝑟= 

4.4 and thickness=1.6mm). 

3.4.1 Design geometry  

Design flow consists of two designs. First, the basic design in which four u-slots are used 

to get a stopband zero and two transmission poles in the passband. However the passband 
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return loss can be further minimized by making another pair of U-slot in the center of the 

structure arranged back to back as shown in Figure 3.11 (b). The calculation of these 

parameters are calculated according to the center frequency of 3GHz and cutoff frequency 

1.5GHz. 

 

(a) 

 

(b) 

Figure 3.11 (a) Basic design of the S-band filter (b) final design  

3.4.2 Calculation of the dimensions 

The dimensions like width of the SIW filter, height of the U-slot , length of taper and width 

of the taper are calculated by the same process as it was given in the previous section, where 

these dimensions were calculated for Ku-band filter. However some dimensions like ‘m2’, 

gap ‘g’ and via width ‘w2’, via diameter ‘d’ and via spacing ‘p’ are calculated using 

parametric analysis and inbuilt optimizer to attain the best parametric values. Some of the 

important dimensions are given in the Table 3.4. The distance between the second set of 

vias around the U-slots i.e. ‘m2’ is chosen as: 
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m2= 1.3*(m1)          (3.10) 

By introducing this structure in the final design, a better bandwidth is achieved and 

reflections are also reduced in the passband. 

Table 3.4: Dimensions of the designed structures 

Design 

parameters     

(in mm) 

Basic 

Design 

Final 

Design 

   

𝐿 53 53 

𝑤2 42.5 42.5 

𝑝 3.5 3.5 

𝑑 2 2 

𝑙𝑡𝑎𝑝 14 12.1 

𝑤𝑡𝑎𝑝 10.4 10.4 

𝑔 1.5 1.5 

m1 28 28 

 m2  -- 37 

 

3.4.3 Results and analysis  

Simulations are carried out using HFSS V.14 and results obtained are discussed in the 

following sections.  

(i) S-parameter curves 

The return loss and insertion loss curves are as shown in Figure 3.12 and Figure 3.13 

respectively. From this, it’s clearly observed that filter provides the passband of 1GHz (2.5-

3.5GHz) and stopband for frequency band greater than 4GHz. In the basic design, two 

resonances present in the passband i.e. at 2.9 GHz and 3.4 GHz with return loss of 29dB 

and 26dB respectively. However in the final design, due to introduction of a pair of U-slots, 

the resonance becomes better and the return loss is reduced to a value of 64.4dB at a 

frequency of 3.22GHz in the passband. For final design, the S21 value is also improved 

from -20dB to -34.44dB in the stopband of the filter.  
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Figure 3.12 S-parameter curve of the basic design 

 

Figure 3.13 S-parameter curve of the final design 

 

In the Figure 3.14, a comparison between the two designs in terms of scattering-parameters 

are presented. The bandwidth of the final design is comes out to be around 1GHz or FBW 

of 30% as can be seen from Figure 3.13. Insertion loss in the passband is around 2dB, which 

can be reduced by using high quality and low-loss substrate materials like Rogers 

RT/Duroid 5880. 
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Figure 3.14: S-parameter curves for the designed S-band filters 

(ii) Group delay  

The group delay for both the designs are having similar pattern and almost same in the 

passband of the filter i.e. a maximum value of 2ns (Nano sec) and a minimum of 0.9ns in 

the passband. The curve almost shows a constant value in the entire passband as shown in 

Figure 3.15 which shows linearity of the filtering networks. 

 

Figure 3.15: Group delay of the S-band filters 
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3.5 Fabrication  

The final design has been fabricated using a low-cost substrate FR4 (loss tangent=0.02, 𝜖𝑟= 

4.4 and thickness=1.6mm) as shown in Figure 3.16. The return loss is measured using 

Vector Network analyzer (VNA) E5071C. The measured results are matching closely with 

the simulated as shown in the Figure 3.17. 

 

Figure 3.16: Fabricated S-band SIW filter 

However, the slight mismatch between the measured and the simulated one may be due to 

the lossy nature of the substrate & the connecting cables used for the measurement. 

 

Figure 3.17: S11 curves for the S-band filters 
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3.6 Summary  

This chapter summarizes into the design of two compact SIW bandpass filters for Ku-band 

and S-band applications using simple EBG structures and tapered-via feeding. The 

simulation results obtained are well described using Scattering plots, group delay and 

radiation loss curves. A compact and improved Ku band bandpass filter with a smooth 

planar microstrip to SIW transition having multiple ‘U’-slots is proposed in this chapter. 

The performance is also compared with other similar filters in the literature. The results 

obtained from the analysis are in coherence with the requirements of a microwave filter. 

Another S-band bandpass filter is proposed in this perspective where the 

performance achieved can be described in terms of fractional bandwidth around 30%, 

minimum return loss (64dB), maximum insertion loss (1.9dB) and a maximum group delay 

of 2ns. The footprint of the final design is 83X53mm2, which is relatively small as compared 

to other traditional S-band Microwave filters. The filter is fabricated and the S11 results are 

measured using the Vector Network analyzer (VNA) E5071C. Overall it can be considered 

to be a decent design for applications like satellite communication sub-systems and military 

radar. However the present size of these filters can be reduced by almost 50 percent by using 

Half-mode concept of Substrate Integrated waveguides, which is well detailed in the chapter 

4.  
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Chapter 4  

Design and Analysis of Compact HMSIW 

Filters 

4.1 Introduction  

In this chapter the HMSIW filter design process is discussed. To validate the concept and 

its features, two HMSIW bandpass filters are designed using the models proposed in chapter 

3. These two filters are designed to work in X-band (8-12GHz) and Ku-band (GHz) of 

microwave frequencies. Simulation and parametric analysis of the designed filters are done 

using HFSS v.14.  

4.2 Half-mode SIW filter theory 

Half-mode SIW is a technique developed to reduce the size of the SIW device to almost half 

the actual size. The modes present in HMSIW, calculation of effective width of HMSIW 

and other theories related to this are described in chapter 2. So to design a HMSIW filter, 

the first thing needs to be calculated is the width of HMSIW. As given in chapter 2 HMSIW 

width is half the SIW effective width. The calculation of the required design parameters are 

done using the Equations (2.28)-(2.31) given in chapter 2. 

4.3 Design of a compact Ku band HMSIW bandpass filter  

A Ku-band SIW filter is proposed in chapter 3, which is very compact in size and decent in 

performance. However the size of it can be reduced further by using the HMSIW concept 

of filter design. The model proposed in chapter 3 for applications in Ku-band is used as a 

base for designing its equivalent HMSIW model. The designed filter uses a low-cost 

substrate FR4. 

      4.3.1 Design calculations 

The design dimensions are calculated according to: 

 The center frequency in the passband of the filter. which is 15GHz for Ku-band (12-

18GHz). 

 The cutoff frequency of the filter, which is 11.5GHz for Ku-band. 
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 The guided wavelength of the filter, which is responsible for the feed line width 

calculation. 

The relation between the effective width of HMSIW and cutoff frequency of the dominant 

mode in the guide can be written in the following equation: 

0.5,0 4
,

c
f
cTE W reff HMSIW


        (4.1) 

Except this cutoff frequency, other calculations are made according to the theory of SIW 

filter design as given in chapter 3. 

4.3.2 Structure and dimensions 

The structure looks similar to the half of SIW as shown in Figure 4.1. This structure is made 

using tapered-via feeding and basic EBG structures proposed in chapter3. The dimensions 

are calculated using Equations given in chapter 2. Some of the important dimensions like 

width of HMSIW  
,

W
eff HMSIW

 , length of taper 𝑙𝑡𝑎𝑝  , width of taper, width of feed and 

total size of the model (w X H) are given in Table 4.1.  Since the field-profile and cutoff 

frequency of the dominant mode doesn’t depend on the height of the substrate, the thickness 

of the substrate taken is 0.5mm for the design. 

 

Figure 4.1: Top view of the Ku-band HMSIW filter structure 
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Table 4.1: Design dimensions of the Ku-band HMSIW Filter 

Design 

parameters     

(in mm) 

Proposed  

Design 

  

𝑊𝐻𝑀𝑆𝐼𝑊 4 

𝑤 17.4 

𝑙𝑡𝑎𝑝 4 

𝑤𝑡𝑎𝑝 2.2 

𝑙𝑠 1.98 

H 5 

 

4.3.3 Results and analysis 

The filter as shown in Figure 4.1 is designed and simulated using HFSS. The S-

parameter results and group delay of the filter are described in the following sections. 

(i) Scattering parameter curves 

The insertion loss and return loss curves are shown in the Figure 4.2. It can be deduced 

from the Figure 4.2 that the insertion loss is around 1.5dB which is very close the value 

1.4dB achieved in the SIW filter for the same band proposed in chapter 3.  

 

Figure 4.2: S-parameter curves of the HMSIW Ku-band filter 
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From the Figure 4.2 it’s observed that the 𝑆11 is as low as -46dB at the frequency of 

14.9GHz. It can also be seen that the upper stopband zero is having an insertion loss of 

35dB at 20GHz. 

(ii) Group delay 

The group delay of a filter shows the linearity of the device in its operation band of 

frequencies. Group delay for the proposed filter comes-out to be linear and almost 

constant in the entire passband as shown in Figure 4.3. It can be seen from the Figure 

4.3 that the group delay is very small and ranging from 0.15 to 0.25 nano sec in the 

passband.  

 

Figure 4.3: Group delay of the HMSIW Ku-band filter 

The return loss is achieved as 45dB and insertion loss is 1.5dB in the passband of the filter 

which is quite good corresponding to the size. The footprint of the filter is 87mm2 which is 

relatively small as compared to 160mm2 of the filter given in chapter 3. However the 

bandwidth is little less than the SIW filter proposed in previous chapter.  

4.4 Design of a compact X band HMSIW bandpass filter  

X-band (8-12 GHz) has applications in mobile satellite, military radars and radio 

communication. For variant applications another bandpass filter is designed for x-band. The 

designed filter is then simulated using HFSS v.14.  
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      4.4.1 Design calculations 

The calculation of parameters are done using the equations and theory described in 

chapter 2. The design dimensions are calculated according to: 

 The center frequency in the passband of the filter, which is 10GHz for X-band 8-

12GHz). 

 The cutoff frequency of the filter, which is 7GHz for X-band.  

4.4.2 Structure and dimensions 

The structure consists of two U-slots and a tapered-via feeding as shown in Figure 4.4 

which is same as the previous design done for Ku-band applications. Dimensions of the 

design are calculated using equations described in chapter 2. Some of the important 

dimensions like width of HMSIW  i.e. W
HMSIW

 , length of taper 𝑙𝑡𝑎𝑝  , width of taper 

, width of feed, distance between the two u-slots  and total size of the model (w X H) 

are given in Table 4.2 . The design is made on a low-cost substrate FR4 having loss 

tangent (tan𝛿) of 0.02 and 0.5mm thickness.  

 

 

Figure 4.4: (a) Diametric view of the designed x-band HMSIW filter (b) Top-view of the HMSIW 

filter 
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Table 4.2: Design dimensions of the X-band HMSIW Filter 

Design 

parameters     

(in mm) 

Proposed  

Design 

  

𝑊𝐻𝑀𝑆𝐼𝑊 4.46 

𝑤 23.2 

𝑙𝑡𝑎𝑝 3.85 

𝑤𝑡𝑎𝑝 2.34 

𝑙𝑠 2.75 

H 5.46 

s 1.48 

wf 0.9584 

 

4.4.3 Results and analysis 

The structure given in Figure 4.4 is designed and simulated using HFSS, and the 

obtained results are discussed in the following section.  

(i) S-parameter curves 

The simulated results for S11 and S21 are shown in Figure 4.5. 

 

Figure 4.5: S-parameter curves of the HMSIW Ku-band filter 

The return loss is achieved as 55dB at a frequency of 10.36GHz which is quite good as 

compared to the traditional SIW filters for X-band. The insertion loss is found out to be 
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1.37dB in the passband and around 35dB at the upper-stopband. The upper-stopband 

zero is formed due to the use of EBG structure i.e. U-slots. The bandwidth is around 

1.8GHz ranging from 8.97GHz to 11.6GHz.  

(ii) Group delay 

Group delay vs. frequency has been plotted to verify the linearity of the filter. The curve 

shows almost a constant value of 0.3nano sec in the entire passband of the filter as shown 

in Figure 4.6.  

 

Figure 4.6: Group delay of the X-band HMSIW filter  

4.5 Summary  

In this chapter two HMSIW bandpass filters are investigated, one for the X-band and another 

for the Ku-band applications. The filters are designed and simulated using HFSS. The results 

obtained are discussed using different plots like scattering curves and group delay plot for 

the filters. The size reduction of almost 50% is achieved using the half-mode technique for 

SIW filter design. A compact HMSIW bandpass filter is designed for the Ku-band 

applications which is almost half in size as compared to conventional SIW designs as 

proposed in chapter 3. Another compact HMSIW bandpass filter is designed for X-band 

using low-cost substrate FR-4 whose size is almost half as compared to conventional SIW 

designs. The return loss is achieved as 55dB and insertion loss is 1.37dB in the passband of 

the filter which is quite good corresponding to the compactness. The overall footprint of the 

filter is 102mm2 which is half of the equivalent SIW filter. 
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Chapter 5 

Conclusions and Future scope 

5.1 Conclusions  

In this thesis the design and analysis of SIW filters with high isolation, better compactness 

and improved return loss has been discussed. The major contributions are outlined as 

follows:  

 A compact and improved Ku-band bandpass filter with a smooth planar microstrip 

to SIW transition having multiple ‘U’-slots is presented in chapter 3. The proposed 

design possesses better stop-band characteristics and provides high isolation of 

1.4dB in the pass band. The SIW structure introduces transmission zeros in the upper 

stopband region of the filter. The taper-via transition at the planar to SIW provides 

lower reflection which results in wide bandwidth of the filter. The overall is 160 

mm2 which displays shows compactness. 

 Another similar filter is designed for S-band (2-4GHz) to understand the behavior 

in the lower frequency bands. The design of the filter is given in chapter 3. The filter 

is fabricated using FR4 and measured results of S11 are quite decent as compared to 

simulation results. Return loss of the fabricated filter is achieved as low as 30dB in 

the passband region.  The simulation performance achieved can be described in 

terms of fractional bandwidth which is 30%, lowest return loss (64dB), maximum 

insertion loss (1.9dB) and a maximum group delay of 2 nano sec. 

 A  HMSIW bandpass filter is designed for the Ku-band applications as presented in 

chapter 4. The proposed design is almost half in size as compared to conventional 

SIW designs as given in chapter 3. The return loss is achieved as 45dB and insertion 

loss 1.5dB in the passband of the filter which is quite good corresponding to the size. 

The footprint of the filter is 87mm2 which is relatively small as compared to 160mm2 

filter presented in chapter 3.  

 Another X-band filter is designed using HMSIW technique proposed in chapter 4.the 

size of this is almost half as compared to conventional SIW designs. The return loss 

is achieved as 55dB and insertion loss is 1.37dB in the passband of the filter which 

is quite good corresponding to the compactness. The overall footprint of the filter is 

102mm2 which is half of the equivalent SIW filter. 
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5.2 Future scope  

The designed filters can be modified by using movable metallic vias and micro electro-

mechanical switches (MEMS) to design frequency reconfigurable filters. The future scope 

of this work can be briefed as follows: 

 Use of movable via for tunable SIW filter design to have applications in different 

ITU (International Telecom Unit) regions of Ku-band. 

 Use of different switches like PIN diodes, SPDT and MEMS to design frequency 

reconfigurable filters.  
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