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Abstract 

This thesis presents Design, Measurement and analysis for size reduction of the Coupled line micro strip 

Hairpin band pass filters (MHBPF’s). Hairpin filters are an interesting topic for microwave designers. 

These planar circuits are widely used in wireless transceivers and other microwave projects due to an easy 

design process. The filter design and analysis described in this paper can be used for wireless transceivers 

as well as for microwave links.  

Two techniques have been employed for the size reduction and four different filters have been designed. 

1st Technique, Conventional Hairpin configuration uses folding of the normal λ/2 resonators into U 

shape. 2nd technique exploits the cross coupling of the resonators for further size reduction of the filters.  

From 1st to last design, different properties of micro strip and couple lines have been analyzed, observed, 

and finally exploited to reach to a more compact solution.  

Agilent ADS have been used for the simulation process of the initial filters. Further on, AWR Microwave 

office has been used for the EM simulation part of the project and a detailed analysis for the size 

reduction with respect to the different properties of the materials used. 

Since insertion loss method is going to be used for the designs, low pass filter prototypes parameters are 

used for further conversion to band pass. The loaded Q factor and the mix coupling coefficients between 

resonators have been calculated from standard empirical equations.  

FR4 substrate is used for manufacturing process. RogersRO3210 has also been used as a substrate for 3-

section design in AWR Microwave Office for the illustration of size reduction with respect to substrate 

properties. 

The design with FR4 substrate has been manufactured and tested. The results have been analyzed on 

Vector Network Analyzer and displayed in results sections. 
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Abbreviations 

BPF         Band Pass Filters 

ADS         Advanced Design System 

AWR         Applied Wave research 

IC         Integrated Circuits 

IL         Insertion loss 

RL         Return loss 

TEM         Transverse Electro magnetic 

EM         Electromagnetic  

PCB          Printed Circuit Board        

MoM         Method of Moments 

O.C          Open circuit 

S.C         Short circuit 

FBW         Fractional Bandwidth 

MHBPF        Micro strip Hairpin BPF 
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1 Introduction 

This chapter describes the introduction, objectives, outline and specifications of the design work. 

1.1 Introduction 

Microwave filters are an important component in front end receiver of microwave communication system.  

They are used for passing frequency components within a particular pass band and to reject the interfering 

signal outside of that operating frequency band. Their functionality also includes to reject the unwanted 

product from the output of the mixers and amplifiers, and to set the IF bandwidth of the IF receiver. 

Important parameters include cutoff frequency, insertion loss, out of the band attenuation rate measured in 

dB per decade of the frequency [1]. Filters with sharper cutoff frequency provide more rejection for out of 

the band signals. Insertion loss, measured in dB, is the amount of attenuation seen by signal through the 

pass band of the filter. 

Another important consideration is the size. Much of the front end circuitry today can be integrated 

monolithically form in IC’s packages in the range of 800 MHz to 2 GHz. Now days however, It is not 

possible to construct Filters in IC’s form for high performance, since inherent loss of the RF and 

microwave IC’s leads to high insertion loss and high out of band attenuation rates. For this reason, 

Wireless systems today use individually “off chip” filter that are located outside of the circuit board, 

rather than IC packaging [1].  

Size requirement for most of the PCS (Personal Communication Systems) require filters to be compact in 

size and narrowband. 

Thesis work presents design of Microwave filters in S- Band with a fractional bandwidth of 10% and size 

compactness. Afterwards, a detailed analysis for designing filters with these requirements in presented. 

First, a 5
th
 order HBPF is presented with a FBW of 12%. Consequently, A 4

th
 and 3

rd
 Order filters are also 

presented with FBW achieved up to 3% and a considerable size reduction also. 

The parametric analysis can also be helpful for further designing circuits according to FBW and size 

requirements of the system. 
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1.2 Objectives 

The main objective of the design is to keep the size as small as possible. There are many ways to achieve 

this goal, i.e. using high permittivity material and variation of resonant structures just to name a few. For 

the goal completion in this work, Hairpin design filter technology is used and analysis for using higher 

permittivity is presented. 

In band ripple and return loss are related to each other. A high in band ripple may correspond to a higher 

return loss. A good filter should have a higher return loss and a lower insertion loss ripple in pass band. 

Hence, RL is accepted for anything better than 16 dBs’.  Insertion loss in the pass band is targeted to be 

lowest, typically less than 1.5 dB or better. 

Highest isolation in the stop band is targeted i.e. around 50 dB or better at a frequency of 4 GHz. 

According to the isolation in the stop band, Order of filter is chosen to be 5
th
 which pretty much suits our 

design requirements [2]. Lower order results in poor selectivity of the filter while higher order is directly 

proportional to the size of the filter. 

Frequency band of the filter is 2.3 to 2.5 GHz. There may be interferences at this particular frequency 

band but it is a good point to start with. 

Overall, it is a challenging task to design filters with lowest possible insertion loss & Bandwidth while 

keeping size smaller and coupling between the resonators low. These parameters are highly correlated to 

each other & getting one requirement achieved may reduce the other. Hence analysis of the trend is 

presented through this work. 
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1.3 Specifications 

Specifications for the designed filters and substrates used are given in the tables below.  

Table 1: Starting specifications for the filter 

Parameters Symbol Value Units Remarks 

Frequency f 2.3 - 2.5/4 GHz S-Band 

Bandwidth BW/FBW 100/10% MHz / % Narrow band 

Response Type/Order 5th/Order Chebyshev 1dB/ Ripple Sharper cutoff 

Insertion Loss S21/I.L ≤ 1.5 dB Pass band 

Return loss S11/R.L ≥16 dB Pass band 

Attenuation@ 4GHz α 50 dBc Stop band 

Table 2: Substrate used 

Substrates used 

Parameters FR4 for manufacturing Rogers RO3210 for analysis 

Dielectric constant 4.8 10.8 

Substrate Thickness (mm) 1.5 1.5 

Metal thickness (um) 35 35 

Loss tangent 0.02 0.0027 

The designs with different substrate and on different frequency are performed for analyzing effect of both 

parameters on size reduction of the filters.  
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1.4 Outline 

This thesis describes the design and size reduction analysis of micro strip hairpin filters. 

Chapter 1 describes the introduction of overall project, objectives and specification of the work. 

Chapter 2 describes the network parameters for two port and cascaded networks. Impedance matching 

techniques and some other commonly used parameters are also defined.  In continuation, it describes the 

common theory of filters, different response types and methods for the designing of band pass filters. This 

chapter also describes the basic transmission line components used in the thesis work i.e. micro strip and 

coupled lines. Coupled lined have been used as a starting point for designing of band pass filters. Last 

section of the chapter deals with the theory for the final filter structure i.e. Hairpin structure. The whole 

procedure of conversion of technology from coupled lines to hairpin configuration is described. 

Chapter 3 is all results and designs summed up in a chapter. This includes results for coupled line filters, 

Hairpin filters and a detailed analysis for the size reduction with respect to different parameters of the 

structures used. Coupling analysis with respect to different spacing is also presented in this chapter. 

Chapter 4 discusses the overall targets, methods adapted and results obtained. 

Chapter 5 describes the conclusions & direction of the future work. 
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2 Theory 

This chapter covers all the theory work required for the understanding of the project work and method 

employed for the achievement of the objectives. 

2.1 Network Analysis 

Single and multiple port networks are indispensable tool in restructuring and simplifying complicated 

circuits as well as providing needed insight into the performance of active and passive components in 

microwave engineering.  Sections below give an introduction of the concepts needed [3]. 

2.1.1 Scattering Matrix 

Scattering Matrix provide a complete description of a network with the ideas of incident, Reflected and 

transmitted waves as seen at its N-Ports. 

Scattering matrix or S-parameters of a two port network are defined as 

S11 = 
  

  
|
    

     S11 = 
  

  
|
    

 

S11 = 
  

  
|
    

     S11 = 
  

  
|
    

 

Where      implies perfect impedance match i.e. no reflection from the terminal impedance. 

 [
  
  

]    [
      
      

]  *
  
  

+ (1) 

2.1.2 Short Circuit admittance parameters 

The Short circuit admittance or Y parameters of a two port network are defined as 

    =  
  

  
|
    

         = 
  

  
|
    

 

    = 
  

  
|
    

         = 
  

  
|
    

 

Where      means a perfect short circuit at port n. They can also be written as 
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 [
  
  
] = [

      
      

] . [
  
  

] (2) 

Where matrix containing Y-parameters is known as admittance matrix or just Y-matrix.  

2.1.3 Open Circuit impedance parameters 

    =  
  

  
|
    

         = 
  

  
|
    

 

    = 
  

  
|
    

         = 
  

  
|
    

 

Where      implies a perfect open circuit at port n. In simple matrix form, it can be written as 

 [
  
  

] = [
      
      

] . [
  
  
] (3) 

The matrix containing all Z- parameters is known as open circuit impedance matrix or [ ] matrix. If 

network is reciprocal,         . For symmetrical network,          &          . 

And of course, Z and Y matrices are inverse to each other. 

2.1.4 The transmission (ABCD) matrix 

ABCD parameters are used to characterize cascade connection of two or more two port networks 

connected to each other.  For a two port network, ABCD matrix are written as follows. 

 [
  
  
] = *

  
  

+ . [
  
  
] (4) 

ABCD matrix is also known as transfer or chain matrix. They have following properties.  

     AD = BC         For reciprocal network 

A= D      For symmetrical network 

For cascaded two port networks, ABCD matrix can still be defined normally. After that, 2*2 ABCD 

matrix for each two port network can than be multiplied to each other. A two port network is illustrated in 

Figure 1. 
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Figure 1:  Two port ABCD network  

If a two port network in Figure 1 is replicated twice, the resulting equations are for both networks are as 

below. 

[
  
  
] = [

    

    
] . [

  
  
]   [

  
  
] = [

    

    
] . [

  
  
] 

 [
  
  
] = [

    

    
] . [

    

    
]  [

  
  
] (5) 

Where Equation (5) is the resulting ABCD matrix of the cascaded networks.  

2.2 Filters theories and concepts 

Filters are an important and frequently occurring part of the modern communication systems now days.  

A complete understanding of many communication systems is not possible without deep understanding of 

the filters.  A microwave filter is a two port network used to control the frequency response at a certain 

point in a microwave system by providing transmission of frequencies at certain points in the pass band 

and attenuation in the stop band [4]. Transfer function of filter network is mathematical description of the 

network response characteristics, Namely S21 expressed in dBs’. 

It is absolutely convenient to start our discussion with the ideal behavior of four basic filter types i.e. low-

pass, high-pass band pass and band stop. Figure 2 summarizes the basic behavior of filters in terms of 

attenuation & frequency.   

Attenuation is described by α and all stop bands are indicated by α            ∞. Angular frequency is 

described by Ω.  
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Figure 2: Basic Filter types (ideal) 

Two basic response types of the filters i.e. Butterworth and Chebyshev are covered next. 

2.2.1 Butterworth (Maximally Flat, Binomial) Response 

Butterworth is a response with flat pass band and a slope in the stop band. The Q factor of a Butterworth 

filter is medium as compared to Chebyshev and Bessel and is used in designs for requirement of the 

flattest pass band possible with no ripples. Attenuation steepness of the Butterworth filter is not as good 

as compared to the other filters due to the average Q factor value. 

The attenuation of the Butterworth filter is given by  

          [  (
 

  
)
  

] (6) 
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ω = frequency at which attenuation is desired 

  = Cutoff frequency (3 dB frequency) of the filter 

n= number of the elements (order) of the filter 

A typical 5
th
 order Butterworth filter will provide an attenuation of 30 dB at a frequency double of the 

cutoff frequency [4]. 

2.2.2 Chebyshev Response 

The response of such filters is typically described by equal ripple pass band and maximally flat stop band. 

The Chebyshev filter response has a higher Q factor as compared to Bessel and Butterworth. It is used 

when ripples in the pass band and steeper transition to the stop band are required. As the no. of the ripples 

in the pass band are increased, the steepness or the slope at the start of the pass band decreases and a more 

rectangular attenuation curve is achieved as compared to the Butterworth filter [2].  

 

Figure 3: Comparisons of Chebyshev and Binomial responses 

The comparison of the Chebyshev and Butterworth (Binomial) response has been shown in Figure 3. 

2.2.3 Low pass prototype filters and elements 

The Responses of the filters such as shown in the previous section normally results from the low pass 

filter prototype elements. Low pass prototype filter is the basic driving horse from which all the other 
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filters are extracted hence it become the starting point for the design of band pass filter. The element 

values of the typical low pass prototype filter are normalized to make source resistance or conductance 

equal to zero denoted by go=1 and the cutoff angular frequency to be unity i.e. Ωc=1 (rad/s). 

2.2.4 Steps for designing Filter 

1. 1st step is to design a set of requirements for our design in terms of pass band characteristics and 

stop band attenuation. 

2. As 2nd step, Low pass attenuation curves has been checked to find out the number of section or 

order of the filter. 

3. 3rd step is to select prototype elements values from Chebyshev tables. 

4. As final step, these values are converted to band pass structure and impedance and frequency 

scaling is performed using formula’s below.  

    
  

    
 (7) 

   
  

    
   

 (8) 

   
 

    
    

 (9) 

    
   
   

 (10) 

Where, in all cases, 

R= the final load impedance 

B= 3 dB bandwidth of the final design 

    Geometric center frequency of the final design 

    The normalized inductor band pass element values 

    The normalized capacitor band pass element values 

Figure 4 describes the overall design process in form of a flow chart. Everything has been described in an 

easily understandable chart starting from filter specifications till final design & miniaturization.  
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Figure 4: Flow Chart for filter design procedure 
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2.3 Some important definitions 

2.3.1 Quality factor (Selectivity factor) Q 

    
  

      
 (11) 

Where bandwidth is the difference between upper and lower cutoff frequency i.e.            [6]. 

2.3.2 Insertion loss 

An ideal filter will have no power loss in the pass band. However, in reality, a certain amount of power 

loss is associated with the filter. The dropping amount of power amplitude response below 0 dB is 

quantified as insertion loss of the filter. Mathematically,  

          
   

  
 = -10 log ( 1- |   |

  ) (12) 

Where    is power delivered to the load,      is the input power from then source &     is reflection 

coefficient looking into the filter. 

2.3.3 Quarter Wave Transformer 

Quarter wave (λ/4) transformer is mostly  used method in application for the purpose of the impedance 

matching.  The circuit given in figure  describes the basic principle ( See Figure 5) . 

Feedline Charactersisri impedance    and    are assumed to be given. The task is to match load to the     

line using λ/4 piece of line.     for such a circuit can be calculated as 

         
           

           
 (13) 

Dividing numerator and denominator by       and assuming    = 
 

 
 , Equation reduces to 

      
   

 

  
 (14) 

For perfect match,        , which implies 
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      √      (15) 

Of course the legth of the matching line should be λ/4 or odd multiple (2n+1) of λ/4, so that a perfect 

match can be achieved at one frequency and mismatch at others. 

 

Figure 5: Quarter wave transformer  

2.4 Transmission lines and components 

Transmission lines are needed for the low loss transmission of the microwave power from transmitter to 

the receiver. Earlier microwave systems used waveguides and coaxial lines for transmission media.  Wave 

guides have high power handling capability and low power loss but are bulky and costly. Coaxial lines 

provide higher bandwidth but are not suitable medium for fabricating complex microwave components.  

Planar transmission lines i.e. Strip line, Micro strip hence provide an alternative. These lines are low cast, 

compact and can easily be integrated with active devices such diodes and transistors for microwave 

integrated circuits [4]. 

2.4.1  Micro strip  

It is a common practice to use planar printed circuit boards (PCBs) from the implementation of most 

electronic systems. It is low cast manufacturing process but they have high radiation loss and are prone to 

crosstalk between neighboring conductors. In coupled lines, conductors are placed parallel. Hence Micro 

strip is a preferred choice [3]. Micro strip lines are the most popular type of transmission lines medium 

because it can be fabricated by photolithographic process. 
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They can easily be integrated by other active and passive microwave circuits. The general structure of a 

micro strip line is shown below in Figure 6. 

           

Figure 6: Micro strip line 

A conductor of Width W is placed on a dielectric substrate of thickness h and relative permittivity, ԑr .The 

bottom of the substrate is ground (conducting) plane. 

2.4.1.1 Quasi TEM Approximation 

As the name indicates, Pure TEM (Transverse EM) waves only have transverse components with no 

longitudinal component and its propagation velocity depends only on material properties. The 

propagation media in Micro strip is not homogenous since TEM waves have to travel through air above 

and dielectric below. Hence the waves also have small longitudinal component and their velocity is 

depending not only on the properties of the dielectric but also on the physical dimension of the micro 

strip. The dominant mode is still TEM and TEM theory is applicable to the micro strip as well. These 

waves in such a case are regarded as Quasi-TEM waves.  

2.4.1.2 Effective Dielectric Constant, Characteristics impedance and Attenuation 

The effective dielectric constant of a micro strip line is approximately defined as 

      
    

 
    

     

 
 

 

√      ⁄
  (16) 

Where    is Relative dielectric constant of the substrate, d is the height of substrate (commonly 

designated as h) and W is width of line. 



Hamid Ali Hassan   Design And Size Reduction Analysis Of Micro Strip HBP Filters 

15 

 

 

For given dimensions, Characteristics impedance   of the micro strip line can be calculated by 

    

{
 
 

 
 

  

√   
   (

  

 
 

 

  
)                                                                                               ⁄    
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2.5 Coupled lines 

When two unshielded coupled lines are placed close to each other, Power is coupled between the lines 

due to the interaction of EM waves from each of the couple lines. These lines are referred to as coupled 

lines and they normally consist of three or more conductors placed in close proximity to each other. 

The parallel coupled transmission lines can be used to construct many types of the filters. The fabrication 

of band pass or band stop filters with coupled line sections is particularly easy in micro strip section for 

filter bandwidth less than 20%. Wider bandwidth filters generally require tighter coupled lines which are 

generally difficult to fabricate [1]. 
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Figure 7: O. C coupled lines for BPF  

A two port coupled line section having a band pass response is shown in Figure 7. Open Circuit 

configuration is used since open circuits are easier to fabricate then short circuits. 

 

 

Figure 8: Equivalent circuit of O.C. coupled line  

Angle, θ = π/2 corresponds to the center frequency of the band pass filter. Narrowband band pass filters 

can be designed by cascading the sections see Figure 8. Hence a single section coupled line is modeled 

for calculation of even and odd mode impedance. Using ABCD parameters for three sections in the figure 

and multiplying, the derived impedance results are as follows.  
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Considering the band pass filter composed of N-sections, circuit in figure is replicated N-times. Again 

using ABCD parameters for N-sections, following important results are derived for the design of band 

pass filters. 
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Where                  
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2.6 Hairpin Filters  

In a normal micro strip coupled line band pass filter, size is pretty large because of the use of normal λ/2 

resonators. Hairpin filter is the most popular and widely used configuration in micro strip Band pass 

filters due to their compact design and need no ground structure. They are conceptually obtained by 

folding the arms of normal parallel coupled λ/2 resonators into U shape to reduce the size of filter. Hence, 

same design equations for parallel coupled half wavelength resonators can be used.  However, to fold the 

resonators it is necessary to take into account the reduction of the coupled-line lengths, which reduces the 

coupling between the resonators. The line between two bends tends to shorten the physical lengths of the 

coupling sections, and the coupled section is slightly less than a quarter wavelengths [5].  

Two types of inputs i.e. coupled line or tapped lines can be used for hairpin filters. Coupled line input is 

not very popular since low spacing at the end resonators causes larger coupling which in turn, hampers 

the insertion and return loss as shown in Figure 10. On the contrary, tapped input resonators not only 

provide acceptable results w.r.t to IL & RL, but also give design the flexibility in the location of the 

tapped input, see Figure 11. This in turn can improve the response characteristics. 
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A sliding factor, θ is introduced. It is the angle at 

which the resonators are bent as seen in Figure 9. This 

provides optimal space utilization. Also no needs for 

any via, grounding or lumped components make the 

design more simpler and popular choice. 

The straight forward right angle bend has a parasitic 

discontinuity capacitance caused by increased 

conductor area near the bend.   This effect can be 

reduced by making a smooth conductor bend of radius 

r ≥ 3w but this takes up more space. Or, the right 

angle can be compensated by mitering the corner, 

which is equivalent to reducing capacitance at the 

bend. 

The optimum value of the miter length depends upon 

the characteristics impedance and the bend angle, but 

a value of a = 1.8W is often used in practice [6]. 

 

Two types of input structure are in practice for Hairpin resonators. These are coupled input and tapped 

input structures. In couple line input, Input transmission line is directly attached onto the first coupling 

section. This results in poor isolation which in turn affects the response characteristic 

 

Figure 10: Coupled line input for hair pin 

Figure 9: Hairpin U-Section 
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Tapped line input resonator are introduced due to poor response characteristics of the coupled line input 

resonators. 

 

Figure 11: Tapped input for hair pin 

To approximate the tapping length, formula given below has been used by designers in [7]. 
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    (24) 

The empirical equations used for the calculation of the Quality factor and mutual coupling between the 

resonators are as follows. 
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Where    and     are the external quality factor of the resonator at the input and output and        

are the coupling coefficient between the adjacent resonators.           
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3 Design Procedure and results  

This section accumulates all the results and starts with the 5-Section hairpin design in ADS (Advanced 

Design System) with 1 dB ripple. 

3.1 5-Section Hairpin Filter with 1dB ripple 

3.1.1 Low pass prototype element design  

The design started with the selection of prototype elements from Chebyshev 1 dB design for the low pass 

filter described in table. The circuit and its result are shown in Figure 1Figure 12 & Figure 13. It is worth 

remembering that low pass prototype elements are normalized for a Cutoff frequency of 1 Radian per 

second (0.159 Hz) and source & load resistance of 1Ω. 

 

Figure 12: Circuit diagram prototype 

 

Figure 13: Result for Circuit diagram prototype 
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3.1.2 Low pass to band pass conversion of the prototype design 

The low pass prototype elements are converted to band pass configuration using formulas form (7) to (10) 

in chapter 2. Impedance and frequency scaling is also being done in the same step using same formulas. 

Resulting circuit and response looks like in Figure 14 & Figure 15. 

 

Figure 14: Circuit diagram for BPF 

 

Figure 15: Results for Circuit diagram BPF 

3.1.3 Lumped elements to ideal micro strip coupled line transformation 

Next step is conversion to coupled lines which starts with computing even and odd mode impedances 

using formulas 19 to 23. The resulting values are tabulated in Table 3.  
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Table 3: Impedance Calculations 

N              

1 0.2435 65.10245 40.825 

2 0.083 54.5 46.2114 

3 0.099 53.73 46.76 

4 0.083 54.5 46.2114 

5 0.2435 65.10245 40.825 

The values of coupling coefficients for 1-dB ripple Hairpin design in ADS are calculated using equations 

(25) to (27) and given below. 

            =0.053451    and                  . 

Resulting circuit and response are shown in  

Figure 16 & Figure 17. It is worth noting that coupling length of the resonators is λ/4 since 90
o
 Electrical 

length is used in the simulator. 

 

Figure 16: ideal micro strip coupled line circuit 
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Figure 17: Result for ideal micro strip circuit 

3.1.4 Ideal to practical coupled line transformation 

All these Even and odd mode impedance of transmission lines are sent to LineCalc in ADS along with the 

substrate parameters. The value of the length, width and spacing between each resonator are then updated. 

The values are described in table 4 and Circuit & the results are shown next. 

Table 4: Length and width micro strip 

N Width, W (mm) Spacing, S(mm) Length, L(mm) 90o 

1 2.27017 0.70429 16.8012 

2 2.58225 2.4055 16.5113 

3 2.59516 2.7885 16.4985 

4 2.58225 2.4055 16.5113 

5 2.27017 0.70429 16.8012 
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The resulted circuit and the response are shown in figure see Figure 18 & Figure 19. 

       

Figure 18: Practical micro strip coupled line circuit 

 

Figure 19: Result for practical micro strip circuit 

Figure 20 is the layout of the circuit to have an idea of the size of the filter which can be compared to 

hairpin layout in the end. 
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Figure 20: Coupled line filter layout 

3.1.5 Coupled line to hairpin configuration/Planar Circuit design 

As we can see, each λ/2 resonators are λ/4 coupled to each other. Resonators are moved to create space 

between each λ/4 coupled sections. Resonators are bent at this spacing and this space serves as the 

spacing between the legs of each U Shape resonator.  

 

Figure 21: Coupled input hairpin circuit 

Circuit in Figure 21 is the basic hairpin filters after conversion of the resonator to U-shape. Input method 

is coupled line since input transmission line is directly attached onto the 1
st
 resonator.   
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Circuit results can be seen in the following figure.  

 

Figure 22: Result of coupled hairpin circuit 

The layout shown in Figure 23 is from Figure 21. Comparing this to the coupled line filter results in 

Figure 20, it can be deduced that size has reduced around 24 mm in x-direction and around 4.5 mm in y- 

direction. It means around 30 % size reduction in length while 17% in the width of the filter 

approximately.

 

Figure 23: Layout of Coupled hairpin structure 

The results shown in Figure 24 are not as good as expected. Especially, return loss is suffering between -5 

to -15 dB. Insertion loss is acceptable. Reason for poor return loss is again the coupled line structure of 

the input.  
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Figure 24: Momentum Results S11 & S21 

 

Figure 25: Momentum Results for phase 

  

Figure 26: Momentum Results smith chart 
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3.2 5
th

 order Tapped input Hairpin design in ADS 

In tapped input hairpin structure, input transmission line is not directly attached onto the first resonator. 

Instead, it is applied with the introduction of a matching circuit which gives enough spacing between 

input and the first resonator.  The configuration and result can be seen in Figure 27and Figure 28. 

 

Figure 27: Tapped input Hairpin design 

It can be seen from the results that return loss as well as insertion loss has improved considerably. 

Improved response characteristics is the reason why tapped structures are used instead of coupled 

structures.  

 

Figure 28: Result for tapped input Hairpin design 
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The layout of the designed structure is given in Figure 29. As can be seen it has casted space of around 10 

mm in overall structure but response characteristics are much better. 

 

Figure 29: Layout of Tapped input Hairpin design 

The conventional hairpin line filter size is still pretty large. The Board size or filter size can be reduced 

using miniaturized techniques i.e. Size can be minimized 50 to 60 % using miniaturized techniques as 

compared to the conventional hairpin band pass filter.  

 

Figure 30: Momentum Results S11 & S21 (tapped) 

Figure 30 to Figure 32 shows the results for Momentum simulations in ADS. Comparing these results to 

coupled input results, these are far better and improved in terms of return loss and insertion loss. Hence 

Tapped input structure is acceptable for manufacturing purpose.  
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Figure 31: Momentum Results phase (tapped) 

 

Figure 32: Momentum Results smith chart (tapped) 
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The model below shows the 3D structure for the designed band pass filter.  

 

Figure 33: 3D-Model of Tapped input Hairpin design 

3.2.1 Tapped Input analysis 

Decreasing tapping length increases the unloaded quality of the resonators, hence narrowing the 3-dB 

bandwidth as well as changing the response characteristics. The affect can be observed from figure below.    

 Using equation (24), Different values of tap thickness and Quality factor has been plotted in for λ/4 and 

λ/8 resonator lengths see Figure 34. Increasing tap thickness decreases quality factor and the effect is 

more for λ/4 resonator lengths than λ/8 lengths. 

It is worth keeping in mind that these values of the tapped thickness do not agree with the EM simulation 

results. Hence, while performing EM simulations, Analysis used is based on experimental calculations 

instead of Analysis results. The trend is still the same for both case but magnitude of tapped length is 

greater in practical EM simulations as compared to theoretical calculated results. 
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Figure 34: Quality factor and thickness comparison 

3.3 Microwave office Design for 4
th

 order Hairpin filter Exploiting structure 

Symmetry 

In this section, a 4-section Hairpin is designed in AWR Microwave office. The purpose of designing this 

filter is twofold. First, we can observe the symmetry behavior in an even section Hairpin filter since two 

sides of the filter are mirror to each other. 

Secondly, being a powerful tool in Microwave designing, AWR Microwave office gives us a lot of 

flexibility and ease for analyses of coupling coefficient’s and bandwidth variation with respect to spacing 

between the resonators. 

A Model has been drawn for 4-section filter as depicted in Figure 35. 
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.  

Figure 35: 4-Section Hairpin design in AWR Office 

 Result for the model is depicted in Figure 36. 

 

Figure 36: Results for Hairpin design in AWR Office 

AWR microwave office provides us with the facility to extract the EM structure from Circuit model 

directly. It preserves all the circuit dimensions & properties and simulation comparison can be made 

between the EM model and the Circuit model. Figure 37 (a) shows generated 3D EM layout of the filter 

while (b) shows meshing structure of the filter.  
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Figure 37: (a) Layout of design                (b) Meshing structure of the design      

Meshing structure is important for the performance of the EM structures. At the bends and corners of the 

structure, Polygons (Edge meshes) are smaller and tighter and they grow bigger as we go away from the 

edges. This means that simulator is going to take more time at the edge meshes at the cost of accuracy 

while the results are going to be more curate for bigger polygons area as in middle. 

 

Figure 38: Model results VS EM simulation 

Figure 38 shows the comparison of the results from EM structure and circuit model. As it can be seen, the 

circuit has better FBW and stop band attenuation but return loss seems to have suffered. EM results are 
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generally more dependable than the circuit model ones; hence we try to investigate into the reasons for 

variation of the results between circuits. 

3.4 Effects of varying spacing on Bandwidth and stop band characteristics 

Experiments for changing S1don’t have severe impact on the bandwidth but it does change the insertion 

loss especially the dip in the loss, however, increasing S1improves the stop band attenuation of the filter 

as shown in Figure 39. Besides, it is desirable to keep the S1 less than S2. It means more coupling 

between the end resonators, which account for more power coupled and transferred instead of attenuation 

along the transmission lines. 

 

Figure 39: Variation of S1 

After seeing the effect of S1 spacing, the Effect of changing the spacing S2 is analyzed in Figure 40. As it 

is clear, it has severe impact on 3 dB BW of the filter. It is also affecting the stop band attenuation 

effectively and insertion loss slightly. 
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It should be noted that S1 is the spacing between the end resonators while S2 is the spacing of the middle 

resonators. 

 

Figure 40: Variation of S2 (Internal resonators) 

3.5 Two resonators Model for coupling and spacing evaluation 

Using the observations made in previous section, a two resonator model is employed in this section to 

analyze the effect of spacing variation on coupling and finally choosing the right value of the resonator 

spacing. Resonator model and its response look like in Figure 41. 
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Figure 41: (a) Layout of two resonator model     (b) Two peak Results 

As can be seen, we get two peaks of frequency in the pass band. These frequencies have been sequentially 

changed by sweeping the value of the resonator spacing up to 3 mm. This concept has been described in 

[10]. 

Table 5 describes the changing resonant frequencies and hence values of the coupling coefficient 

obtained. 

Table 5: Resonator spacing VS Coupling Coefficient 

Resonator Spacing 
(S) 

      K = 2 * 
        

        
 

0.4 2.671 2.31 0.145 

0.8 2.62 2.37 0.1002 

1.2 2.6 2.41 0.076 

1.6 2.57 2.43 0.056 

2.0 2.558 2.45 0.043 

2.4 2.54 2.47 0.032 
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2.8 2.528 2.48 0.0192 

3 2.522 2.49 0.0128 

 

These values are perfectly in accordance with the results of the last section. In Figure 42, spacing 

values are plotted against coupling coefficients for a linear graph. 

It can be seen that maximum value of the coupling coefficients is obtained against the minimum 

value of the spacing and vice versa. Hence, desirable combination of values will be to choose 

minimum value for end resonator spacing and maximum for middle resonator spacing. 

 

Figure 42: Plot resonator spacing vs. coupling coefficient 

Table 4 describes the response characteristics for spacing variations. It can be seen that insertion 

loss dip is decreasing with increasing value of spacing, hence making the pass band more flat. 
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Stop band attenuation is improving linearly as the spacing is increased.  

It is worth noting that Return loss value remains almost constant for these observations, floating between 

24 to 30 dB’s. 

Table 6: Response characteristics, Spacing and coupling 

Resonator Spacing 

(S) 

K = 2 * 
        

        
 Insertion loss dip 

S21 (dB)  

Stop band 

attenuation @ 3.5 

GHz(dB) 

0.4 0.145 -11.6 -26.41 

0.8 0.1002 -8.9 -30.91 

1.2 0.076 -6.42 -33  

1.6 0.056 -4.45 -34.84 

2.0 0.043 -2.85 -35.69 

2.4 0.032 -1.671 -37.29 

2.8 0.0192 -1.066 -38.8 

3 0.0128 -0.87 -39.6 

 

In the diagram of Figure 43, maximum and minimum spacing values of spacing are plotted. It suggests 

for narrowband filters, Spacing should be maximum while for wideband filters, spacing should be kept as 

minimum as possible. 
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Figure 43: Maximum and minimum spacing 

From the results of the last discussion, a linear graph is drawn for the values of bandwidth and resonator 

spacing in Figure 44. Once again, increasing the spacing is decreasing the bandwidth and vice versa.  

 

Figure 44: Bandwidth VS Resonator spacing 

This is the prime reason why micro strip coupled lines are used to construct narrow band filters, typically 

of Quality factor over 10 or more, since tighter coupled lines are difficult, almost impossible to fabricate. 

While discussion of quality factor and bandwidth, it is also important to characterize the relation between 

these factors too.  
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Figure 45: Bandwidth VS Quality Factor 

The graph in Figure 45 describes that this relation is also not linear. A Q- factor value of around 144 is 

occurring for a value of bandwidth around 1%. Q-factor value goes half for 2 % and goes on decreasing 

the same way as the bandwidth is increased. Around 30% bandwidth which is bandwidth for wideband 

filter, the value of Q-factor drops till 4.80. 

3.6 Design of 3-Section Hairpin Band pass filter with Rogers RO3210 @ 

4GHz. 

While dealing with the reduction of the size of the coupled line filters, it is extremely important to take 

into consideration the effects of using dielectric with higher substrates. High substrate loss causes the 

insertion loss to drop in the pass band. Substrate parameters ϵr is related to the size of the filter inversely. 

Hence it is good idea to use a substrate with high permittivity for size reduction. 

In the forthcoming design, Rogers RO3210 substrate material has been used. Now this material has a 

dielectric constant         and dielectric loss tangent of 0.0027.  

Design is started with the circuit schematic as given in Figure 46. 



Hamid Ali Hassan   Design And Size Reduction Analysis Of Micro Strip HBP Filters 

43 

 

 

Figure 46: RogersRO3210 3-Section 

The results of the circuit schematic are given in Figure 47. The only thing to watch out for while going to 

3 sections or lower is the cutoff sharpness. It can clearly be seen that sharpness has reduced i.e. it is more 

looking like a Butterworth response rather than chebyshev. 

 

Figure 47: Results for RogersRO3210 3-Section 

The layout of the structure is as shown in Figure 48. 
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Figure 48: Layout of RogersRO3210 3-Section 

The above layout shows the positive result of the experiment. The size has reduced from around 60mm in 

basic conventional hairpin structure to 30 mm. This means a size reduction of 50% in x-direction. Almost 

the same amount of size has reduced in y-direction also. 

Comparisons of size reduction of different designs have been summarized in Table 7. 

The main culprit in size reduction of third design is width of the line. This width has not only contributed 

itself in size reduction abut also affected other parameters for resuction. Meanwhile coupling has also 

been changed which results in reduction in spacing length also. 

Table 7: Size comparison of different filters 

Filter type Size in X-direction (mm) Size in Y- direction (mm) 

Coupled line 84 23 

Conventional Hairpin 5-Section 70 19 

Conventional Hairpin 4-Section 55 16 

Rogers RO3210 3-Section 30.3 9.9 

Open loop cross coupled BPF 23 29 
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3.7 Open loop cross coupled band pass filter 

Cross coupling between the resonators is manipulated for size reduction in advanced miniaturization 

techniques. The model circuit of the filter looks like in Figure 49. 

 

Figure 49: Cross coupled open loop band pass filter 

This symmetrical structure is employed to obtain two transmission zeroes at the either side of the pass 

band [13]. The result is not as perfectly desired as shown in  

Figure 50.  
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Figure 50: Result for Cross coupled open loop band pass filter 

It can be seen from the layout that it is a symmetrical structure see Figure 51. The results obtained depict 

that symmetry is not perfect. The circuit requires a little more precise structure calculations and fine 

tuning at the end which could not have been performed due to the time limitation but it can be improved 

with slightly more effort. 

 

Figure 51: Layout for cross coupled open loop band pass filter 

Next section describes the analysis for impedance variation with respect to Width of line and height of 

substrate.  

3.8 Specification of characteristics impedance 

Variation of characteristics impedance along the Hairpin filter plays an important role in reduction of size 

for the filter. Equations 17 & 18 in chapter 2 are describing brief relationship between the characteristics 

impedance and width of the micro strip line. Hence, Width line can be changed by changing the 

impedance of the resonators. Using this, resonators can be designed to resonate at impedance other than 

22
.8

28.9
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50 Ω. This variation of the resonating impedance can in turn reduce the size quite a bit. The resulting 

filter might be more in y- direction than in x-direction. For this kind of circuit, correct impedance 

matching at the input and output of the filter is crucial if the filter is meant to be used in a 50 Ω system. 

Figure 52 shows the plotting of the width line against the characteristics impedance  

 

Figure 52: Sweeping Width for Zo 

Height of the substrate is also important parameter for variation of characteristics impedance. Figure 53 

describes the relation how the height of the substrate can affect the characteristic impedance. As it can be 

seen that it is a linear relationship and impedance increases with increasing height. However, it should be 

noted that variation is not as much as compared to width variation. Besides, FR-4 substrate with height of 

1.5 mm is used for our design, which does not give us the freedom in this context.   
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  Figure 53: Sweeping height of substrate for Zo 

3.9 Fabrication and measured results 

Filter circuit of Figure 54 has been fabricated in laboratory. LPKF Protomat E33 has been used for 

plotting of the circuit on the FR4 substrate. It serves purpose of having idea of size physically. The height 

of FR-4 substrate is 1.5 mm. The fabricated circuit is given in figure below. 

 

Figure 54: Tapped input hairpin fabricated on FR4 
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S21 response recorded on Vector Network Analyzer is given in Figure 55. The response has shifted in 

frequency as we have seen in Momentum, a result which certifies the accuracy of the EM results over 

model ones. 

 

Figure 55: Transmission coefficient of FR-4 filter 

Insertion loss has dropped quite a bit. This might be because of the imperfection in the soldering process. 

Reflection coefficient at port 2 is shown in Figure 56.  

 

Figure 56: Reflection coefficient at port 2 
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Reflection results at port 1 look pretty much reasonable also. Resulting coefficient at port 1 is shown in 

Figure 57. 

 

Figure 57: Reflection coefficient at port 1 

Smith chart results of the measured filter representing S11 and S22 Respectively are given in Figure 58. 

   

Figure 58: Smith chart results of the measured filter S11 and S22.  

 



Hamid Ali Hassan   Design And Size Reduction Analysis Of Micro Strip HBP Filters 

51 

 

  

Smith chart results of the measured filter representing S12 is shown in Figure 59. 

 

Figure 59: Smith chart S21 

Phase response results of the measured filter are shown respectively in Figure 60 & Figure 61. 

 

Figure 60: Phase response for S11 
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Figure 61: Phase response for S21 

Manufacturing results are pretty much in accordance with the simulated results in Momentum. A 

deviation of the results is expected and reason for that might be the imperfections in the soldering process.    
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4 Discussions 

A popular Hairpin technology was used for the purpose of size reduction in coupled line filters. A detailed 

analysis of design and size reduction of the filter has been presented. The results achieved were pretty 

much satisfactory according to the goals.  

Strength of the method chosen is simplicity of Hairpin filters. Structure requires no grounds or via holes 

and hence are easier to fabricate. Like all other technologies, ever green issue with the designs is the size 

reduction. 

Over all four filters were designed employing different concepts and technologies. Two of the designs 

were simulated in Agilent ADS while the rest two and a brief analysis of all the parameters controlling the 

size was simulated and presented in AWR Microwave Office Design Environment.  

ADS designed filters were good in terms of response characteristics. Size of the designed filter might not 

be miniaturized but still it could be used industrially.  

Designs in AWR Microwave office took into consideration all the parameters which can affect the size 

and response characteristics. Hence, the resulting filters were pretty compact in size as well as in terms 

insertion loss, return loss and bandwidth. 

A MATLAB routine was also used for the initial calculations of even and odd mode impedances and 

width of the line. These calculations have then been confirmed using simulator calculators.   
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5 Conclusions & Future Work 

5.1 Conclusions 

Different designs for micro strip HBPF has been presented in this thesis work.  Size reduction objective 

has been achieved with satisfactory results. FBW of the designed has also been improved by the end of 

the thesis work. Response characteristics of all the filters were suitable for manufacturing purposes. 

Furthermore, the analysis presented for overall design procedure is extremely handy. The conclusions 

drawn from the analysis can be employed for further designing procedures and the resulting designs can 

be extremely accurate and efficient. 

Coupling procedure presented is also pretty useful for the further miniaturizing of the filter designing. 

The model presented for the analysis of the spacing is extremely useful. It can further improve the results 

and more efficient filters can be designed in quick time leading to work in advanced techniques. 

5.2 Future Work 

Considering industry requirements, size can always be improved. Different miniaturizing techniques can 

be used employing electric, magnetic and mixed coupling characteristics.  The Board size or filter size 

can be reduced using miniaturized techniques i.e. Size can be minimized 50 to 60 % more using 

miniaturized techniques as compared to the conventional hairpin band pass filters.  

Coupling matrix topology can be adopted for quicker and efficient results. EM simulators like IE3D can 

further quicken process and improve the results using Full wave EM extraction techniques. 

Open loop cross coupled design gives an example of this work direction. This design results can further 

be improved. This can be a challenging future work regarding this technology. Hence, Fabrication of 

miniaturized filter and lab measurements can then be performed. 
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