
People’s Democratic Republic of Algeria 
Ministry of Higher Education and Scientific Research 

University M’Hamed BOUGARA – Boumerdes 

 
Institute of Electrical and Electronic Engineering 

Department of Electronics 
 

Final Year Project Report Presented in Partial Fulfillment of  
the Requirements for the Degree of 

 

MASTER  
In Telecommunication 
Option: Telecommunications 

 
Title: 

Design and Simulation of a Novel Highly 

performant Low Pass Filter  
 
Presentedby: 

- HENDOU Sidahmed 
- BOUALIA Mohamed 

 
Supervisor: 
Prof.M.CHALLAL                         Registration Number:………/2019



 

I 
 

Abstract 

 
 

       This  work  presents  a  study  and  design  of  a  microstrip  low pass  filter  (LPF), The proposed 

LPF  has  acceptable  performances in terms of insertion loss,high  return loss in the pass-band, wide stop-

band at 20 dB suppression level ranging from 1.78 GHz to more than 20 GHz and size of 40x18mm2 

compared to previous published works. 
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General Introduction 
 

Filters are playing very important roles in many RF/Microwave applications. They are 

commonly used to separate or combine different bends . Emerging application such as wireless 

communications continue to challenge RF/Microwave filters with high performance, small size, 

light  weight,  and  low  cost.  Depending  on  the  requirements  and  specification  of  certain  

application, RF/Microwave filters may be designed as lumped element or distributed element 

circuits. different classes of filters can be found in the telecommunication field, one of them is 

the low pass filter (LPF); they may be realized in various transmission line structure, such as 

waveguide, microstrip and so on[1].  

 

At any communication system, a low pass filter is a filter that selects low frequencies up to the 

cutoff frequency f  and attenuates other frequencies which are higher thanf . 

 

In this work, we propose anovelmicrostriplow pass filter with high performance (wide rejection 

band, low insertion loss in the pass-band,sharpness response and a compact size), will be 

designed using defected ground structure (DGS) technique and then, compare its characteristic 

performance to those reported in the literature. The numerical and EM simulations are carried 

out using MATLAB and zeland IE3D software. 

 

     This report contains three chapters where the first chapter deals with the study of microwave 

filters, and some expressions used in filters. Then, the defected ground structure (DGS) concept. 

The second chapter is Overview about microstrip technology, its history, definition, applications. 

Then in the final chapter discusses the design of an LPF with a wide stop-band and a very low 

insertion loss in pass-band. 

Finally, conclusion of this work and some suggestions for future works will be presented.
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I.1 Introduction 

Microwave filters are two-port network used to control the frequency response at a certainpoint 

in a microwave system by providing transmission at frequencies within the pass-band of the filter 

and attenuation in the stop-band of the filter. Designers needed a new procedure and structure to 

make low insertion loss and perfect convention simulated. Introducing Defected Ground 

Structure (DGS) technique is one of the key solutions to realize the superior performances [2]. 

In this chapter, we will discuss some filter related topics, which are the method used to design 

the filters, the different types of filters, some of the scientific expressions used while trying to 

describe a filter as well as an overview about DGS, then we will pass to the equivalent circuitand 

some structures based on DGS. 

I.2 Expressions used in filters 
I.2.1 Transfer function 

Transfer function is an essential feature used in analyzing electronic systems, such as signal 

processing, communication systems. 

In a two-port filter network, the network response characteristics are described by the transfer 

function different mathematical laws called filtering function, where the most ones used are: 

Butterworth and Chebyshev laws [3]. 

In RF/microwave systems, the transfer function defined by using scattering parameter S21, but in 

general, the square of S21 magnitude is used instead of its magnitude only, so for a lossless 

passive filter network the TF is defined as [4]: 

| ( )| =
1

1 + ( ) (I. 1) 

Where w represents a frequency variable, is the ripple constant and Fn(w) is the characteristic 

function. 

I.2.2 Insertion loss 

In the best possible way, an ideal filter would introduce no loss of power in the bandwidth (zero 

insertion loss), Actually there is a certain amount of power loss related to the filter. The insertion 

loss quantifies how much below the 0db line the power amplitude response drops [5]. 
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                                                IL (dB) 20log|s21( )| (I.2) 

 

I.2.3 Return loss 

      In technical terms, L  is the ratio of the power reflected back from a device under test, by a 

discontinuity in a transmission line or optical fiber, to the power launched into that device, 

usually expressed as a negative number in dB. this discontinuity can be a mismatch with the 

terminating load or with a device inserted in the line. The return loss can be found by [5]: 

L (dB) = 10Log| |s ( )| |                            (I.3) 

I.2.4 Pass-band 

Pass-band is the band of frequencies that is allowed to pass through a filter. Pass-band is equal to 

the frequency range for which the filter insertion loss is less than a specified value. 
I.2.5 Cutoff frequency 

Cutoff frequency is the frequency at which the filter insertion loss is equal to -3 dB. 

I.2.6 Stop-band 

Stop-band is equal to the frequency range at which the filter insertion loss is greater than a 

specified value. It is the band out of the pass band.  

I.2.7 Sharpness factor 

The sharpness factor is the ratio between the cutoff frequency and the resonance frequency 

SF =              where f  is the frequency of first pole                        (I.4) 

 

I.3 RF/Microwave filter types 
There are four primary categories of filters which are: 

I.3.1 Low pass filter  

A low-pass filter (LPF) is a filter that passes signals with a frequency lower than a certain 

cutoff frequency and attenuates (reduces the amplitude of) signals with frequencies higher than 

the cut-off frequency (fc). the output at the critical frequency is 70.7%of the input. This response 

is  equivalent  to  an  attenuation  of  -3dB.  The  actual  amount  of  attenuation  varies  from  filter  to  

other. 
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I.3.2 High pass filter 
High-pass filter (HPF) passes all frequencies above the cutoff frequency with minimal 

attenuation and attenuates (reduce) signals from DC to some specified cutoff frequency. HPF are 

mainly used in digital image processing to perform image enhancements, edgedetection, noise 

reduction,  [6]. 

In practice, due to the emergence of higher order modes, the extent of the pass band of high pass 

filters is limited [7]. 

I.3.3 Band-pass filter  

A band pass filter allows signals with a range of frequencies (fc1, fc2). (pass band) to pass through 

and attenuates signals with frequencies outside this range. 

I.3.4 band-reject or band stop filter 

A filter with effectively the opposite function of the band-pass is the band-reject or notch filter; 

 

 
Figure.I.1. Frequency responses of the four types of filters [8]. 

 
I.4Methods used in designing filters 
 

I.4.1 Insertion loss method 

Insertion loss method (ILM) allows a high degree of control over the stop-band amplitude and 

phase characteristic with a systematic way to synthesize a desired response. The necessary 

design trade-offs can be evaluated to the best meet of application requirements. The insertion 

loss method allows filter performance to be improved in straight forward manner, at the expense 
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of higher order filter, which is equal to the number of reactive elements. In this technique, the 

relative power loss due to the lossless filter with reflection coefficient  ( ) [9] 

 

 
 

Figure I.2 Two-port network with reflection coefficient. 
 

 
In the ILM a filter response is defined by its insertion loss, or power loss ratioP  .  

 

P = = =
[ ( )| ]

=
( )|

               (I.5) 
 
Note from this definition P =  when  ( ) = 1 and P = 1 when  ( ) = 0. 

If both the source and load ports are matched for this network, then P =| |2. The insertion loss 

(IL) in dB:   

IL = 10 log | |2                                                     (I.6) 
 

The  power  loss  ratio  in  dB  is  simply  the  insertion  loss  of  a  filter,  thus  filter  design  using  the  

power loss ratio is also called the insertion loss method, and since | ) | is an even function of 

, so it can be expanded in a polynomial series in 2. In particular, for a linear and time invariant 

system, | ) |  is a rational function 

| ) | = ( )
( )

(I.7) 

   This means that it can be expressed as quotient of polynomial (real and nonnegative) M ( 2) 

and N ( 2) Where M and N are real polynomial in 2. 

| ) | = ( )
( ) ( )

                                           (I.8) 
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Substituting the above relation in P  relation we obtain the following: 

P = 1 + ( )
( )

                                                     (I.9) 

      Thus, a filter to be physically realizable its power must be of the form of the above equation. 

Notice that specifying the power loss ratio simultaneously constrains the reflection coefficient. 

 

I.4.1.1Maximally flat low pass filter prototype 

This characteristic is also called the binomial or Butterworth response, and it is optimum in the 

sense that it provides the flattest pass-band response for a given filter complexity or order. For 

low pass filter it is specified by: [9] 

P = 1 + k ( )                                             (I.10) 

where N is the order of the filter, and  is the cutoff frequency. The pass-band extends from 

 = 0 to  =  at the band edge the power loss ratio is 1+k .  

For > , the attenuation increases monotonically with frequency as in the Figure I.3.For  

>> :    P k                                                     (I.11) 

This shows that the insertion loss increases at rate of 20N dB/decade. 

 



CHAPTER I                                             Filter Theory and Defected ground structure 
technique 
 

7 
 

 
Figure I.3Maximally flat and equal ripple LPF (N=3). 

Table I.1 Element values for maximally flat low pass filter prototypes (g = 1, = 1, N = 1 to 10) 

[10]. 

 
 
 
I.4.1.2 Equal ripple low pass filter prototype 
 

If the Chebyshev polynomial is used to specify the insertion loss of an N-order low pass filter, 
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P = 1 + k T ( )                             (I.12) 
 

 A sharper cutoff will result; although the pass-band response will have ripples of amplitude 

1+k as shown in Figure I.3. Since T (x) oscillates between ±1 for |x| thus k determines the 

pass-band ripple level. For large x, T (x) (2x) , so for >>  the insertion loss becomes: 

P ( )                              (I.13) 

 
 
 
 
 
 

Table I.2 Element values for equal ripple low pass filter prototypes (g = 1, = 1, N = 1 to 
10) [10]. 

 
 

After selecting the appropriate low pass filter prototype that meets the given specifications, the 

following circuits are used to design the LPF. 
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(a) 

(b) 

Figure I.4Ladder circuits for low pass filter prototypes and their element definitions. 
(a) Prototype beginning with a shunt element. (b) Prototype beginning with a series element. 

 

I.4.1.3 Filter transformation from prototype  

In order to design actual low pass, high pass, band-pass and band-stop filters, the transformations 

of low pass prototype filters with normalized cutoff frequency =1 and having the source and 

load resistances of R =1  are made into the desired type with required source and load 

impedances using frequency and impedance transformations. 

Figure I.5The process of filter design by the insertion loss method. 

 
I.4.2 Image parameters method 
 
The image parameter method (IPM) is useful in studying filters and solid-state traveling wave 

amplifier design. Consider the following two-port network shown in Figure I.6 Zi1 and  Zi2 

arecalled image impedances. Both ports are matched when terminated in their image 

impedances.     
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Figure I.6Two-port network termination and its image impedances. 

 

It can be proved mathematically, using ABCD matrix and calculating Zi1 and Zi2 

Zi1   =      (I.14) 

 

Zi2 =      (I.15) 

 

In addition, the propagation factor of the network is given as 

cosh = AD                        (I.16) 
 

           =  + j      (I.17) 
 
The above result used in the analysis of coupled line filter. 
 
 
The  following  figure  shows  how  to  construct  an  LPF  circuit  with  IPM  with  these  lumped  
elements. 
 

L = 2R C = 2/ R                            (I.18) 
 

R = L/C = 2 / LC                           (I.19)  

 

: is the cutoff frequency;  R : is the nominal characteristic impedance 
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Figure I.7Low pass filter sections in T and  form   

(a) T-section. (b)  -section. 
 
 
I.5 Filter design 
 

The lumped-element filter design discussed in the previous sections generally works well at low 

frequencies, but two problems arise at microwave frequencies. First, lumped elements such as 

inductors and capacitors are generally available only for a limited range of values and are 

difficult to implement at microwave frequencies, but must be approximated with distributed 

components. In addition, at microwave frequencies the distances between filter components is 

not negligible. Richard's transformation is used to convert lumped elements to transmission line 

sections, while Kuroda's identities can be used to separate filter elements by using transmission 

line sections. Because such additional transmission line sections do not affect the filter response, 

this type of design is called redundant filter synthesis. It is possible to design microwave filters 

that take advantage of these sections to improve the filter response [11]; such nonredundant 

synthesis does not have a lumped-element counterpart. 

 
 

 

I.5.1 Richard's Transformation 

The transformation, given by expression (I.20), maps the  plane to the  plane, which repeats 

with a period of  = 2  . This transformation was introduced by P. Richard [12] to synthesize 

an LC network using open- and short-circuited transmission lines. 

= tan( ) = tan                                              (I.20) 

If we replace the frequency variable  with , the reactance of an inductor can be written as 
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jX = j L = jL tan( )                                    (I.21) 

and the susceptanceof a capacitor can be written as 

jB = j C = jC tan( )                                    (I.22) 

These results indicate that an inductor can be replaced with a short-circuited stub of length 

 and characteristic impedance L, while a capacitor can be replaced with an open-circuited stub 

of length  and characteristic impedance . A unity filter impedance is assumed.  

Cutoff occurs at unity frequency for a low pass filter prototype; to obtain the same cutoff 

frequency for the Richard's transformed filter, (I.20) shows that 

= 1 = tan( )                                                (I.23) 

which  gives  a  stub  length  of  = /8, where  is the wavelength of the line at the cutoff 

frequency,  . At the frequency = 2  , the lines will be /4 long and an attenuation pole 

will occur. At frequencies away from  , the impedances of the stubs will no longer match the 

original lumped-element impedances, and the filter response will differ from the desired 

prototype response. Also, the response will be periodic in frequency, repeating every 4 . 

      In principle, then, the inductors and capacitors of a lumped-element filter design can be 

replaced with short-circuited and open-circuited stubs, as illustrated in Figure I.8. Since the 

lengths of all the stubs are the same (  /8 at ), these lines are called commensurate lines. 
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Figure I.8 Richard's transformation. (a) For an inductor to a short-circuited stub.  

(b) For a capacitor to an open-circuited stub. 

 

I.5.2 Kuroda's identities 

The four Kuroda’s identities use redundant transmission line sections to achieve a more practical 

microwave filter implementation by performing any of the following operations 

 Physically separate transmission line stubs; 

 Transform series stubs into shunt stubs, or vice versa and 

 Change impractical characteristic impedances into more realizable ones. 

      The additional transmission line sections are called unit elements and are /8 long at  ; the 

unit  elements  are  those  commensurate  with  the  stubs  used  to  implement  the  inductors  and  

capacitors of the prototype design. 

      The four identities are illustrated in Figure I.9, where each box represents a unit element, 

or transmission line of the indicated characteristic impedance and length ( /8 at  ). The 

inductors and capacitors represent short-circuit and open-circuit stubs, respectively. 

 
Figure I.9The four Kuroda’s identities (n = 1 + Z /Z ) 
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Figure I.10Equivalent circuits illustrating Kuroda’s identity (a) in Figure I.8. 

 
I.5.3 Low pass filter design using stubs 

First, the design of the lumped element circuit with the required response is performed using the 

insertion loss method (maximally flat or equal ripple for example). The next step is to use 

Richard's transformation to convert series inductors to series stubs, and shunt capacitors to shunt 

stubs. The characteristic impedance of a series stub (inductor) is L, and the characteristic 

impedance  of  a  shunt  stub  (capacitor)  is . For commensurate line synthesis, all stubs are /8 

long at  (cutoff frequency). It is more convenient to work with normalized quantities 

until  the  last  step  in  the  design.  Because  series  stubs  would  be  very  difficult  to  implement  in  

practice, one of the Kuroda’s identities is used to convert these to shunt stubs. In order to do this, 

unit elements ( /8 long at ) are added at either end of the filter. These redundant elements do 

not affect filter performance since they are matched to the source and load. Then we can apply 

Kuroda’s identity to both ends of filter. Finally, the circuit is implemented and frequency scaled. 

By doing that, the desired response is obtained in the pass-band of the filter, but it will be 

repeated periodicallybecause of the nature of Richard's transformation.  

 

I.5.4 Low pass filter design using stepped-impedances 

An easy way to implement low pass filters in microstrip or strip lines is to use alternating 

sections of very high and very low characteristic impedance lines. Such filters may be called 

High-Z  or  Low-Z  filters.  The  advantages  over  shunt-stub  filters  are  that  they  are  easier  to  

fabricate and take up less space. One disadvantage is that this method uses approximations that 
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will lead to an electrical performance that is not very good; this type doesn't give a sharp cutoff. 

This must be considered when a filter is required in a certain application.It can be shown that the 

Z-parameters of a length  of line having characteristic impedance Z0 are given by: [9] 

Z = Z = jZ cot                                     (I.24) 
 

Z = Z = jZ csc                                      (I.25) 
 
The series elements of the T-equivalent circuit are [4] 

 
Z Z j Z [ ] = jZ tan                              (I.26) 

 

 While the shunt element of the T-equivalent is Z .  So,  if  /2, the series elements have a 

positive reactance (inductors), while the shunt element has a negative reactance (capacitor). We 

thus have the equivalent circuit shown in Figure I.11 (a), where 

 
= Z tan                                       (I.27) 

B = sin l                                      (I.28) 
 

Now  assume  a  short  length  of  line  ( /4) and a large characteristic impedance. Then, the 

above relations are reduced to 

X Z                                      (I.29) 
 

0                                                             (I.30) 
This gives the series inductor 
 
Now, for a short length of line and small characteristic impedance  

 0                                     (I.31) 
   

Y               (I.32) 
This implies a shunt capacitor. 
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Figure I.11 Approximate equivalent circuits for short sections of transmission line. 
 

So, the series inductors of a low pass prototype can be replaced with a high impedance line 

sections (Z =Z ), and the shunt capacitors can be replaced with low impedance line sections 

(Z =Z ). The ratio  should be as high as possible, so the actual values of Z and Z  are usually 

set to be the highest and the lowest characteristicimpedances that can be practically fabricated. 

The lengths of the lines are evaluated at thecutoff frequency, and can be calculated as follows: 

 The electrical length of the inductor section is 
 

=                               (I.33) 
And the electrical length of capacitor section is 

 
                                                  =                                                        (I.34) 

Where R0is the filter impedance, L and C are the normalized element values of the low pass 

prototype [4].  

 

I.6 Defected Ground structures (DGS) 

Over the past few years, there has been a different new concept applied in order to distribute 

microwave circuits. The one of these techniques is defected ground structure or DGS, where the 

ground plane metal of a microstrips circuit is intentionally modified to enhance performances. 

This technique’s name simply means that a “defect” has been placed in the ground plane, what is 

generally regarded as an approximation of ‘an infinite, current collector perfectly-conducting. 

Indeed, a ground plane at microwave frequencies is far removed from the idealized behavior of 
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perfect ground. Although the additional perturbations of DGS alter the uniformity of the ground 

plane, they do not render it defective [13]. 

 

I.6.1DGS as Periodic Structures 

Since last few years, almost 2001, many searchers have been tried to use periodic DGSs to 

improve the performance of amplifiers, power dividers, and oscillators,so they suggested to use a 

micro strip line with periodic DGS at the output for harmonic tuning of different components. A 

periodic uniform dumbbell shaped DGS is used in order to suppress the higher order modes of a 

power amplifier. Later on, 2004 they commenced considering the non-uniform periodic DGS 

with relative amplitude distribution following a chebyshev or binomial distribution or 

exponential function, as shown in Figure I.12.  

 

Figure I.12. (a)  A dumbbell  shaped  DGS etched  in  the  ground plane  of  a  microstrip  line  

with periodic uniform distribution, (b) binomial distribution, (c) exponential distribution 

[14]. 

Other types of P-DGS are represented in Figure.I.13 
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Figure I.13Periodic DGS (a) Horizontal periodic DGS, (b) Vertical periodic DGS. 

 

I.6.2 Different forms of DGS  

Many various shapes of DGS have been studied such as a concentric ring circle, spiral, 

dumbbells,  elliptical  and  U-  and  V-  slots.  Each  DGS  form  can  be  represented  as  a  circuit  

consisting of inductance and capacitance, which can lead to a certain frequency band gap 

determined by the shape, dimension and position of the defect. 

              DGS furnish a supplementary degree of liberty in microwave circuit design and can be 

used for different types of utilization [15]. 

 

 
Figure I.14.Different types of DGS: (a) spiral head (b) arrow-head slot (c) “H” shape slot 

(d) square open-loop with a slot in middle section (e) open loop dumbbell  

(f) interdigitalDGS [20]. 

 

I.6.3 Equivalent circuit of DGS 

Design and analysis are two challenges for DGS. The commercially available EM solvers are the 

main  resource  to  design  and  analyze  DGS.  To  apply  the  proposed  DGS  section  to  a  practical  
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circuit design example, it is necessary to extract the equivalent circuit parameters.In order to 

derive the equivalent circuit parameters of DGS unit at the reference plane, the S-parameters vs. 

frequency should be calculated by full-wave electromagnetic (EM) simulation to explain the 

cutoff and attenuation pole characteristics of the DGS section. The circuit parameters for the 

derived equivalent circuit can be extracted from the simulation result which can be fit for the 

one-pole Butterworth type low pass response. The full-wave analysis does not give any physical 

insight of the operating principle of DGS. 
       DGS  unit  can  be  modeled  most  efficiently  by  a  parallel  R,  L,  and  C  resonant  circuit  

connected to transmission lines at its both sides as shown in the FigureI.15. This resistance 

corresponds to the radiation, conductor and dielectric losses in the defect. From EM simulations 

or measurements for a given DGS, the equivalent R, L, and C values are obtained from the 

expression in [16]. 

= (I.35) 

= (I.36) 

=

| ( )|

(I.37) 

where 0 (=2 f0) and (=2 fc) are respectively the angular resonant frequency and 3-dB cutoff 

frequency. The following figure shows the DGS unit equivalent circuit. 

 
Figure I.15RLC equivalent circuit for unit DGS. 

 
I.6.4DGS Characteristics 
DGS has three main characteristics: Stop-band characteristics in microwave circuits, slow- wave 

propagation in pass-band, and high characteristic impedance [17]. 

I.6.4.1 Stop-band effects 
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DGS, which is realized by etching off a defected pattern or periodic structures from the backside 

metallic ground plane, has been known as providing rejection of certain frequency band, namely, 

bandgap effects. The stop-band is useful to suppress the unwanted surface waves, spurious and 

leakage transmission. Therefore, a direct application of such frequency selective characteristics 

in microwave filters is becoming a hotspot research recently. 

Several improvements are obtained using DGS. These improvements are summarized as follows: 

                 • More transition sharpness; 

• Suppressing higher harmonic; 

• Achieve broader stop-band responses and 

• Improving the stop-band and pass-band characteristics. 

 

I.6.4.2 Slow-wave effect 
This  is  the  one  of  the  most  important  characteristics  of  DGS  that  the  slow-wave  effect  which  

caused by the equivalent LC circuit component. The DGS is considered as an equivalent circuit 

consisting of capacitance and inductance as shown in Figure I.15, the equivalent inductive part 

increases due to the defect and produces equivalently a high effective dielectric constant that is 

slow-wave property. Due to this fact the DGS line has a longer electrical length then the standard 

microstrip line for the same physical length. Compared to a microstrip line without a DGS unit, 

the microstrip line with the DGS unit exhibits a faster phase variation, which exhibits slow-wave 

behaviors below and a slower phase variation which exhibits fast wave behaviors beyond 

,( = 2 f ). 

      when , L < ,  inductive microstrip is achieved and when   (frequencies 

greater than the resonance frequency of defect) 

. L > , capacitive microstrip line is obtained and in the case at the resonance frequency   

(  and . L = ) a jumping phenomenon occurs [18]. 

I.6.4.3 High characteristic impedance 



CHAPTER I                                             Filter Theory and Defected ground structure 
technique 
 

21 
 

In conventional microstrip line, the generally accepted impedance is limited to ~100 130  . By 

adopting the DGS on the ground plane, the effective inductance will decrease at the same time, 

and finally the impedance of the transmission increases to more than 200  [17]. 

I.6.5 Advantages and disadvantages of DGS  

I.6.5.1 advantage of DGS  

The most important characteristics of DGS are: 

 Disturbs shielding fields on the ground plane; 

 Increases effective permittivity; 

 One-pole LPF characteristics; 

I.6.5.2 Disadvantages of DGS 

The DGS have a principal disadvantage which is radiations. Radiation within enclosed 

microwave circuits can be difficult to include in simulation. Limit conditions are usually set to be 

absorbing (no reflections), which make simpler calculations, but eliminate the structures around 

the circuit being tested.  

            In some cases,the size of the enclosure will make the problem too large to achieve a 

solution in a reasonable time, and the details of the physical structure may take a very long to 

determine and enter into the software [19]. 

            Also, the EM simulation is assuredly accurate for the circuit itself, but with uncertainty of 

radiation effects, the construction and careful evaluation of a prototype is strongly recommended. 

An experienced designer may be able to create a simplified model of the enclosure for more 

accurate simulation, but measurement remains essential for verification. A lesser disadvantage is 

that DGS structures increase the area of the circuit. However, the additional area will usually be 

less than that of alternative solutions for achieving similarly improved performance [20].



 

 

 

CHAPTER II 
 

Microstrip Transmission Lines Theory



CHAPTER II                                                                   Microstrip Transmission Lines 
Theory 
 

22 
 

II.1 Introduction 

Microstrip lines are very important components in the design of any printed filter. For 

microwave device applications, microstrip filters generally offer the smallest sizes and the 

easiest fabrication. Microstrip lines can be designed for frequencies that are ranging from a few 

Gigahertz, or even lower, up to at least many tens of Gigahertz [21]. 

This chapter contains the following sections: firstly, we will highlight some outlines about 

microstrip line history, definition, applications and characteristics, in addition to some analysis 

and synthesis formulas. Next, an overview about the loss in microstrip and 

microstripdiscontinuities, finally, an overview about scattering parameters will be reported where 

we will emphasis on dispersion matrix of two port network. 

II.2 History of microstrip 
Microstrip is a planar transmission line which was developed by ITT laboratories as a competitor 

to stripline (first published by Grieg and Engelmann in the December 1952 IRE proceedings). 

According to Pozar [10], early microstrip work used fact substrates, which allowed non-TEM 

waves to propagate which makes results unpredictable. In the 1960s the version of microstrip 

became popular. 

II.3 Microstriptransmission line 

II.3.1Definition  

Microstrip transmission line is the most popular and used planar transmission line in radio 

frequency RF applications, exploited for designing certain components like filters,coupler and 

transformers. The wave type propagating in this transmission line is a quesi-transversal 

electromagnetic wave quasi-TEM. The microstrip transmission line consists of metallic strip of 

width “W” and thickness “t”, metallic ground and between its dielectric substrate with constant 

of thickness “h” [21], as shown in Figure II.1 The characteristic impedance of the line is 

determined in terms of width W, thickness t and dielectrics substrate. 
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Figure.II.1. View of a microstrip line and its lines of electric and magnetic fields, (a) 

whole view, (b) zoom in [13,20]. 

 Both electric and magnetic fields are present in the transmission lines. These fields are 

perpendicular to each other and to direction of wave propagation for TEM mode 

wave, whichis the simplest mode, and assumed for most simulators (except for 

microstrip lines which assume quasi-TEM, which is an approximated equivalent for 

transient response calculations). 

 Electric field is established by a potential difference between two conductors: implies 

equivalent circuit model must contain capacitor.  

 Magnetic field induced by current flowing on the line: implies equivalent circuit 

model must contain inductor 

II.3.2 Application and characteristics of microstrip lines 
 

Microstrip lines can be used in the manufacturing of some microwave components, therefore 

Low pass filterscan be made from them. Due to some suitable features, microstrip line is widely 

used (regardless of low power handling capacity) in the transmission of microwave frequency 

signals. The features may include [22]:   

 Its simple geometry; 

 Small size and low cost; 

 Absence of difficulties in devices integration and mass production; 

 Good repeatability and reproducibility. 

  

IGround 

 ---------Electric held 
 -------- Magnetic field 

metallic strip 

dielectric sabstrate 

metallic ground 
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II.3.3 Analysis and synthesis formulas 

II.3.3.1 Analysis formulas 

Analysis formulas are used to find and  when and  are given. In these calculations, the 

strip thickness is neglected because its effects are usually small [23]. 

i) Effective dielectric constant 

The effective dielectric constant is given by:  

 When  ( ) < 1 

+ 1
2 +

1
2 1 + 12 + 0.04 (II. 1) 

 When  ( 1 

+ 1
2 +

1
2 1 + 12 (II. 2) 

     
Note that there are two implications in these equations: 

First, the effective dielectric constant is involved here because some of the electric field passes 

directly from the bottom of the strip width to the ground plane whereas some of the electric field 

travels via air and the substrate to the ground plate. Second, there are two approximations for the 

effective dielectric constant as a function of the ratio of the width to the height, when <

1and when   1 . 

ii) Characteristic impedance 

The characteristic impedance is also calculated using separate solutions depending on the ratio 

of the width to the height.  

 When  ( ) < 1 

= 60 ln + 0.25 ( ) (II. 3) 

 When  ( 1 
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=
120

+ 1.393 + 0.667 ln + 1.444
( ) (II. 4) 

 

 
II.3.3.2 Synthesis formulas 

Synthesis formulas are available for finding and when Z and are known [10]. 

For a narrow strip : 
 

= (II.5) 

 
where  

H = ( )
.

+ ln + ln (II.6) 
 
And, for a wide strip : 

 
= [(d 1) ln(2d 1)] + [ln(d 1) + 0.293 0.517/ ]         (II.7) 

where  
d = . (II.8) 

 

= + 1 +
.

(II.9) 
 
Alternatively, where  is known at first: 

 

=
. ( . . )[ ( ) ]

(II.10) 

 

II.4 Guided wavelengths, propagation constant, phase velocity and electrical 

length 
the guided wavelength ofthe quasi-TEM mode of microstrip is given by (for non-magnetic 

material) [24]: 

                                                                   = (II.11) 

where is the free space wavelength at operation frequency f. 
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More conveniently, where the frequency is given in gigahertz (GHz), the guided wavelength 

can be evaluated directly in millimeters as follows [25]: 

= ×

( )
mm (II.12) 

The propagation constant is given by [25]: 
 

=                                                                 (II.13) 

the phase velocity is given by [25]: 
                                               = =                                                                           (II.14) 

 
where  

c: speed of the light ( = 3 × 10 in free space) 
 
The electrical length for any given physical length of a microstrip is as follows [4]: 
 

                                                  = (II.15) 
 
where  is a physical length of the microstrip. 
 
II.5 Loss in microstrip 
There is a loss in microstrip that is commonly occurs under filter design. The approximation 

expressions of the loss are hard to extract and quantify, so in some cases losses can be neglected 

for design purposes. 

 
II.5.1 Conductor loss  

The losses in microstrip circuits arise from conductor loss due to resistive losses in the strip and 

it is a primary loss mechanism at low frequencies. The skin depth is a layer that is conducting a 

current, for a common metal such as Aluminum and Copper the skin depth is about 0.8 mm at 10 

GHz. As the surface roughness increases, the current path increases and the conductor loss 

increases.  And  the  conclusions  are  smooth  substrates  are  essential  for  long  circuits  at  high  

microwave and millimeter wave frequencies. 

 
II.5.2 Dielectric loss  

It is due to the polarization heating by time-varying fields in the substrate and radiation due to 

the antenna action of the microstrip. Because of reversal polarization losses in the substrate, the 

dielectric loss arises and the measure of this loss mechanism is the loss tangent. 
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II.5.3 Radiation loss  

Open stub, bends and discontinuities on transmission line excite higher-order modes and cause 

the radiation of energy. The stub becomes a significant percentage of wavelength and experience 

as an antenna. 
 
II.6 Microstrip discontinuities  
All practical microstrip circuits contain discontinuities. The discontinuities include the bends, the 

width changes, the open ends, the gaps and T-junctions. Although such discontinuities give rise 

to only very small capacitances and inductances (often <0.1 pF and 0.1nH) the reactance of these 

become particularly significant at the high microwave and into millimeter wave frequencies [26]. 

 

II.6.1 Main discontinuities  

Some types of microstrip discontinuities are as follow: 

I.6.1.1 bend 

Right-angle bends of microstrips may be modelled by an equivalent T-network, as shown in 

Figure II.2. (Kupta and al., 1996) have given closed-form expressions for evaluation of 

capacitance and inductance [4]. 

 

 

Figure II.2 Microstrip discontinuities bends and its equivalent circuit [27]. 
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II.6.1.2 steps in width  

For symmetrical microstrip step, the capacitance and inductances of the equivalent circuit 

indicated in Figure II.3 may be approximated by the following formulation [28]. 

 

 
FigureII.3 Symmetrical microstrip steps and its equivalent circuit[1]. 

 

C = 0.00137h  (pF)                 (II.16) 

( ) (II.17) 

and 
( ) (II.18) 

with 

(II. 19) 

= 0.000987 (nH)                                     (II.20) 

 

Where for i= 1, 2 are the inductances per unit length of the microstrip having widths  

and  respectively. While and  denote the characteristic impedance and effective 

dielectric constant corresponding to width . 

c:is the light velocity in free space.  h:is the substrate thickness in micrometers. 

II.6.1.3 Open ends 

At the open end of a microstrip line with a width of w, the fields do not stop abruptly but extend 

slightly further due to the effect of the fringing field. This effect can be modeled either with an 
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equivalent shunt capacitance C or with an equivalent length of a transmission line , as shown 

in Figure II.4 the equivalent length is usually more convenient for filter design. 

 
Figure II.4Microstrip discontinuities open end[1]. 

 

The relation between the two equivalent parameters may be found by [28]. 

=                                                                   (II.21) 

 
 where c is the light velocity in free space, and a closed-form expression for is given as [28]. 

= (II.22) 

 
 where  

= 0.434907                                         (II.23) 

= 1 + (II.24) 

= 1 +                                                    (II.25) 

= 1 + 0.037tan 0.067 { 5exp[0.036( )]} (II.26) 

= 1 0.218exp 7.5 (II.27) 

The accuracy is better than 0.2% for the range of 0.01 100 and 128. 

II.7 S-parameters 
The S-parameters is the most used parameters to describe an electrical network because it is 

difficult  to  obtain  voltages  and  currents  at  high  frequencies.  For  Z  and  Y  –parameters  it  is  
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necessary to use open and short circuit which at microwave frequencies may cause instability 

when active elements are involved[29]. 

       In order to simplify the analysis of an RF circuit,  the system can be defined as a two-port  

system as shown in Figure II.5. 

 
Figure II.5 General two-port network S-parameters[29]. 

 
The parameters shown in the figure I.5 are defined as follow 
 

=       and       =                             (II.28) 

=           and           =                                 (II.29) 

where  
= S S S S                                               (II.30)                                                                     

 is called the determinant of the S-parameter matrix. 
 is the input port reflection coefficient. 

 is the reverse transmission (insertion) gain. 

 is the forward transmission (insertion) gain. 

 is the output port reflection coefficient. 

 

         For some components and circuits, the scattering parameters can be calculated using 

network analysis techniques. Otherwise, the scattering parameters can be measured directly with 

a vector network analyzer (VNA) for one or two-port microwave network.



 

 

 

CHAPTER III 
Design and Simulation of a novel LPF structure
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III.1 Introduction 
The purpose of this work is to design and simulate a novel microstrip LPF with high 

performance (low insertion-loss in the pass-band, high rejection band and sharpness response at 

the cutoff frequency) using a DGS technique.The numerical and EM simulations are carried out 

using MATLAB and zeland IE3D software [AppendixA] and [AppendixB].The proposed filter is 

simulatedon FR4 substrate with r= 4.3, h=1.62mm and tan =0.017. 

III.2 Design procedure of the proposed LPF 

To design such a filter, different steps will beconsidered.First, a comparative study of some 

DGS units such as coupled C-shaped DGS unit, dumbbell DGS unit and square DGS unit is 

investigated. The layouts of the considered three DGS units are shown in Figure III.1 where 

Table III.1 illustrates their dimensions. 

 

Coupled C- DGS unit 
a1=1.7 mm, a=1.1mm, b1=4.2mm, b=3mm, w=0.6mm, 

s=0.4mm,w0=3.17mm. 

Dumbbell DGS unit a2 = 0.55 mm 

Square DGS unit c = 9.2 mm 

 

Table III.1. Dimensions of the DGS units  

 
 

                                            FigureIII.1The layout of the three DGS units 

              (a) C-DGS, (b) Dumbbell, (c) Square. 
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 The simulated S-parameters of the three DGS units are shown in the Figure III.2where the x-

axis represents theFrequency in GHz and the y-axis represents the Magnitudes of S-parameters 

indB. 

 

 

Figure III.2.The simulated S-parameters of the three DGS units. 

 

From Figure III.2, it is observed thatthe dumbbell DGS unit has a stop-band response of less 

than 10-dB from 14.2 GHZ to 16.8 GHZ. The biggest stop-band from 12.38 GHZ to 15.35 GHZ 

is formed by the coupled C. Hence,the coupled C- DGS unit has wider stop-band than the 

dumbbell and square DGS units. 

From the previous discussion, it is shown that the coupled C-DGS unit is more appropriate in 

designing LPF with a wide rejection band. Therefore, to enhance this type of band, at least two 

symmetrical and/or asymmetrical DGS units should be cascaded [30]. This type of structure is 

calledperiodic DGS units. In this study, wewill start by designing an LPF with small size, wide 

and deep stop-band rejection based on the non-uniform cascaded coupled C-DGS unit as shown 

in Figure III.3. The considered dimensions are b3= 4.8mm, b2=3.6 mm, s=0.4 mm separated by 

distance d1=12.2 mm and d2= 1.8 mm. The simulated results are shown in Figure III.4. 
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Figure III.3. Geometry of the LPF 

 
Figure III.4.S-parameters results. 

 

The simulated S-parameters S21 and S11 show an LPF with a cutoff frequency of 10.61 GHz, 

and wide rejection band which is not deep enough. In what follows, some important 

modifications will be introduced to the structure so that to enhance band and wide rejection band. 

For that,we will propose a modified LPF with mirrored series-resonant branch loaded by radial 

stubs.  In what follows, the design procedure is described. 

 Step1:LPF using open-circuited stub is designed as shown inFigure III.5(a) with 

parameters w1=0.3 mm, w2 = 5.5 mm, L1 = 10.25 mm andL2 = 1.8mm. 
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Figure III.5(a)LPF using open-circuited stub 

 

 Step 2:In order to excite a transmission zero, two slots with the length ofL3=2.45mm and 

width of W3=0.9mm are etched inside the open-circuit as shown in Figure III.5(b). 

 

Figure III.5(b) Series-resonant branch 

 Step 3:To improve the selectivity, a radial stub (R2= 4.69mm, R1= 1.8mm and the angle 

is  around  17.9°  )  is  added  at  the  terminal  of  the  series  resonant  branch,  as  depicted  in  

Figure III.5(c),so that to move the transmission zero toward 3-dB cutoff frequency. 

 

Figure III.5(c) Series-resonantbranch loaded by radial stub 

 Step 4:At the end, a mirrored structure of the series-resonant branch loaded by radial stub 

is added as shown in Figure III.5(c). 
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Figure III.5(d) Mirrored structure. 

The simulation results of the four steps are shown in FigureIII.6. 

 

 

Figure III.6The magnitude of S21 for four steps. 

By using the mirrored series-resonant branch loaded by radial stub, an LPF with 3-dB cutoff 

frequency of 1.4GHz and wide rejection band starting from 3.62 to more than 10GHzis achieved. 

However, both the stop band and the sharpness still need improvement. For that, coupled C-DGS 

units are added to enhance the LPFperformance as shown in FigureIII.7 where Figure III.8 

depicts the simulation results. 
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Figure III.7Mirrored series-resonant branch with coupled C-DGS. 

 

 
 

Figure III.8 Simulation results of the proposed LPF based on Mirrored series-resonant branch 

along with coupled C-DGS 
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From Figure III.8, it is noticed that adding coupled C-DGS units enhance the LPF 

characteristics wherethe cutoff frequency of 1.52 GHz, the return loss of 12.2 dB and the 

maximum magnitude of S21 is around 43.57 dB. 

A comparison result between the filter structure without and with DGS units is summarized 

inTable III.2. 

 Without C-DGS With C-DGS 

Cutoff frequency (fc) in GHz 1.65 1.52 

The insertion loss in dB <0.94 <0.22 

Maximum magnitude of S21 in dB 42.5 43.57 

Return loss in dB -16.02 -12.2 

Stop-band (GHz) at 15 dB rejection from 3.62 to 10.90 from 2.63 more than 20 

Table III.2. A comparison result between the filter structure without and with DGS units 

In order to reach an LPF with high performance, high impedance lines loaded by radial stub 

are added as shown in Figure III.9.The considered parameters are: L4 = 7.85mm, L5 = 2.55 

mm,L6=11.4mm, d4 = 3.39 mm, d5 = 0.9 mm, W4=0.4 mm , and the angle is about 17.9°. 

. 

 

Figure III.9Final geometrical structure of the proposed LPF 

The following figure shows the S-parameters results of the final LPF structure. 
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Figure III.10S-parameters results of the proposed final LPF structure. 

From Figure III.10, it is clear that the filter performance has improved by using high impedance 

lines loaded by radial stubs.  

 

The simulation results are summarized in Table III.3. 
 

Cutoff 

frequency 

in GHZ  
( ) 

Insertion 

loss in dB 

 

in dB 

Return 

loss in dB 

Stop-band (GHZ) 

at 20-dB 

rejection 

in dB 

Sharpness 

factor (SF) 

Selectivity ( ) 

in  

dB/GHz 

1.55 <0.2 68.85 12.44 
from 1.78 to more 

than 20 
0.75 130 

Table III.3. Simulation results 
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III.3 Implementation and Experimental Results  
 
III.3.1 Implementation  
 
       The circuit fabrication was done using  vector network analyzer machine shown in Figure 

III.11        whereas the photographies of the fabricated filters are shown in Figures III.12. 

 
 

 

Figure III. 11 Vector network analyzer. 

 

e. 

 

Figure III. 12 Photography of the fabricated of the final structure Top and Bottom view 

respectively. 
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III.3.2. Experimental Results  
 

  After the fabrication process, the filters performances are measured by using a Rohde & Schwarz 

VNA .Figure III.13 and  Figure III.14 shown thes S-parameters measured/simulated results of the 

final structure low pass filters. 

 
 

 

Figure III. 13 Measured and simulated S11 of the final structure LPF. 
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Figure III. 13 Measured and simulated S21 of the final structure LPF. 

 

 

   The results exhibit an acceptable agreement between the measurement and simulation results. due 

to the available substrate material which is not suitable for more than C-band applications. 

Moreover, this degradation is most probably attributed to the tolerance in fabrication process, 

diversity of material parameters and additional insertion loss. Despite this small fluctuation, the 

filters still present satisfactory performance and meet the requirements. 
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The performance comparison of the proposed LPF with some other LPFs is illustrated in Table 

III.4. It is clear from Table III.4 that the presented LPF offers much wider rejection level (lower 

than 20 dB) from 1.78 to more than 20 dB. It can be seen from Table III.4 that the proposed filter 

provides good performances in stopband rejection, passband return loss and those reported in the 

literature. 

 Ref. [31] Ref. [32] Thiswork 

Substrate dielectric constant/height (mm) 1.52/1.524 2.65/0.93 4.3/1.62 

Cutoff frequency(fc) inGHz 1.688 3.62 1.55 

Stop-band (GHz)at 20 dB rejection 
from 2.22 to 

7.12 

from 5.1 to 

more than 20 

from 1.78 to 

more than 20 

Pass-band insertionloss(dB) _ < 0.1 < 0.2 

Pass-band return loss (dB) _ 17.1 12.44 

 
Table III.4.Comparison of the proposed DGS-LPF with other existing LPFs. 

III.4 Conclusion 
In this chapter, a new structure of low pass filter (LPF) using mirrored series-resonant branch 

and DGS techniques is introduced. The proposed LPF have shown satisfactory results in terms of 

wide rejection band (from 1.78 dB to more than 20 dB), sharp selectivity (SF of 0.75), 

selectivity  of 130 dB/GHz and low insertion loss in the pass-band.
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General Conclusion 
 

In this work, a novel LPF has been designed and optimized usingthe electromagnetic (EM) 

simulation IE3D software. Furthermore, the filter’s performances have been compared to those 

reported in literature. 

 

This work has been organized as follows: 

A literature review of microwave filters and discussion about The DGS techniques have been 

introduced  in  the  first  Chapter.  The  second Chapter  dealt  with  the  microstrip  transmission  line  

theory. In the last chapter, a design of an LPF with broad rejection band, low insertion loss, 

sharpness response and compact size has been introduced. Moreover, in the same chapter, 

results, discussions and comparisons with the previous published works have been presented. 

      It has shown that the proposed LPF had successfully produced the wide rejection in the stop-

band, extremely low insertion loss, good return loss and compact size.  

 

As further work, the following points are suggested: 

1. It would be interesting to fabricate and measure the designed LPF. 

2. Investigation on the new types of LPF and evaluate their performances. 

3. The creation of a new DGS design. 

Finally, we hope that this work will be beneficial for further microwave projects in general and 

for  filter applications in particular.
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Appendix N° A: 
 Overview of IE3D Software 

IE3D is a full wave, method of moments (MOM) based electromagnetic simulator for 

analyzing and optimizing planar and 3D structures in a multi-layer dielectric environment. It 

solves Maxwell's equation in integral form and its solutions include the wave effects, 

discontinuity effects, coupling effects and radiation effects. The simulated result includes S, Y, 

and Z-parameters, VSWR, RLC equivalent circuits, current field distribution, near and far field 

estimation, radiation pattern etc. 

IE3D  is  an  extremely  useful  tool  in  the  design  of  MMICs,  RFICs,  RF  printed  circuits,  

Microstrip and wired RF Antennas, multilayer PCBs and IC interconnections. 

Key Features 

 IE3D Fast EM Design Kit for real-time full-wave EM tuning, optimization and synthesis.  

  Multi-fold speed improvement and multi-CPU support for much improved efficiency. 

 Equation-based schematic-layout editor with Boolean operations for easy and flexible 

geometry editing and parameterization. 

 Lumped element equivalent circuit automatic extraction and optimization for convenient 

circuit designs. 

 Improved integration into Microwave Office from Applied Wave Research. 

Applications of IE3D 

 RF circuits, LTCC circuits and RF ICs. 

 Microwave, RF and wireless antennas. 

 RFID tag antennas. 

 HTS filters. 

 Electronic packaging and signal integrity. 

 Microwave circuits and MMICs. 

 Many other low to high frequency structures.
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Appendix B 
 

MATLAB program script used in a comparative study of some DGS units 

 

 

 
 

 

 

 

 

 

load coupledc.txt; 
data3=coupledc; 
x3=data3(:,1); 
y3=data3(:,2); 
load dumbbell.txt; 
data2=dumbbell; 
x2=data2(:,1); 
y2=data2(:,2); 
load squar.txt; 
data1=squar1; 
x1=data1(:,1); 
y1=data1(:,2); 
plot(x3,y3,x2,y2,x1,y1) 
xlabe1('frequency(GHz)'); 
ylabe1('S-parameters'); 
grid; 
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