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ABSTRACT

KEYWORDS: Defected ground structure; lowpass filter; patch resonators; sharp
roll-off; wide stopband.

Microwave filters play a major role in today's wireless communication networks. The
thesis is based on different planar techniques for the design of compact microstrip
lowpass filters. Three approaches are introduced for this. Cascading multiple patch
resonators to design miniaturized lowpass filters with good selectivity and wide
stopband is presented in the first section. Triangular and polygonal shaped patch
resonators, interdigital structures embedded between high-low impedance resonators
along with coupled inductive stub resonators, folded stepped impedance and modified
hexagonal shaped resonators are used here to design filters. In the second method,
defected ground structures are used to realize compact lowpass filters with high
harmonic rejection. A lowpass filter designed to achieve compact size, sharp roll-off
rate and wide stopband using defected ground and defected microstrip structures is
presented in the third section. In the second and third methods, the characteristics of
the basic filters are improved while retaining the compact size. The LC equivalent
circuit of the filters is developed and compared successfully with EM simulated and
measurement results. The material used to design and realise the above said lowpass
filters is the low cost, easily available FR4 substrate with permittivity 4.4 and

thickness 0.8 mm.
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CHAPTER 1

INTRODUCTION

1.1 THE ELECTROMAGNETIC SPECTRUM

The electromagnetic spectrum is the distribution of all relevant frequencies of
electromagnetic radiation. It covers frequency components ranging from 1 Hertz to
above 10% Hertz. These frequencies are divided into separate frequency bands and are
addressed by different names. Earlier, the known part of Electromagnetic spectrum
was only the visible light. The ancient Greeks identified the travel of light as straight
lines and analyzed the light properties such as reflection and refraction. William
Herschel discovered infrared radiation in 1800, which falls next to visible light. He
observed that maximum temperature is developed by the frequency component
beyond red. In the next year, 1801, Johann Rittar worked on the other end of the
spectrum and named the new part of the spectrum as ultra violet radiation. In 1845,
Michael Faraday first linked electromagnetic radiation to electromagnetism and he
noticed that the light polarization is analogues to magnetic field. In 1860's James
Clerk Maxwell realized that the electromagnetic waves travel at the speed of light and
he subsequently developed four partial differential equations for electromagnetic
field. In 1886, Heinrich Hertz attempted to prove the theoretical equations of
Maxwell and tried to generate radio waves. He found that the radio waves travel at
the speed of light and possess the properties of reflection and refraction. He generated
the microwaves and measured its properties and this paved the way for the invention
of wireless communication such as wireless telegraphy and radio. During an

experiment in 1895, Wilhelm Rontgen noticed an emission of new radiations and he



named these as X-rays. He found that these rays were able to travel through
biological substances and get reflected by any denser matter, and thus it can be used
for medical analysis of human body. The end portion of electromagnetic spectrum
was occupied with gamma rays. In the year 1900, the French physicist, Paul Ulrich
Villard, during the experimentation on the radio activity of radium, noticed a new
type of radiation. As per his theory, these radiations are similar to alpha and beta
particles, but can penetrate more powerfully. In 1903, Ernest Rutherford named these
radiations as gamma rays. Afterwards, in 1910 William Henry Bragg established that
these rays also come under electromagnetic radiation and are not particles as believed

earlier. Fig. 1.1 shows the electromagnetic spectrum.
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Fig. 1.1 Electromagnetic spectrum



The thesis is concentrated on radio frequency/microwave spectrum. The microwaves
are radio waves with frequency ranging from 300 MHz to 300 GHz. In terms of
wavelength the spectrum extends from one meter to one millimeter. The microwave
technology has been used in a wide range of applications. Conventionally it has been
used in telecommunication areas and also in sensing and imaging applications. The
areas of applications are categorized as but not limited to radar, defence, security,
food processing, point to point communication, satellite, cellular technology etc. All
these applications operate in the frequency range from 300 MHz to 300 GHz and

these frequencies are divided into different frequency bands, shown in Fig. 1.1.

1.2 MICROWAVE FILTERS

The electromagnetic spectrum is very limited and it is necessary to be shared for
different applications. Thus the concept of filtering is very important in the
RF/microwave frequency applications. The important function of the filter is to
separate different frequency components and to differentiate the wanted signal from
unwanted ones. Also they are used to restrict the radio frequency (RF) signals within
the assigned spectral limits. Depending on the specifications, RF filters designed
using distributed element circuits can be realized using waveguide, microstrip,
coaxial line etc. Day to day applications of radio frequencies include the wireless

communications, which uses microwave filters meeting requirements such as:

High performance
Low cost

Lighter weight
Compact size



Most RF/microwave filters are formed using one or more than one coupled resonators.
Planar transmission lines, for example, stripline, microstrip, coplanar waveguide etc are
used to make good resonators and thereby filters. The resonating frequency of the

resonator determines the frequency response characteristics of that particular filter.

Different microstrip components often considered in filter design include lumped
inductors and capacitors, quasi lumped elements and resonators. Resonators are any
type of structure, which contains at least one oscillating electromagnetic field. The
resonators are distributed elements and may be termed as quarter wavelength
resonators or half wavelength resonators, since they are A,/4 long or A,/2 long, where
Ag 1s the guided wavelength at the fundamental resonant frequency. The choice of
components depends on the type of filters, the adopted fabrication techniques,

acceptable losses, power handling capability and the operating frequency.

The microstrip resonator is the common choice for the development of RF and
microwave circuits. The important advantages of microstrip resonator are its small
size, easy processing using photolithography and adaptability with active
components. Compared to other resonators, the important disadvantage of microstrip

resonator is the increased value of insertion loss.

Nowadays filters find applications not only in the field of communication, but also in
different types of electrical equipments. Based on the frequency response, filters are
mainly classified as lowpass filter, highpass filter, bandpass filter and band reject filter.
The thesis is concentrated in the design and development of compact microstrip lowpass

filters with good in-band and out-of- band frequency response characteristics.



1.3 METHODOLOGY

The methodology used for simulation studies and the experimental results of the
fabricated prototype are very critical for achieving the desired filter characteristics.
The parametric analyses of proposed filters designed at a particular cutoff frequency
are carried out using full wave electromagnetic (EM) simulation software's IE3D and
Ansys HFSS. The final optimized structure is fabricated using photolithography and
by using Printed Circuit Board (PCB) proto typing machine "MITS Auto Lab". The

measurements are taken using Vector Network Analyzer.

Microwave filters have to be fabricated in low cost, easily available, thermally stable
substrates. The substrate used for the prototype fabrication in our work is FR4 of
thickness 0.8 mm. By precision design methods, high performance compact filters

can be fabricated using this FR4 material.

Due to high power handling capability, patch resonators are commonly used for the
design of microstrip lowpass filters. Another important advantage of using the patch
resonator is the lower conductor loss as compared to the microstrip filter using line
resonators. Based on the application of filters, the patches may have different shapes.

Some typical shapes are triangular, circular, ring, rectangular etc.

1.3.1 Electromagnetic Simulation Software
The software simulations of different lowpass filter structures are performed using
EM simulation software's IE3D and Ansys High Frequency Structure Simulator

(HFSS).



IE3D, a full wave EM simulator, based on Method of Moments (MOM), is used for
analyzing the characteristics of the filter such as S-parameter, group delay, voltage
standing wave ratio (VSWR) etc. It is also used for the design of antenna, radio
frequency identification (RFID), monolithic microwave integrated circuits (MMICs),
IC interconnects, microwave and millimeter wave circuits etc. IE3D solves Maxwell's
equations in integral form using green functions. It is used to analyze the surface
current and electric field distribution of the simulated structure for better
understanding the behavior of the filter in the passband and stopband characteristics
and to prove the rationality of the equivalent circuit. MODUA is used as the circuit
simulator of IE3D. The user can define lumped element parameters such as R, L, C,
open circuit, short circuit and interconnections on MODUA for the EM and LC
circuit simulation. All LC equivalent circuits designed in the thesis are carried out

using the MODUA of IE3D.

Ansys HFSS is the globally accepted EM simulation software, which uses full wave
Finite Element Method to compute the behavior of high frequency components.
HFSS is used to extract the parameters such as S, Y and Z and to visualize the 3D EM
fields and also used to analyze the group delay, VSWR etc of the microstrip
structures. The effect of various filter parameters can be effectively studied using the
optimization tool available with HFSS. Among the different boundary schemes of
HFSS, the radiation boundary and perfect electric conductor boundary is commonly
used in the proposed work. The scalar and vector representation of E, H and J values

demonstrate the behavior of the filters in the passband and stopband characteristics.



1.3.2 Fabrication Process and Measurement
Photolithography is the process of transferring the geometrical structures from
photolithographic sheet to the photo resistive substrate surface using ultra violet light

energy.

MITS Auto Lab is a standard equipped camera monitoring system with auto tool change
machine. Using MITS Auto Lab, we can fabricate single sided, double sided, multilayer
and high density printed circuit boards easily. This PCB prototyping machine is used for
precision cutting and fine finish of the PCB prototype, which gives accurate results
compared to the structure fabricated using photolithography. It produces high quality
PCBs without using any chemical raw material. The machine is capable of milling up to a
minimum width of 0.1 mm which ensures a high degree of accuracy for the fabricated

structure. The photograph of MITS Auto lab is shown in Fig. 1.2.
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Fig. 1.2 The Photograph of MITS Auto Lab



Our microwave lab is equipped with the Rohde & Schwarz ZVL 13 and Rohde &
Schwarz ZVB 20 Vector Network Analyzers, which are used for the measurement of
filter characteristics. These instruments form a complete solution for the
characterization of passive or active networks over 9 KHz to 13.6 GHz frequency
range and 10 MHz to 20 GHz range respectively. The RF signal is fed to the proposed
fabricated filter from the analyzer S-parameter test set through cables and
SubMiniature version A (SMA) connectors. At high frequencies, the cables and
connectors tend to be lossy. So before taking measurements, the instrument should be
calibrated for two ports in open, short and through conditions suitably. The two ports
of the filter are connected to the Network Analyzer for measuring the S-parameters
such as the transmission characteristics (S;;) and reflection characteristics (S;;) and

also for measuring the group delay and VSWR of the proposed structure.

1.4 MOTIVATION AND OBJECTIVE

Microwave filters play a significant role in various equipments used in our day to day
life. Applications are different, ranging from common entertainment systems to
sophisticated communication networks used in satellite television, military, radar
systems etc. In the communication field, cellular radio is widely accepted and popular
nowadays than the conventional wired telephony. RF and microwave filters are very
commonly used in these systems to filter out the unwanted frequencies, while
permitting wanted signals without any attenuation. Cellular communication needs
filters with specific performance characteristics in base stations as well as mobile
handsets. Thus the recent development and huge expansion of communication

systems demanded various novel filter techniques featuring miniaturized, high
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performance, light weight and low cost designs. Filters have the important property of
frequency selective transmission, and are able to transmit energy in the passband and

attenuate energy in the stopband.

High frequency harmonics are generated at different stages of digital switching
circuits and can cause severe interference with other devices and systems. It is
necessary to block all unwanted frequency components and permit only the required
band of signals. Lowpass filters with high performance and compact size and capable
of suppressing higher order harmonics are in great demand nowadays. It finds wide

applications in modern wireless communication systems.

In microwave filter design, the lumped element realization is not often used because
the wavelength is very short beyond the range of these circuit elements. Thus various
distributed circuit element realizations are commonly used because one or more

dimensions of elements are comparable with the signal wavelength.

Cost of the raw material is equally important along with high performance while
designing filters for commercial applications. Thus FR4 substrate is a suitable choice
for its low cost, easy availability and light weight. Using this substrate, a lowpass

filter with good selectivity and wide stopband is realized.

The main objective of this research work is the design and development of such high
performance microstrip lowpass filters, which are fabricated in FR4 substrate of
thickness 0.8 mm. Different techniques are adopted for the design like cascading
planar resonators, embedding interdigital structures between rectangular patches,

using folded stepped impedance resonators and introducing defected structures. The
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improvement in the performance characteristics of the basic lowpass filter using
defected ground structures is studied in detail. The basic defected ground structure,
modified by introducing interdigital slots between the square head slots to improve
the roll-off rate and to reduce the circuit size of the filter is also analyzed. The LC
equivalent circuits of the proposed filters are developed and compared with EM and
measured results. The EM field distribution is used to study the rationality of the

equivalent circuit and the characteristics of the filter in the passband and stopband.

1.5 THESIS ORGANIZATION

The entire work is described in seven chapters.

Chapter 1 discusses the introduction of electromagnetic waves and characteristics of
microwave filters. The methodology and motivation of the present work and thesis

organization are also presented in this chapter.

Chapter 2 presents a detailed analysis of the earlier works to understand the different
design techniques adopted to develop a high performance planar lowpass filter. The
review of various high performance lowpass filter design methods using variety of
resonators, defected ground resonator structures and defected microstrip structures are
also discussed. The chapter summarizes different types of lowpass filters and the

critical parameters which play a major role in the performance analysis.

Chapter 3 deals with a compact microstrip lowpass filter designed using cascaded
patch resonators and open stubs/suppressing cells. The LC equivalent circuit of the
filter is developed. The circuit simulation results are compared with the EM

simulation results. A novel technique adopted to improve the impedance matching in
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the passband is also presented. An extended work for improving the order of
harmonic suppression using diamond shaped patch resonators as suppressing cells

with reduced circuit size is also described.

Chapter 4 analyzes three high performance lowpass filters. An effort made to improve
the roll-off rate and stopband bandwidth without sacrificing the compactness of the
structure is described. In the first filter, Filter-1, an interdigital structure is embedded
between microstrip stepped Hi-Lo impedance resonators, and symmetrical series
connected coupled inductive stubs with rectangular patch capacitors are utilized to
achieve filter characteristics such as high selectivity, wide stopband bandwidth and
small physical size. In the second microstrip filter design, Filter-2, the roll-off rate is
further improved using folded stepped impedance resonators. Here, wide stopband is
achieved using modified hexagonal shaped resonators and cascading this structure
with folded stepped impedance resonators, a filter with sharp roll-off rate of 151
dB/GHz and wide stopband up to 10.12 GHz is achieved. This work is extended so as

to achieve wide stopband along with high selectivity and named as Filter-3.

Chapter 5 deals with two high performance lowpass filters designed and developed
using defected ground structures to extend the stopband bandwidth. In the first filter,
the frequency response characteristics of a basic microstrip lowpass filter, designed
using stepped impedance resonators and uniform impedance stubs, is improved using
H-shaped defected ground structures. Due to defects etched in the ground plane of the
basic lowpass filter, the harmonic suppression is improved from 5™ to 10" order with
compact size and good impedance matching. In the second filter design, improved

roll-off rate is achieved using stair shaped resonators and wide stopband bandwidth is
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obtained using defected ground structures, open stub and suppressing cells. Here the
characteristics of each resonator are analyzed to achieve sharp roll-off and wide

stopband from the filter. These filters are used for L-band applications.

In chapter 6, a defected ground structure based filter is modified to achieve an
improvement in roll-off rate and reduction in circuit size. Wide stopband bandwidth
of the filter is achieved by placing mirrored open stubs in the 50 Q microstrip line and
a spurline resonator which acts as defected microstrip structure in the top microstrip

line. The filter is very compact and it is designed for use in L-band applications.

Chapter 7 concludes the work and important achievements of the proposed filters are
mentioned. Different lowpass filter design methods using FR4 substrate are analyzed
and a conclusion is made that the proposed filters are having improved characteristics
better than most of those which have been built so far using the same material. The

scope of future developments is also discussed here.
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CHAPTER 2

BASIC FILTER THEORY AND REVIEW OF LITERATURE

The basic lowpass filter theory behind the work is discussed in this chapter. The
classification of different lowpass filters is also covered. The basic concept of
microstrip line, its design equations, and the general principles behind the
conventional methods of lowpass filter design are outlined. A detailed analysis of the
earlier works in the relevant fields to understand the different design techniques

adopted in the development of a high performance lowpass filter is also conducted.

2.1 PROTOTYPE OF A LOWPASS FILTER

Generally a lowpass filter is defined as a filter, where the element values are
normalized to achieve the condition that the source resistance becomes unity, denoted
as gy = 1, and the cutoff angular frequency as unity denoted as Qc = 1 (rad/s)
(Mattaei et al., 1980). Filter synthesis methods for realizing the transfer functions
were first initiated by the network synthesis method described in Darlington (1939),
Saal and Ulbrich (1958), Weinberg (1962), Papoulis (1962) and Cauer (1958). Later
the rational transfer functions for the prototype filters were developed using Temes
and Mitra (1973); Rhodes (1976). An ideal lowpass filter eliminates all frequencies
above cutoff frequency while permitting all frequencies below the specified value
without any change and thus the frequency response appears in a rectangular
function. But the transition region of the practical filters does not behave as that of a
theoretical ideal filter. Fig. 2.1 demonstrates the generalized form of an n-pole

lowpass prototype filter for realizing the Butterworth and Chebyshev response.
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From Fig. 2.1, it is noted that, » = number of reactive elements, g; for i = 1 to n
represent the inductance of series inductor or the capacitance of parallel capacitor. gy
= source resistance or source conductance, g,+; = load resistance or load conductance,
g values represent the inductance in henries, capacitance in farads, resistance in ohms

and conductance in mhos.

The transfer function of two port filter network is the mathematical expression of S;;.
The magnitude squared transfer function of a passive network of lossless nature is
represented as,

1

S, (jQ) P —————
1521 (1) 1+£2E2(Q)

2.1)

where, € is the ripple constant and F,(QQ) represent the characteristic function. The

radian frequency variable is denoted as Q) with the cutoff frequency as Q = Q.= 1

rad/s.

Two important parameters of the filter are the insertion loss and the return loss. The

insertion loss, L; between the two ports m and #» is defined as,

L, =-20log,|S,, | dB m n=1,2(m#n) (2.2)
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Based on the transfer function of Equation (2.1), the insertion loss of the filter can be

computed as follows,

L;(©)=101ogyg > dB (2.3)

521 (J)
The return loss of the filter is calculated using the formula,

For a lossless two port network, [S1[* + [S21[* = 1, the return loss can be found using

the Equation (2.5) as,
L () =1010gyo(1-15,1 () ) dB 2.5)

The voltage standing wave ratio, VSWR can be used instead of return loss and it is

defined as,

1+ S |

VSWR= 6
1-[S,; | (2.6)

When the load is perfectly matched, all the transmitted power from the source is

delivered to the load and the value of VSWR is 1.

When a signal is propagated through a frequency selective network, for example a
filter circuit, some delay occurs in the output signal as compared to the input signal.
The two important parameters that have an important role in characterizing filter
performance related to this delay are the phase delay and the group delay.

The phase delay is defined as,
r)(0) =221 (2.7)

where ¢, is represented in radians and the angular frequency, @ is represented in

radians per second.
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Another important term, group delay is the rate of change of transmission signal
phase angle with respect to the corresponding frequency. The angle is represented in
radians and the frequency in radians per unit time. For microwave frequencies, ie. in

the GHz range, the unit of group delay is in nanoseconds.

&} (0) ) == do nanoseconds (2.8)

Flat and consistent group delay is important in many lowpass filter applications. For an

ideal lowpass filter, the group delay should be constant throughout the passband region.

2.2 TYPES OF LOWPASS FILTERS

The practical response of lowpass filters are listed below.

2.2.1 Butterworth Lowpass Filter
The amplitude squared transfer function of Butterworth filters have insertion loss L,

= 3 dB at the cutoff frequency Q.= 1 given by,

1
1+0%"

|55 (JOQ) = 2.9)

where the order of the filter is represented by n, which corresponds to the total
number of reactive elements in the lowpass prototype filter. This type of filter
response is also called maximally flat because its transfer function has the maximum
(2n-1) number of zero derivatives at 2 = 0. Thus the maximally flat approximation of
lowpass filter in the passband is best at QO = 0, and the response deteriorates when Q
approaches the cutoff frequency €. and its response characteristics is shown in Fig.

2.2. Thus the Butterworth filter is also known as maximally flat filter.
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Fig. 2.2 Butterworth lowpass filter response

2.2.2 Chebyshev Lowpass Filter

The Chebyshev response has equal ripples in the passband and maximally flat
response in the stopband. The response characteristics of the Chebyshev lowpass
filter is shown in Fig. 2.3. Chebyshev filter has sharper transition band as compared
to the Butterworth filter. The amplitude squared transfer function of the Chebyshev

filter has its transfer function represented as

1

Sy1 (JQ) Pz ————r
1521 (J2)1 1+ 22T (Q)

(2.10)

where € is the ripple constant related with the specified passband ripple L; in dB

given by,

[ L,
e=\1010 -1 (2.11)
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The Chebyshev function is represented as T,,(Q2) of order # and is defined as,

7(Q)- cos(n cos'Q) for Q<1 2.12)
! cosh(n cosh™'Q) for |Q>1 '

Li(dB) —>

R N
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Fig. 2.3 Chebyshev lowpass filter response

2.2.3 Elliptic Function Filter

The Butterworth and Chebyshev filter responses have monotonically increasing
attenuation in the stopband. In some applications, it is necessary to specify minimum
stopband attenuation and in this case, the cutoff rate of the filter can be improved.
These type of filters are called Elliptic function filters. Thus the Elliptic function filter
has sharper cutoff rate as compared to the Butterworth and Chebyshev type filters.
But this type of filter has equal ripples in both passband and stopband response
characteristics. The frequency response characteristics of Elliptic function filters are

shown in Fig. 2.4.
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The transfer function of Elliptic function response is represented as,

1
+&°R(E,Q/Q,)

|18, (jQ) = 1 (2.13)

where the elliptic rational function of n™ order is represented as R,, € is the cutoff
frequency of the filter, £ is the selectivity factor of the filter, € is the passband ripple
factor. The passband ripple is represented by the ripple factor and the combination of

selectivity factor and ripple factor specifies the ripples present in the stopband.

Lir J..

S

Fig. 2.4 Elliptic function response

2.3 THE S-PARAMETERS OF A PRACTICAL LOWPASS FILTER

The scattering parameters (S-parameters) of a two port filter network are directly
measurable at RF/microwave frequency and the transmission coefficients (S;, and
S,1) and reflection coefficients (S;; and S;;) of lowpass filter can be expressed
directly in terms of its S-parameter characteristics. The S-parameter (S;; or S;;) are
generally complex term and conveniently expressed in terms of amplitude and phase.

Their amplitudes are often given in decibels and defined as,
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20log,, |S,, | dB, where m, n=122 (2.14)

The transmission and reflection characteristic of a microstrip lowpass filter is shown

in Fig. 2.5.
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Fig. 2.5 Transmission and reflection characteristics of a microstrip lowpass filter

The important terms related to the lowpass filter are:

2.3.1 Cutoff Frequency, f.

The cutoff frequency is one of the important characteristics of the filtering devices
and it is the point where the filter attenuates the signal. The cutoff frequency of a
lowpass filter is the border in the system's frequency response where the energy
flowing through the system starts decreasing. It is the frequency at which the ratio of
output/input has magnitude of 0.707 or in decibels, it is the -3dB point or the 3 dB

down point.
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2.3.2 Roll-off Rate, &
The roll-off rate of the filter is defined as the steepness of the transmission function
with respect to the frequency. The roll-off rate is applied to the insertion loss of the

network and it is the transition from passband to the stopband.

The roll-off rate, £ is calculated using the formula,

_ amax B clmin

&= P (2.15)

where f; is the stopband frequency, f. is the 3 dB cutoff frequency, o, is the

attenuation point at the frequency f; and o, is the 3 dB attenuation point.

2.3.3 Relative Stopband Bandwidth

The most important function of the lowpass filter is the suppression of the unwanted
harmonics. For this, the stopband bandwidth of the lowpass filter should be wide
enough. The relative stopband bandwidth (RSB) is defined as the ratio of stopband
bandwidth to the stopband centre frequency and it is relative with respect to the

stopband suppression level of the filter.

RSB= stopband bandwidth

_ 2.16
stopband centre frequency =10

The high value of RSB and high suppression level are important parameters for the
design of lowpass filter which can suppress the highest order harmonics. It is also

expressed in terms of percentage.
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2.3.4 Normalized Circuit Size

A lowpass filter with smaller circuit size is one of the stringent requirements for
wireless communication applications. The normalized circuit size (NCS) of the filter
is defined as the ratio between the physical size of the filter and the guided
wavelength of the filter.

The NCS is calculated as follows,

S = physical size (length x width)

NC
2
ﬂg

(2.17)

where /g is the guided wavelength at the 3 dB cutoff frequency and its value is
calculated using the expression,

=0 _ - 2.18
g gre f gre ( ' )

where c is the velocity of light in vacuum and ¢, is the relative permittivity of the

substrate.

2.3.5 Sharpness Factor

The sharpness factor of a lowpass filter is defined as,

sharpness factor = ho (2.19)

where fj is the resonant frequency and f. is the 3 dB cutoff frequency. For an ideal
lowpass filter, the value of sharpness factor is unity. But for practical lowpass filters, the
value will be always greater than one. The lower value of sharpness factor indicates the

sharper transition from passband to stopband and thus the selectivity of the filter is high.
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2.4 BASIC MICROSTRIP STRUCTURE

The basic structure of a microstrip is depicted in Fig. 2.6. A conducting microstrip line of
width, w having its thickness ¢ is placed on the top of the dielectric substrate. The
dielectric substrate has its relative dielectric constant ¢,., and thickness / is used as shown

in the Figure. The bottom plane of the substrate is the conducting ground plane.

Conducting strip nln ]

Ground plane

Dielectric substrate

]

Fig. 2.6 The General Structure of the Microstrip

The fields in the microstrip does not support pure TEM wave due to its
inhomogeneous nature (because the fields in microstrip extend within air above the
microstrip and dielectric below). Thus due to the presence of the two guided media in
the microstrip, (air and the dielectric substrate), quasi-TEM approximation is
commonly used, and its wave propagation velocity depends not only on the properties
of the material such as permeability and the permittivity, but also on its physical
dimensions (Hong and Lancaster, 2001). The transmission characteristics of the
microstrip mainly depend on two important parameters namely, effective dielectric
constant, ¢, and the characteristic impedance, Zyc. The effective dielectric constant

depends on the relative permittivity of the substrate, width, w of the microstrip line
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and the thickness of the dielectric substrate. The characteristic impedance of the
microstrip line depends not only on the line width w and thickness /4, but also on the
effective dielectric constant of the microstrip. The closed form expressions for the

calculation of ¢, and Zjyc are in Equations (2.20) - (2.24) (Hong and Lancaster,

2001).
Forw/h < 1,
-0.5 2
&+1 g.-1 h w
= + 1+12— +0.04| 1-—
Ere 5 2 W h (2.20)
n 8h Wj
Zy =———In| —+0.25—
0c 21 e, ( w h (2.21)
where 1) is the free space wave impedance and its value is 120mx.
For w/h >1,
-0.5
g+l g -1 h
Erg = > + > 1+12 ” (2.22)
-1
Zoe =—=1{¥ +1.393+ 0.6771n(ﬁ+ 1.444} (2.23)
V ‘c"re h h '

The guided wavelength, A, of quasi TEM mode of the microstrip is given by,

PR
g \/g (2.24)

where 4 is the free space wavelength at the 3 dB cutoff frequency.
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The substrate thickness, # has an important role in defining the performance
characteristics of the filter. The cutoff frequency versus the thickness of the FR4 substrate
is shown in Fig. 2.7. As the value of 4 decreases, the cutoff frequency also reduces and
thus compactness of the filter is achieved. Thus we can conclude that by reducing the

thickness of the substrate, the size miniaturization of the filter can be achieved.
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Fig. 2.7 The thickness versus cutoff frequency of FR4 substrate

2.4.1 Discontinuities in the Microstrip

Microstrip discontinuities are commonly found in the structural layout of the practical
filters which include step discontinuity, bend, gaps between microstrips and open
ended discontinuity. The effect of discontinuity in microstrip lines are accurately
modelled and can be considered in the filter designs with electromagnetic
simulations. The closed form expressions for the equivalent circuit models of the
discontinuities are useful in several circuit analysis. For microstrip discontinuities,
numerous closed-form expressions are available in the open literature. The bend and
gap discontinuity useful for equivalent circuit analysis is discussed in detail in the

coming chapter.

25



2.4.2 Coupled Lines

Coupled lines are commonly used for the implementation of microstrip filters. Fig.
2.8 shows the cross sectional view of a pair of coupled microstrip lines, each having
width w, and arranged in parallel configuration and separated by spacing, s. ¢, is the

dielectric permittivity of the substrate and / is the thickness of the substrate.

Fig. 2.8 The cross sectional view of coupled microstrip lines

The coupled line structure shown in Fig. 2.9 supports two quasi TEM modes, which
are termed as even mode and the odd mode. In these two modes, the fields are
distributed differently above and below the microstrip line.
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Fig. 2.9 Quasi TEM modes of the coupled microstrip lines (a) For even mode
(b) For odd mode

As shown in the Fig. 2.9(a), for even mode of excitation, both coupled microstrip
lines have same potentials, for example say positive values, which results a magnetic
wall at the symmetric plane. Thus, in the even mode of excitation, no current flows
between the two strip conductors. When odd mode is excited, both coupled microstrip

lines have opposite potentials, which result in an electric wall at the symmetry plane
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as shown in the Fig. 2.9(b). Generally, these two quasi TEM modes will be excited at
the same time and will propagate with different phase velocity. Thus the coupled
microstrip lines are characterized by the effective dielectric constant as well as

characteristic impedance of these even and odd modes.

2.5 MICROSTRIP RESONATORS

Microstrip resonators are widely used in applications of filters, oscillators, tuned
amplifiers etc. A resonator is a structure, which contains at least one oscillating EM
field. The microstrip resonators used for the filter designs are classified as lumped
element or quasi lumped element resonators and distributed line resonators and patch
resonators. The lumped element or quasi-lumped element resonators, which are formed

by lumped or quasi-lumped inductors and capacitors will resonate at w,= 1/vLC.

The distributed line resonators are also termed as quarter wavelength resonators or
half wavelength resonators because they are A,/4 or A,/2 long, where A, is the guided
wavelength at the cutoff frequency. In the A,/4 resonator, the total length of the stub is
1/4 of the guided wavelength and in the A/2 resonator, the length of the stub is 1/2 of
the guided wavelength. The A,/4 line resonator is used as a shunt series resonator as
shown in Fig. 2.10(a) and A,/4 line resonator may be used as shunt parallel resonance

as shown in Fig. 2.10(b).
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Fig. 2.10 Ag/4 line resonator
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Fig. 2.11 shows the distributed line resonator used as half wavelength resonator. The
quarter wavelength and half wavelength line resonators can be used in different

configurations for the implementation of various filter designs (Hong and Lancaster, 1996).

=i ——f

Fig. 2.11 Ag/2 line resonator

Patch resonators are of great interest nowadays for designing planar filters. Due to its
high power handling capability and lower conductor loss, it is widely used than
microstrip type line resonators (Monsour et al. 1996; Hong and Lancaster, 2000).
Based on the applications, patches are designed in different shapes such as triangular,

circular etc. Some typical patch shapes are shown in Fig. 2.12.

(a) (b)
Fig. 2.12 Patch resonator (a) Circular (b) Triangular

2.6 CONVENTIONAL DESIGN METHODS OF MICROSTRIP LOWPASS
FILTER

The conventional microstrip lowpass filter design methods are the stepped impedance

LC ladder type resonator and open circuited stub resonator.
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2.6.1 Filter Design Using Stepped Impedance Resonator

The general structural layout of a three pole stepped impedance microstrip lowpass
filter is shown in Fig. 2.13. The structure consists of cascaded high impedance and
low impedance lines arranged alternatively. The physical length of the high and low
impedance lines should be very much shorter than its associated guided wavelength to
act as semi lumped elements. The characteristic impedance of the high and low
impedance lines are represented as Z; and Z¢ respectively and are calculated using the
Equation (2.21) and (2.23). If the value of Z; > Z), the high impedance line is better
approximated to series inductance and if Z¢ < Zj, the low impedance transmission line
behaves as the shunt capacitance, where Z is the source impedance and its value is
50 Q. The physical length of high impedance line is represented as /; and the low
impedance rectangular line is /c. The /; and /¢ are calculated using the Equations

(2.25)-(2.26),

A o L

[, =—sin™| =<2

L= ( Z j (2.25)
A .

I, = o sin (0.CZ,) (2.26)

where A, and A, are the corresponding guided wavelength at the cutoff frequency
and are calculated using the Equation (2.24) and o, is the angular cutoff frequency.
The high impedance line is approximated to the inductance L; and the low
impedance line is represented as capacitance C;. The values of the layout are /;, = 9.81
mm, [c=7.11 mm, w;, = 0.2 mm and w¢ = 4.0 mm. The filter is fabricated using the
substrate of relative permittivity 10.8 and thickness 1.27 mm. The frequency response

characteristics of the three pole lowpass filter is shown in Fig. 2.14. From the
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transition characteristics, it is seen that the transition from passband to stopband is

very wide and thus the roll-off rate of the stepped impedance resonator (SIR) filter is

very low.
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Fig. 2.13 The layout of 3 pole SIR lowpass filter
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Fig. 2.14 The S-parameters of 3 pole SIR filter

Thus the SIR type filter consists of transmission lines of different characteristic
impedance alternatively arranged. The resonance characteristic of the SIR is changed

by varying the values of Z; and Z¢ as shown in Equation (2.27).
SIR — Z_ (2.27)

Lower value of Rgr represents the increased stopband bandwidth of the lowpass

filter.
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2.6.2 Filter Design Using Open Stub Resonator

Another method of microstrip realization of lowpass filter design is by using shunt
capacitor as the open circuited stub, which is placed between the high impedance
transmission lines. The structural layout of a 3 pole lowpass filter using open stub
resonator is shown in Fig. 2.15. The physical length of the open circuited stub should
be less than Ag/4, where Ag is the guided wavelength, so as to short out transmission

and cause an attenuation pole, which will increase the stopband bandwidth of the filter.
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Fig. 2.15 The layout of a 3 pole lowpass filter using open stub

The structure is fabricated using the same substrate as in SIR filter design. The
frequency response characteristics of the filter is shown in Fig. 2.16. As seen in the
Figure, wider stopband bandwidth with a transmission zero at 5.8 GHz is achieved in

this type of filter as compared to the SIR filter.
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Fig. 2.16 The frequency response characteristics of a 3 pole lowpass
filter using open stub
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From the frequency response characteristics shown in Fig. 2.14 and Fig. 2.16, the
designed filters have gradual transition from passband to stopband and hence the
selectivity of the filters is very low. The stopband bandwidth of the filters is narrow
and thus it is able to suppress only the first or second order harmonics. To achieve
sharp cutoff frequency, higher number of reactive elements are to be incorporated,

which will naturally increase the physical size of the filter.

2.7 DEFECTED GROUND STRUCTURES

The concept of defected ground structures (DGSs) is a new area of research, and its
evolution originated primarily from the studies of photonic band gap (PBG)
structures. The PBG structures are used for EM applications and are referred as
electromagnetic band gap (EBG) structures. They are periodic in nature, which
prevent EM wave to propagate through them for a certain band of frequencies called
stopband and allows to pass through a range of frequencies called passband. For
microstrip structures, its ground plane is a suitable choice to implement EBG
structures. But it was very difficult to use PBG based structures in microwave and
millimeter frequency range because of the complexity of modelling and extraction of

equivalent circuit and its parameters.

In 1999, a new etched lattice is proposed by Park et al. (1999) and named it as "PBG
unit structure". They simplified the geometry of PBG and used a single cell of
dumbbell shaped defect etched from the ground plane to achieve stopband in C- band
and X- band. Further Kim et al. (2000), used the same structure and named it as
defected ground structure. Thus the DGS is regarded as the simplified variant of

printed EBG structure on the ground plane.
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As the name implies, the defected ground structure is the single defect or the periodic
number of defects etched from the ground plane of the microstrip substrate (printed
circuit board (PCB)) to achieve a feature of stopping the electromagnetic wave
propagation through the substrate over a certain band of frequencies. The important
property of DGS slots is its resonant behavior and this characteristic depends on the
size and shape of the DGS slots. The etched DGS slot under a microstrip line disturbs
the current distribution occurring in the ground plane and this disturbance changes the
equivalent line parameters such as line capacitance and inductance over the defected

region.

DGS geometries reported in the literature include some simple shaped structures such
as rectangular dumbbell head (Kim et al., 2000), circular dumbbell head (Abdul-
Rahman et al., 2004), spiral shaped (Kim et al., 2002), "U" shaped and "V" shaped
(Woo et al., 2006), dumbbell "H" shaped (Mandal and Sanyal, 2006), cross shaped
(Chen et al., 2006), double equilateral "U" (Ting et al., 2006), concentric ring shaped
(Guha et al., 2006) etc. Different complex structures such as the split ring resonator
(SRR) (Hou, 2008; Burokur et al., 2005), complementary split ring resonator (Mandal
et al., 2006), fractal shaped (Liu, 2003) are also examined. The DGS slots are used to
implement filters to suppress the unwanted harmonics, to improve the transition from
passband to stopband, to achieve compactness in microwave circuits and other RF
applications. Some of the simple and complex DGS shapes are shown in the Fig.
2.17. Different geometrical shapes of DGS slots have been explored by different
authors to improve the performance of the filter in the passband and in the stopband

and to achieve compactness and ease of design.
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Fig 2.17 Different geometries of DGS used in the literature: (a) dumbbell
shaped (b) spiral shaped (c) H shaped dumbbell (d) U shaped (e)
dumbbell arrow head (f) concentric ring (g) split ring resonators (h)
interdigital structures (i) cross shaped structures (j) dumbbell circular
head (k) square head with U-slot (1) dumbbell-open loop (m) fractal
shaped (n) half circle dumbbell (o) V shaped (p) L shaped (q)
meander (r) U shaped head dumbbell (s) double equilateral U-shaped
(t) square head slot with narrow slot gap.

Lowpeass filter designed using DGS has many attractive features which include,

1. Simple structure

2. Wide stopband bandwidth with high suppression level than the conventional
structure

3. Low insertion loss

4. Lowpass filters can be realized and implemented using smaller element
values.
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2.8 DEFECTED MICROSTRIP STRUCTURES

Slots etched on the microstrip line called defected microstrip structures (DMSs) make
a defect in the circuit, which are utilized to design filters, amplifiers, dividers etc.
These defects in microstrip line create resonance characteristics. Thus similar to
DGS, DMS also has stopband filter characteristics in a specific range of frequencies.
These stopband characteristics depend on the size and shape of the slot in the
microstrip line. DMS based structures are more immune to cross talk as well as

ground plane interferences.

2.9 REVIEW OF LITERATURE

Lowpass filters are the most important part of an RF/microwave systems to separate
different frequencies and to suppress the unwanted high frequency harmonics. The
emerging applications of modern wireless communication systems continue to challenge
RF/microwave filters with stringent requirements such as small size, low insertion loss,
sharp roll-off rate, wide stopband and low cost. The conventional microstrip lowpass
filter design using stepped impedance L-C ladder filters and open stub filters are widely
used in many radio frequency applications (Hong & Lancaster, 2001). However, these
type of filters suffer from low value of roll-off rate and poor spurious frequency
suppression in the stopband. Different methods used to overcome this problem and for
the design of high performance planar lowpass filters are the one using a variety of

resonators, and the design with DGS and the filter using DGS and DMS.

Due to the advantages of easy fabrication and smaller size, microstrip hairpin
resonators have drawn much attention during the end of twentieth century in the

design of lowpass filters. The first stepped impedance hairpin resonator used for
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lowpass filter design is presented by Hsieh and Chang (2001). But the stopband
bandwidth of the filter is limited and thus it was unable to suppress the harmonics.
The stopband bandwidth is increased by using cascaded hairpin resonators, which
results in increased physical size of the filter (Hsieh and Chang, 2003). By replacing
the rectangular low impedance stub of hairpin resonator by radial stub, wide stopband
planar lowpass filter is designed with compact size in Wei et al. (2011). A compact,
wide stopband lowpass filter designed using a coupled line hairpin unit, two open
circuited stubs and spiral shaped slot is introduced in Wei ef al. (2012). However, the
transition from passband to stopband is gradual and stopband suppression level of the
filter is only 10 dB. The roll-off rate of the filter is improved by placing shunt open
circuited stubs connected at the feed points of a coupled hairpin shaped resonator as
presented by Velidi and Sanyal (2011). The passband and stopband bandwidth
achieved in this filter is very low with low return loss in the passband. A compact
lowpass filter is designed by combining meander line, coupled rectangular shaped
patch and open circuited stubs to obtain wide stopband bandwidth is introduced in
Chen et al. (2015). In all these filters different techniques have been used to improve
the roll-off rate of the filter by maintaining compact size, but still the achieved roll-
off rate of the filter was low. The roll-off rate of the filter is improved using modified
hairpin resonator with long straight slots is designed in Abdipour ef al. (2017). Here
the rectangular patches of the conventional hairpin resonator are folded inside its free

area for achieving smaller physical size and improved frequency response.

Spurious passband suppression is achieved in microstrip line filters by using split ring
resonators (SRRs) as reported in Garcia-Garcia et al. (2004). SRRs are etched from
the upper substrate side, which is in close proximity to the microstrip line conductor
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strip, a strong magnetic coupling occurs between the line and etched ring, at the SRRs
resonant frequency. This inhibits signal propagation and allows the rejection of

undesired passband frequency.

Open complementary split ring resonators (OCSRRs) are the dual counter parts of the
open split ring resonators, which are first proposed in coplanar waveguide technology
by Velez et al. (2009) for miniaturizing the size of the microwave components. In
Aznar et al. (2009), the authors demonstrated that the OCSRRs are electrically small
particles which are used to design microstrip lowpass filters with sharp transition
from passband to stopband. Here the cascaded arrangement of several OCSRR stages
in a microstrip line is used to improve the out of band rejection and thereby
increasing the stopband bandwidth. But the physical size of the filter is very large. A
compact lowpass filter designed using OCSRR and open circuited stub is presented in
Karthikeyan and Kshetrimayum (2011). This filter design offers more deep and wide
rejection bandwidth with good selectivity than the cascaded stages of OCSRR existed

at that time.

A cascaded lowpass filter designed using a microstrip line section and an interdigital
capacitor is introduced by Tu and Chang (2005). The interdigital capacitor provides
large capacitance value and thus finite attenuation pole is located near the passband and
achieves good roll-off rate. Due to cascaded structure, the physical size of the filter is
large. A compact lowpass filter with good selectivity and wide stopband bandwidth is
designed by introducing an interdigital structure between symmetric rectangular shaped
capacitors as presented by Li and Li (2008). Two cascaded asymmetric stepped

impedance hairpin units are designed to generate compact, sharpened skirt and wide

37



stopband lowpass filter is demonstrated by Li et al. (2010); Yasuzumi et al. (2010).
Here an interdigital structure is introduced between two low impedance sections of the
hairpin unit to obtain two flexibly adjusted transmission zeros and thus larger zero
separation is obtained without changing the stepped impedance unit. To achieve
compactness in the lowpass filter design and to obtain good roll-off rate, symmetrically
loaded radial shaped patches and coupled capacitors in interdigital arrangement along
with meandered main high impedance transmission line are introduced by Wang et al.
(2010). A wide stopband up to 7™ harmonic suppression is achieved in this design. A
compact lowpass filter with wide stopband and elliptic function response is achieved by
designing a modified semi-circular shaped patch resonator in series with a semi-circle
stepped impedance resonator is presented by Hayati ef al. (2012). Here, the selectivity
of the filter is improved by loading interdigital structures between the semi-circle patch.
The roll-off rate and stopband bandwidth of the filter, improved using symmetrical
cascaded modified hairpin resonator and U-shaped resonator is reported by
Karimi et al. (2014). Here the high frequency harmonic rejection is achieved by
modifying the centre hairpin resonator with a quasi interdigital structure and thereby

wide stopband bandwidth is obtained.

One dimensional (1-D) compact microstrip resonant cell (CMRC) proposed by Xue et
al. (2000), exhibiting remarkable slow wave and band stop performance, has inspired
the researchers to reduce the size of the filters. However, its narrow stopband and
low roll-off rate limited its application in practical circuits. The CMRC structures
utilized for low frequency applications should be very compact to achieve reduced
circuit size. To reduce the size of planar circuits, spiral CMRC (SCMRC) and
asymmetric CMRC structures are developed by Xue et al. (2003). Here the width of
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CMRC is increased which enhances the line inductance and capacitance values and
leads to stronger slow-wave effect. A new SCMRC that has stronger slow wave effect
is reported by Yum et al. (2003). By incorporating dual-band stub (DBS) with the
SCMRC structures, unwanted high frequency harmonics are eliminated to achieve
wide stopband bandwidth. Open stub SCMRC resonators are utilized to design a
microstrip lowpass filter of compact size, low insertion loss in the passband and 20
dB stopband up to 6.5 GHz is presented by Gu and Sun (2005). A wide stopband
bandwidth of 118 % at 20 dB suppression level is achieved using cascaded in-line
arrangement of beeline CMRC (BCMRC) structures, which exhibits remarkable
slow-wave characteristics as presented by Zhang et al. (2006). But the filter suffers
from low roll-off rate and low value of return loss in the passband and large circuit
size. An improved CMRC is implemented by adding two unsymmetrical T-shaped
patches of different size to the original CMRC structure, leading to the generation of
four additional transmission zeros and thus achieved wide stopband bandwidth as
presented by Deng et al. (2007). However, these filters are designed by cascading
uniform CMRCs in series, suffer from poor impedance matching in the passband and
insufficient stopband suppression. These two disadvantages are overcome by
developing a lowpass filter using tapered periodical CMRC topology introduced by
Li et al. (2009). Replacing uniform CMRCs with non uniform tapered CMRC
topology, the filter achieves very good performance characteristics of simple
structure, good impedance matching, good return loss and suppression of up to tenth
harmonics. Hayati and Lotfi (2010a) described a slit-loaded tapered CMRC to design
an elliptic function microstrip lowpass filter with sharp selectivity. Compared with

conventional tapered CMRC, the slit-loaded tapered CMRC has reduced size,
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improved skirt performance due to low value of transition band and flat response in
the passband. However, this filter is not suitable for extended passband applications.
A front coupled tapered CMRC (TCMRC) used to design compact lowpass filter is
presented by Hayati and Lotfi (2010b). Here instead of two tapered structures
connected back to back with high impedance line, a high impedance and tapered cell
with front coupling is used for stopband improvement. The non-uniform increments
of inductance and capacitance make the structure a slow-wave transmission line and
leads to the generation of multipoint resonance and this results in a wide stopband

bandwidth.

Cascading multiple patch resonators are used to design a lowpass filter with sharp
transition characteristics and wide stopband. A patch resonator that features strong
slow-wave effects, compact size with sharp roll-off and a wide stopband with high
suppression level is proposed by Li ef al. (2009). It is seen that increasing the
inductance value results in sharper roll-off and lower cutoff frequency and wide
stopband is achieved by cascading the resonant patches. A miniaturized lowpass filter
with sharp roll-off is obtained by symmetrical arrangement of triangular shaped
patch and high and low impedance resonators as reported by Wang et al. (2010). By
properly combining the resonators, the rejection of spurious harmonics occur and a
wide stopband bandwidth is achieved. The filter achieves attractive features such as
sharp selectivity from passband to stopband, compact size but its passband return loss
is low and stopband suppression level is only 15 dB. A compact microstrip lowpass
filter capable of suppressing up to sixteenth order harmonics at 15 dB rejection level
is introduced by Wang et al. (2012). The circuit size of the filter is reduced by using
meander transmission line. Here cascaded triangular and radial shaped patch
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resonators are used to obtain multiple transmission zeros and thereby achieving wide
stopband bandwidth with high rejection level. Cascading patch resonators of
triangular shaped and polygonal shaped structures are used by Cui et al. (2012), to
design a compact and ultra wide band rejection lowpass filter. The filter is able to
suppress up to 14™ order harmonics and compact size is achieved using meander
transmission line. But both these filters suffer from low roll-off rate. Hayati et al.
(2013), introduced a lowpass filter with sharp selectivity and ultra wide stopband
characteristics using high impedance meandered transmission line loaded by
triangular and polygonal shaped patches. The meandered transmission lines are used
to reduce the circuit size and to improve the transition band from passband to
stopband. A microstrip lowpass filter that exhibits a quasi-elliptical response with
high value of out of band rejection for application in RFID receiver circuits is
presented by Mirzaee and Virdee (2013). Here, two resonators with high-low
impedance segments are used and these resonators are connected to each other with
four inductive transmission paths. By cascading the resonators, the filter achieves
high passband return loss and wide stopband up to 20 GHz. Compact planar lowpass
filters designed using stepped impedance patch resonators are presented by Raphika
et al. (2014); Raphika et al. (2016). The filters are developed using low cost FR4
substrate of 1.6 mm thickness. The sharp roll-off rate, low insertion loss and wide
stopband made the filter suitable for various high frequency applications. Abdipour et
al. (2015); Hayati et al. (2018) designed a microstrip lowpass filter using asymmetric
high and low impedance patches and radial stubs to achieve high relative stopband
bandwidth. However, due to cascaded arrangement of high and low impedance stubs,

the physical size of the filter is large.
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Radial stub exhibits better performance characteristics than low impedance
rectangular stub and thus this structure is used as an alternative to a conventional
straight stub (Giannini et al., 1984; Sorrentino and Roselli, 1992). Compared to
stepped impedance lowpass filters, the radial stub filters have better roll-off rate, wide
stopband bandwidth, and compact size. To extend the stopband with high suppression
level Ma and Yeo (2010); Ma et al. (2012), introduced compact stepped impedance
hairpin resonators loaded with radial stubs. A planar lowpass filter designed using a
coupled line transformer connected with a radial stub, termed as transformed radial
stubs is reported by Ma et al. (2011), to achieve good roll-off and wide stopband
characteristics with compact size. However, the roll-off rate of these filters is low. To
increase the same and stopband bandwidth of radial resonator, two folded open stubs
are added to the basic radial resonator by Hayati et al. (2014). By adding two open
stubs, multiple transmission zeros are generated, which increases the sharpness and

stopband bandwidth of the filter.

Fractal structures are used to improve the passband as well as stopband characteristics
of microstrip lowpass filters. The Hi-Lo planar lowpass filters using Koch fractal
geometry is used to enhance the passband performance characteristics of the
microstrip lowpass filter. The improvement in passband performance is due to the
gradual changes of the steps of fractal shaped microstrip line and thus the current
discontinuity effect is negligible (Chen et al., 2007). A semi-fractal technique is
applied to hairpin microstrip resonator to enhance the selectivity of the planar
lowpass filter as presented by Karimi et al. (2013). However, the designed lowpass

filter structure is very complicated.
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Stepped impedance hexangular shaped resonators are used to design lowpass filter
with wide stopband (Hayati ef al., 2015; Sheikhi et al., 2017a). Here both structures
are added with symmetrical arrangement of open stubs to increase the attenuation

level in the stopband. However, the roll-off rate of these filters is low.

Lowpass filters designed using T shaped resonators to obtain wide stopband
bandwidth with low insertion loss are presented by Sheikhi et al. (2017b); Shama
et al. (2018). Although wide stopband is achieved in this type of resonators, the major

shortcoming observed in these filters is low selectivity.

Lowpass filters designed using stepped impedance resonators and open circuited
stubs are presented by Wang et al. (2010); Shaman et al. (2015). To reduce the
physical size of the filter, the straight high impedance transmission line is replaced
by the semicircular transmission line in Wang et al. (2010). Lowpass filter designed
for wide passband performance is reported in Shaman et al. (2015). Here the width of
the inductive lines are chosen to be very thin (w = 0.05 mm) to obtain high
characteristic impedance. As we know, the inductive lines with shorter length and
higher characteristic impedance gives better approximation to lumped elements and
thus the stopband performance of the filter is improved. However, the narrow
inductive lines are very difficult to fabricate and the filter is used to suppress only up

to 3" order harmonic passband.

Mousavi et al. (2016) designed a microstrip lowpass filter with high performance
characteristics using modified T-shaped resonators. The important feature of these resonators

is that the transmission zero location can be changed easily by using transfer function.
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Cascaded square shaped open loop resonators are used to design highly compact
microstrip lowpass filter as presented by Hammed et al. (2018). However, the roll-off

rate as well as stopband bandwidth of the designed filter are very low.

Modern wireless communication systems demand compact, portable components and
hence researchers are working towards the advanced development of RF front end
circuits. Different approaches are used to design compact microwave filters to
improve the performance of communication systems. PBG research, proposed by
Yablonovitch (1987), was used in the optical region but its properties are scalable and
it is applicable to wide frequency ranges. PBG structures are periodic in nature, used
for certain frequency band rejection and are widely used in the microwave and
millimeter wave applications (Ellis and Rebeiz, 1996; Radisic et al., 1998; Kesler
et al., 1996). However, the equivalent circuit extraction in PBG based structures are
difficult and fabrication is also complicated. So these structures are not commonly
used for the design of microwave circuits. To alleviate these difficulties Park et al.
(1999), designed the first defected ground structure, and developed a filter with
microstrip line on top of the substrate and single dumbbell shaped defect etched on
the ground metallic plane, and derived the equivalent circuit also. Thus DGS is the
single or periodic number of defects etched from the ground metallic plane of the
planar circuits. Kim et al. (2000), proved that the cutoff frequency of the proposed
DGS depends on the effective inductance of unit DGS lattice etched from the ground
metallic plane. A lowpass filter designed using microstrip defected ground structure is
presented by Ahn et al. (2001). The author reported here that the etched defect in the
ground plane disturbs the current distribution and changes the transmission line
characteristics such as line capacitance and inductance. The equivalent circuit of the
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DGS unit is derived using field analysis method and by employing the extracted
parameters, the band gap effect of the DGS section is explained. Abdel-Rahman et al.
(2004), examined the effect of geometrical shape of DGS slot for the performance of
high and low impedance planar lowpass filter. The author noted that the geometrical
shape has great influence on the characteristics of lowpass filter and compared the
rectangle, square, dumbbell and arrow headed slots of equal area. Better sharpness
and improved stopband response is achieved by using the arrow headed slot. A

detailed review about DGS is covered by Kumar and Machavaram (2013).

Fractal shaped DGS was introduced by Liu et al. (2003), to design a compact lowpass
filter with better selectivity and band gap than the conventional dumbbell DGS. The

lth

dimension of a conventional 117 order lowpass filter is reduced by 22.43 % using

fractal shaped DGS as presented by Kufa and Raida (2013).

Baena et al., 2005 explained that by properly coupling SRRs to the microstrip line,
planar structures with effective negative constituent parameters can be obtained. The
characteristics of a maximally flat conventional lowpass filter is improved by
incorporating them with CSRRs as presented by Abid and Zhirun (2007). By etching
five identical CSRR rings underneath the conventional structure, improved roll-off

rate and compactness are achieved for the filter.

A microstrip line with spiral DGS slot proposed by Kim et al. (2002) provides
compact structure with steep transition characteristics. But its narrow stopband
characteristics restrict its use in lowpass filter design, and thus not useful for

passband harmonics suppression. A compact H headed dumbbell DGS proposed by
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Mandal and Sanyal (2006a), has sharp roll-off and wide stopband characteristics. The
proposed filter has 26.3% reduction in length and is more compact than the DGS
based lowpass filters developed so far. Mandal and Sanyal (2006b), proposed
complementary split ring resonators (CSRR) to design and develop lowpass filter for
the first time. This designed filter has the advantages of sharp roll-off and low

insertion loss in the passband.

The new cross shaped DGS (CSDGS) was proposed by Chen et al. (2006), to develop
a lowpass filter, which has not only sharp transition characteristics but also wide
stopband bandwidth. The sharper transition band is achieved using only one unit of
CSDGS structure and multiple transmission zeros are generated to suppress the
higher order harmonics. High harmonic rejection with wide stopband obtained using
two types of resonators such as dumbbell DGS and stepped impedance type shunt

stub is reported by Park et al. (2007). But both the filters suffer from low roll-off rate.

The interdigital DGS slot is introduced by Balalem et al. (2007), to develop a quasi
elliptic function lowpass filter. Here the slot resonant frequency is controlled by

changing the interdigital slot fingers. The selectivity of the designed filter is very low.

A compact C-shaped DGS lowpass filter is introduced by Boutejdar et al. (2008), to
develop a filter with wide stopband and low passband insertion loss. Here C-shaped
open loop resonators are used to design a compact lowpass filter and wide stopband

performance of the filter is achieved using cascaded C-shaped open loop resonators.
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A planar lowpass filter designed using quasi yagi DGS and open stubs to obtain wide
stopband with high suppression level and sharp selectivity is presented by Boutejdar
(2014). The main attraction of this structure is that the stopband is controlled by the
precision tuning of the dimensions of yagi arms. However, the stopband of the filter

extends only till 11 GHz and thus only up to 5™ order harmonic suppression is achieved.

Belbachir et al. (2016) introduced a lowpass filter with very good filtering characteristics
for microwave mixer applications. The developed filter is a dual plane structure
consisting of radial resonators and coupled C shaped DGS (C-CDGS) and derived the LC

equivalent circuit of C-CDGS. However, the stopband return loss of this filter is high.

A lowpass filter designed using folded patches and high impedance lines on the top
plane and a hybrid combination of slot and stepped impedance resonators on the
bottom plane is reported by Jiang and Xu (2017). Due to the generation of multiple
transmission zeros, a wide stopband bandwidth is achieved using this filter. However,
the roll-off rate of the filter is very low and the structure is very complex and thus

difficult to fabricate.

An M-shaped slot etched from the microstrip line to achieve bandstop characteristics
is presented by La ef al. (2011). Due to the narrow stopband characteristics of DMS
based filters, it is not used to suppress even the first order harmonics and thus not
suitable to design lowpass filter. But, defected microstrip resonators can be used with

DGS structures to widen the stopband bandwidth of the lowpass filter.
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Boutejdar et al. (2015), developed a wide stopband lowpass filter with DGS and
DMS. The stopband behavior of DGS and DMS are utilized to suppress the unwanted
harmonics. But the stopband of the filter is from 1.3 GHz to 8.3 GHz and thus

suppression up to only 7™ order harmonics is possible.

A sharp roll-off lowpass filter designed using dual plane structure with open stubs,
DMS and DGS resonators is introduced by Zhang and Li (2016). The designed
structure achieves good passband characteristics, but the stopband return loss of the
filter is very high and its value approaches more than 10 dB in a certain range of

frequencies.

A new approach of filter design is by adopting highly conductive graphene films in
place of conventional copper films to achieve good performance (Zhou et al., 2018).
Advanced techniques like integrated passive device (IPD) (Hsiao et al., 2015),
through silicon via (TSV) (Yin et al., 2019), etc are being used nowadays to achieve

compactness. But the structure fabrication is complicated and expensive.
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CHAPTER 3

COMPACT LOWPASS FILTER DESIGN USING PATCH
RESONATORS AND OPEN STUBS/SUPPRESSING CELLS

3.1 INTRODUCTION

This century witnessed expeditious development in wireless communication systems.
Cellular telephony, HF/VHF/UHF radio communication systems, radar etc play a
major role in common man's day to day life. Compact, low cost, light weight and high
performance lowpass filter is one of the essential components in such systems. In a
typical RF communication system, local oscillator and mixer are followed by a
lowpass filter, to remove the unwanted harmonics or spurious signals. Lowpass filters
with low insertion loss, high roll-off rate and wide stopband bandwidth at high
suppression level are necessary for achieving the linearity of RF front-end circuits
and to reduce the signal to noise (S/N) ratio in high frequency communication
applications. One example of such a system is a millimetre wave receiver, which
needs to convert an incoming RF signal from the antenna to an L-band signal for
base-band signal processing. Here a high performance lowpass filter is needed to
suppress the mixed frequencies and to eliminate the leakages from the front-end

circuits and local oscillator (Chu et al., 1985).

The basic component in the design of microstrip lowpass filter is the resonator.
Nowadays microstrip patch resonators are getting more consideration in the design of
lowpass filters due to its inherent power handling capability and lower conductor
losses. Usually patch resonator filters have larger size, but this may not be a problem

when the filters are operating at high frequencies. By cascading the simple patch



resonators, multiple transmission zeros are generated at high frequencies, which
naturally increases the stopband bandwidth of the filter. To increase the selectivity,
and thereby the efficiency in the spectrum utilization, the generation of finite frequency
transmission zeros are highly demanded for modern wireless communication

applications.

Lowpass filter design using conventional structures such as stepped impedance
resonators and open stubs suffer from gradual roll-off and narrow stopband
bandwidth, which results in the suppression of only the first or second order
harmonics (Hong and Lancaster, 2001). To increase the roll-off rate and to obtain
wide stopband bandwidth, more sections are to be added and that will naturally
increase the overall physical size of the filter. A lowpass filter using stepped
impedance and open stubs are proposed by Wang et al. (2010) and as compared to the
conventional structure, semicircular stepped impedance resonators (SIRs) are used

here to achieve compactness.

Dual plane technique is commonly used nowadays to design high performance lowpass
filters. Defected structures such as defected ground and defected microstrip structures
are used widely to design lowpass filter with wide stopband and high suppression level.
Designing cascaded interdigital slots on the ground plane of a stepped impedance
structure, multiple transmission zeros are generated to obtain wide stopband and sharp
roll-off (Liu et al., 2015). Complimentary split ring resonator shaped structure with two
C-shaped resonators are used as defected ground structures (DGSs) and a composite
resonator on the top surface of the substrate is used to design sharp roll-off lowpass

filter with low insertion loss as presented by Xiao et al., 2015. Only up to 2nd order
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harmonics suppression is possible using this complex structure. A compact lowpass
filter designed using hexagonal shaped resonator with symmetric open stubs is
presented by Kumar and Parihar, 2016. To extend the stopband bandwidth, high
frequency multiple transmission zeros are generated by introducing three semi circular

slots on the ground plane. However, the structure complexity is high.

A stepped impedance hairpin unit with interdigital structure, and modified
symmetrical hairpin type resonator are introduced by Li et al. (2010); Abdipour et al.
(2017) to obtain compact lowpass filter with good in band and out of band

characteristics. But the stopband bandwidth achieved in both filters is low.

Lowpass filters designed using cascaded multiple patch resonators are presented by
Raphika et al. (2014); Raphika et al. (2016). The filters have many advantages such
as compact size and sharp roll off, while the return loss in the passband is low and it

is able to suppress only the lower order harmonics.

In this chapter, two planar lowpass filters, Filter-I and Filter-1II, of compact size, high
harmonics rejection, good roll-off rate and impedance matching have been designed
using cascaded patch resonators and open stubs/suppressing cells on the high
impedance main transmission line. Here, the cutoff frequency and transmission zero
frequency are controlled easily by changing the length and width of the resonators.
The purpose of designing and cascading patch resonators on high impedance
transmission line is to generate a flat passband lowpass filter with good selectivity
and a wide stopband bandwidth. Flat passband of the filter is obtained by introducing

close poles in the passband. Good selectivity is achieved by the filter structures
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having infinite attenuation at finite frequency and the occurrence of first transmission
zero very close to the cutoff frequency of the filter. First step in the design of the
proposed lowpass filter, Filter-1, is the development of Resonator-1, which generates
deep transmission zero. Then the design is further extended to the development of
Resonator-2 and by cascading the symmetrical arrangement of one unit Resonator-1
and two units of Resonator-2, wide stopband with sharp roll-off rate is achieved. To
further extend the stopband so as to achieve high harmonic suppression, open stubs
are introduced in the structure. To improve the impedance matching in the passband
of the filter, a novel high impedance stub arrangement is used, thereby the proposed
filter satisfies wide stopband with high return loss and low insertion loss in the
passband while retaining the compact size. The filter is cost effective because it is
fabricated using FR4 glass epoxy substrate. From the proposed design it was found
that there is only optimum number of elements used to maximize filter stopband and
minimize passband losses. The cutoff frequency of Filter-I1 is 2.44 GHz and the
stopband with better than 22 dB rejection level is extended from 2.84 GHz to 16
GHz. The relative stopband bandwidth of the filter at 22 dB suppression level is
calculated using Equation (2.16) and its value is 139.5 %. The roll-off rate of the
structure is 67.27 dB/GHz at 40 dB suppression level. The normalized circuit size of

the Filter-I is 0.038 Ag”, where Ag is the guided wavelength at the cutoff frequency.

To extend the stopband bandwidth and thereby to suppress the higher order
harmonics and to improve the roll-off rate of the filter with reduced circuit size of
Filter-1, Filter-II is designed. The symmetrical open stub of Filter-I is replaced by the
suppressing cells. Here, four high-low impedance resonators are utilized to generate
transmission zeros at high frequencies and to obtain high suppression level. The 3 dB
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cutoff frequency of Filter-Il is 2.57 GHz. At 40 dB attenuation point, the
corresponding frequency is 2.97 GHz and thus the achieved filter roll-off rate is 92.5
dB/GHz. Within the passband, the insertion loss is very low and its value is within
0.4 dB up to 1.65 GHz. The measured stopband is from 2.78 GHz to 20 GHz at 18 dB
rejection level. The RSB of Filter-1I is 151.2 %. The normalized circuit size of the

filter is 0.0339 Ag”.

Measured results of the developed lowpass filters are in good agreement with the
simulation results, thereby proving the validity of the proposed approach. All

simulations are carried out using the full wave EM simulation software, IE3D.

3.2 LOWPASS FILTER USING PATCH RESONATORS AND OPEN STUBS
(FILTER-I )

The proposed filter consists of two symmetrical stepped impedance patch resonators
of different shaped patches and the cascaded arrangement of these resonators on the
high impedance main transmission line create multiple transmission zeros at their
resonant frequencies. Two open stubs are placed at both ends of the main
transmission line to increase the stopband bandwidth of the filter. The passband
insertion loss and return loss are improved by introducing a novel stair shaped high
impedance stub arrangement instead of single step arrangement in Resonator-2. The
designed filter has good in-band and out-of-band frequency response characteristics
and is able to reject up to 6™ order harmonics at the suppression level of 22 dB. The
filter structure is very simple and easy to fabricate and its physical size is 17.4 mm x
10 mm. The proposed Filter-I is useful for wireless LAN, L-band and Bluetooth

networking applications.
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3.2.1 Resonator-1 Design and Analysis

The first step in the design of Filter-I is the Resonator-1. Fig. 3.1(a) shows the
geometry of Resonator-1 and 3.1(b) represents its LC equivalent circuit model.
Resonator-1 is designed using a high impedance straight stub connected in series with
a low impedance polygonal patch and these two form a quarter guided wavelength
resonator and thus act as semi-lumped elements. The length and width of high
impedance stub is represented as /; and w and the patch as a and 5. The optimized
dimensions of Resonator-1 are /;= 0.3 mm, w = 0.2 mm, a = 4.4 mm, b = 6.0 mm,
and 6 = 45°. The high impedance stub acts as an inductor, Lg; and the low impedance
patch, as a capacitor, Cg; in the equivalent lumped model. The characteristic
impedance of high impedance stub and low impedance patch is calculated using
Equations (2.21) and (2.23) for an FR4 substrate with relative dielectric constant, ¢, as
4.4, thickness, 4 of 0.8 mm and dielectric loss tangent of 0.02. The straight stub has a
characteristic impedance, Z;z; of 120.5 Q with electrical length 0;; and that of the
polygonal patch, Zcg; of 18.74 Q, with electrical length O, thereby satisfying the
design considerations as, Zcr; < Zy < Zigr;, where Z, represents the characteristic
impedance of 50 Q microstrip feed line. The effective dielectric constant of the
microstrip line of width w and height /4 and the corresponding guided wavelength 4,
are calculated at the cutoff frequency, f.; of 2.53 GHz using Equations (2.20) and

(2.23). The equivalent inductance Lg; can be calculated using the Equation (3.1),

L —MZ (3.1)

R1 — 1
C
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where c is the velocity of light in vacuum.

The guided wavelength, A, corresponding to the width of polygonal patch b is 61.23
mm at frequency, f;;. The value of capacitance for the dimension a is computed using

the relation (3.2) as

Co=9
A /—f;lﬂ’chCRl (32)
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Fig. 3.1 Resonator-1 of Filter-I (a) Structure (b) LC equivalent circuit

To understand the microstrip implementation of the filter structure, EM simulation
software IE3D is used. The series LC resonator of Fig. 3.1 is loaded to the main
transmission line, 7L ; having the calculated characteristic impedance value of 120.5 Q is
shown in Fig. 3.2(a). To understand the design principle of the filter, the equivalent LC
model is extracted using quasi-lumped element technique as shown in Fig. 3.2(b). As
seen in the equivalent circuit, Ly is the inductance of the main high impedance
transmission line 7L;. Lg; and Cg; represent the inductance and capacitance of the high
impedance rectangular stub modelled by 7L, and polygonal shaped patch of dimension
a x b. There is only negligible coupling capacitance occurs between the polygonal shaped
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patch and the high impedance main transmission line and thus it is not considered in the
analysis of the circuit. The dimensions of the proposed filter are 7L; =7.9, TL, =03, ;=
03, w=10.2,a=44, b=6.0, (all in mm). The calculated values of L and C are as

follows, Ly =5.06 nH, Lg;=0.2079 nH and Cg;=1.515 pF.

The EM and LC circuit simulation of the Resonator-1 are compared in Fig. 3.2(c).
The EM simulated 3 dB cutoff frequency of the Resonator-1 is at 2.53 GHz.
Resonator-1 creates a transmission zero, located at about 6.18 GHz with attenuation
level near 48.13 dB. Due to small value of resonance inductance Lz; of Resonator-1,
transmission zero appears in the higher frequency region, which results a wide
stopband bandwidth. A very low insertion loss in the passband is achieved by
Resonator-1, but its transmission characteristics show gradual transition from the
passband to stopband. Using the equivalent circuit, the two port network parameters
such as ABCD and S-parameters are calculated and the effective elements of the

Resonator-1 structure are analyzed.

The ABCD parameters of the two port network is expressed in Equation (3.3),

| Zpy+ oLy 2jolyZp + PotLy? |
A Bl | zZp Znt
{C D}_ 1 Zp +joLy (3.3)
Zp1 Zp1 ]

where Zg; is represented in Equation (3.4) as,

2
_ 1-w LRlcR]_

Z
Rl joCpy (3.4)
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Based on the ABCD parameters, the S;; and S, parameters of the Resonator-1 are as
follows (Hong and Lancaster, 2001),

A+%0—CZO—D

A+%0+CZO+D

2

B (3.5)
A+ /Zo +CZy+D

Sy1 =

Substituting the values of ABCD parameters in Equation (3.5) and simplifying, the

finite frequency transmission zero depends on the relation (3.6).

(3.6)

S-Parameters (dB)

Jae —— EM simulation
-------- LC simulation

0 2 4 B B 10 12
Frequency (GHz)
(c)

Fig. 3.2 Resonator-1 loaded on the main high impedance transmission line

(a) Structure (b) LC equivalent circuit (¢) EM and LC circuit
simulation result
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From the Fig. 3.2, it is clear that the lumped element values of Lg; and Cg; depend on
the corresponding microstrip implementation of the series resonant element. The effect
of frequency response of the Resonator-1 is studied by changing the parameters of the
series resonant element. Fig. 3.3(a) and Fig. 3.3(b) show the frequency response
characteristics of the filter for different values of /; and b. As values of /; and b increase,
the inductance and capacitance of the filter increase and the cutoff frequency and the
resonant frequency of the filter decrease. Also it is noted that the increase in value of /;
does not make any change in the value of passband return loss, but increase in the value
of b improves the passband return loss of the filter. The stopband bandwidth of the
filter is also increased by increasing value of b. Thus by changing the length and width
of the high impedance rectangular stub (7L;) and the low impedance open-ended line,

the cutoff frequency and resonant frequency are easily tuned.
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Fig. 3.3 The frequency response characteristics of Resonator-1 (a) For different
values of /; (b) For various values of b

The stopband bandwidth of Resonator-1 is improved by loading the structure
symmetrically on the main high impedance transmission line as shown in Fig. 3.4. In
the symmetrical Resonator-1 structure, the transmission zero shifts towards the higher

frequency due to the decrease in the value of inductance. Here, two series LC
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resonators are in shunt with the main high impedance transmission line and thus the
total effective inductance value decreases and the effective capacitance value increases.
The transmission zero, TZ; appears at frequency 7.6 GHz as shown in Fig. 3.4(b).
Here, the stopband bandwidth of the filter is improved due to the increase in the value
of effective capacitance. The in-band filter characteristics is also improved by the lower

value of insertion loss (< 0.4 dB) and higher value of return loss (>20 dB).
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Fig. 3.4 (a) Symmetrical structure of Resonator-1 (b) The simulated S-Parameters

3.2.2 Resonator-2 Design

The next step in the development of the proposed Filter-I is the design of Resonator-
2. Resonator-2 is a single stepped stub of characteristic impedance Z;z; of 120.5 Q
having electrical length, &, connected in series with a triangular patch of
characteristic impedance Zcg» as 39.76 Q. The structural layout of Resonator-2 is
shown in Fig. 3.5. The dimensions of the layout are /; = 5.3 mm, w= 0.2 mm, a = 4.4
mm and d = 2.2 mm. The LC resonator is connected to the main transmission line
having an impedance of 120.5 Q. One unit of Resonator-2 will create only one

transmission zero at 3.74 GHz with attenuation level near 30.909 dB. The 3 dB cutoff

frequency, f.> of Resonator-2 is at 2.67 GHz.
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Fig. 3.5 The layout of Resonator-2

The selectivity of the filter can be improved by connecting one more unit of
Resonator-2 to the opposite side of Resonator-1. Its configuration is shown in Fig.
3.6(a). The right-angle bend T-T' of the single stepped stub can be modelled by an

equivalent T-network, which is shown in Fig. 3.6(b).

For the analysis of LC equivalent circuit, the single stepped stub /, of Resonator-2 is
divided as /,,, T-T' and [,,. The vertical length of high impedance stub /, is
represented as /,,, the square shaped T-T' is the right- angle bend and the horizontal
length of the stub is represented as /»;,. The single stepped stub of Resonator-2 is
placed at a distance /;; from the end of high impedance main transmission line and />
is the distance from the centre of high impedance main transmission line to the single
stepped stub. The optimized dimensions of Fig. 3.6(a) are /,, = 4.5 mm, /5, = 0.4 mm,

T-T'is 0.2 mm x 0.2 mm, /;; = 3.8 mm and /,, = 4.1 mm.
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(b)

Fig. 3.6 (a) Structure of two units of Resonator-2 (b) LC equivalent circuit of
the right angle bended microstrip line

The right-angle bend of the microstrip line is modelled as equivalent T network
shown in Fig. 3.6(b), which is the parallel combination of L and C circuit. The L and

C values are calculated using the following closed form expressions (Gupta et al.

1996).

9aithn):(14gr+125)m¢h—(1835r—225)+}1ozgr

\/w/h w/h (.7

%(nH/m)=100{4 w/h-421] (3.8)
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Here, the width of the microstrip line w is 0.2 mm, 2 = 0.8 mm and ¢, = 4.4. The

values of C and L calculated using the above equations are C = 0.005159 pF and

L =0.176 nH.
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Fig. 3.7 (a) LC equivalent circuit of two units of Resonator-2 (b) Frequency
response characteristics of LC circuit and EM simulation
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The LC equivalent circuit of two units of Resonator-2 and its simulated frequency
response characteristics are shown in Fig. 3.7(a) and (b) respectively. Ly; and Ly
represent the corresponding equivalent inductance of main high impedance transmission
line of length /,;, /5, respectively and Lg,, and Lgy, represent the equivalent inductance of
single stepped stub of length /», and [, respectively. Cg, represents the capacitance
between the microstrip triangular patch and the ground plane and the value is calculated
using the Equation (3.2) at the cutoff frequency /... The calculated L and C values of the
equivalent lumped elements of the proposed Resonator-2 are Ly; = 2.6346 nH, Ly, =
2.8426 nH, Lg,»=3.1199 nH, L =0.176 nH, Lgy> = 0.4159 nH, Cg, = 0.68319 pF and C =
0.005159 pF. The LC circuit simulation result is in good approximation with the EM

simulation result, which is shown in Fig. 3.7(b).

Fig. 3.8(a) shows symmetrical arrangement of two units of Resonator-2 placed at the
centre of main high impedance transmission line and its simulated characteristics is
shown in Fig. 3.8(b). The filter exhibits two transmission zeros, TZ, and TZs, which are
placed at about 3.68 GHz and 4.05 GHz with attenuation level 53.57 dB and 61.93 dB
respectively. These transmission zeros are generated by the resonance of the high
impedance single stepped stub loaded by triangular shaped patches and its resonant
frequency depends on the structural parameters of symmetrically loaded Resonator-2. As
the number of transmission zeros increases, the stopband bandwidth of the filter is also
improved with high suppression level. Here, the transmission zero TZ, occurs very close
to the cutoff frequency and thus the sharpness of the filter is improved. The passband

return loss of the filter is also improved, with low insertion loss in the passband.
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Fig. 3.8 (a) Symmetrical structure of two units of Resonator-2 (b) Simulated
frequency response characteristics

3.2.3 Cascaded Symmetrical Structure of Resonator-1 and Resonator-2

The performance characteristics of the filter is greatly improved by suitably cascading
the symmetrical structure of Resonator-1 and two units of Resonator-2 on the main
high impedance transmission line. Fig. 3.9 shows the structural layout and frequency
response characteristics of the filter with symmetrical arrangement of one unit of

Resonator-1 and two units of Resonator-2.

The cascaded arrangement of these two resonators results in better rejection of
spurious passband, and thus the stopband performance of the filter is greatly
enhanced. It is observed from Fig. 3.9(b) that the steepness of transition from
passband to stopband is improved and thus the transition band is reduced resulting in
an improved roll-off rate of the filter. The stopband is from 2.86 GHz to 8.55 GHz
with the attenuation level of 20 dB and thus achieving better stopband performance.

However, the passband return loss value is very low and it is nearly 7 dB only.
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Fig. 3.9 (a) Combined symmetrical structure of Resonator-1 and Resonator-2
(b) Simulated S-Parameters

3.2.4 Cascaded Structure with Open Stubs

In the practical applications of wireless communication systems, a lowpass filter with
wide stopband bandwidth at high rejection level is necessary for higher order
harmonics suppression. The bandwidth of the cascaded filter can be greatly enhanced
by connecting open circuited stubs on both sides of the resonators. The open circuited
stub produces a transmission zero when the physical length of the stub is less than the
quarter guided wavelength. The cascaded filter with open stub at both ends of the

high impedance main transmission line, exhibits wide stopband characteristics.
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Fig. 3.10 Structure of open stub
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Fig. 3.10 shows the symmetrical structure of the open stubs where Z,, and 0,
represent the characteristic impedance and electrical length respectively. The length
and width of open circuited stub are p and g respectively. The calculated value of Z,
is 12.14 Q. For the straight stub, the equivalent capacitance is derived using Hong

and Lancaster, (2001) and the relation is given in Equation (3.9) as,

B tan(@os)
= 27 fe3Z os (3-9)
where f.; is the simulated 3 dB cutoff frequency of the filter. Each open stub acts as
shunt capacitor to the ground plane. At high frequencies, the capacitive reactance
decreases, and the open circuited stub acts as a short circuit to the ground. This short
out transmission and causes attenuation peak in the stopband, which suppresses the
higher order harmonics and thus extends the stopband. The optimized values of p and

q are 0.8 mm and 10 mm respectively.

Fig. 3.11 shows the cascaded structure of symmetrical Resonator-1, Resonator-2 and
open circuited stubs. Resonator-1 is placed between two units of Resonator-2 and
these three units are symmetrically loaded on the centre of a main high impedance
transmission line, together with two open circuited stubs, which are connected at both

ends of the main high impedance transmission line.
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Fig. 3.11 Layout of the cascaded symmetrical Resonator-1, Resonator-2 and
open stubs

3.2.5 Equivalent Circuit of Filter-I

Fig. 3.12 shows the LC equivalent circuit of the cascaded symmetrical Resonator-1,
Resonator-2 and open circuited stubs. Lg; represents the equivalent inductance of high
impedance straight stub of Resonator-1 and Cy; is the capacitance between the
microstrip polygonal shaped patch and the ground plane. Ci; represents the capacitance
between microstrip triangular shaped patch and the ground plane and Cpg is the
capacitance of the open circuited stub and the ground metallic plane. The capacitance
Cc is formed by the capacitive coupling between the polygonal and triangular shaped
patches and its value depends up on the gap g between the resonators. The detailed
analysis of the coupling capacitor Cc is shown below. The optimized value of the
spacing g between the polygonal and triangular shaped patches is 0.3 mm. At high
frequency values, the inductance of main high impedance line block transmission by
having infinite series reactance, whereas the capacitance of open circuited stub shorts
out transmission by having infinite shunt susceptance. The calculated values of the
lumped elements of the proposed lowpass filter design are Ly; = 2.6346 nH, Ly, =

2.8426 nH, Lg; = 0.2079 nH, Lg,» = 3.1199 nH, L = 0.176 nH, Lgs, = 0.4159 nH,
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Cr; = 1.515 pF, Cgz = 0.68319 pF, C = 0.005159 pF, Cps = 0.4343 pF and Cc =
0.03837 pF. Fig. 3.13 shows the LC and EM simulation results of the cascaded
structure, which are in good approximation with each other. As seen in the Figure,
enhanced stopband performance is achieved under the combined effect of two types of

resonators and open stubs. The 3 dB cutoff frequency of the filter is 2.64 GHz.

.rf;l
I

Cpi=—

Fa

(]

gl | Ce
Ll T
Lgau LR’:.Z"
I L
c C
L g % Lr L % l
LR‘.S" % LRQ %
1 .l
¥ o (T ) mmn___ &
Ly Ly: Ly L
Lpa % L g
Cos== L g % In I g = Cos
e C C e
z 1 z I
Lnz Len
“y <y

.rf;l
i

||}—+Jﬁ—

Fig. 3.12 LC equivalent circuit of cascaded symmetrical Resonator-1,
Resonator-2 and open stubs
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3.2.6 Analysis of Coupling Capacitor, Cc

The microstrip gap g between the polygonal and triangular shaped resonator and its
corresponding equivalent circuit are shown in Fig. 3.14. Cc represents the coupling
capacitance between the two resonators and C; is the parasitic capacitance. The

values of Cc and C; are calculated using the Equations (3.10)-(3.17) (Hong and

Lancaster, 2001) as follows.

C.=0.5C,—0.25C, (3.10)

€, =0.5C, 3.11)

where the variables C, and C, are calculated as follows.

CO €, 0.8 g m,

W(DF/m)=(%j (WJ exp(K,) (3.12)
C - 0.9 g m,

We<pF/m)=12(¢j (Wj exp(Ke) (3.13)
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The variables m,, k,, m. and k, are calculated using equations,

m, :%[0.61910g(%)—0.3853]

(3.14)
k, =4.26—1.453log('%) (3.15)
m, =0.8675 (3.16)
k, = 2.043(‘/%)0'12 (3.17)

The substrate used in the design is FR4 with ¢,= 4.4, h = 0.8 mm and W is the width of
the line and its value is 2.2 mm. The calculated values of m,, k, m. and k, are m, =
-0.31228, k, =3.622, m. = 0.8675 and k., = 2.3066. The calculated values of C, and C,are,
C, =0.082143 pF and C.= 0.0105 pF. The values of Cc and C; are Cc = 0.03837 pF and

C;=0.00525 pF. The value of C} is very small and thus neglected in the circuit analysis.
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Fig. 3.14 Microstrip gap between the resonators
3.2.7 Efforts for Improving Impedance Matching in the Passband
An ideal lowpass filter should have low values of insertion loss and high return loss

values in the passband. The EM simulation result of the cascaded symmetrical

structure of Resonator-1, Resonator-2 and open stubs is shown in Fig. 3.15.
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Fig. 3.15 Simulated S-parameters of the cascaded structure of symmetrical
Resonator-1, Resonator-2 and open stubs
The insertion loss in the passband of the filter is less than 0.62 dB from DC to 1.7
GHz and the return loss is only 14.8 dB. By increasing the length of high impedance
single stepped stub of Resonator-2 (/,), (only the length of /, in horizontal direction is
increased) the characteristics of the filter is changed. Fig. 3.16 shows the reflection

and transmission characteristics of the filter for different values of stub length /,,

From the Fig. 3.16(a), we can observe that as the length of high impedance single stepped
stub of Resonator-2 increases, the return loss improves only in the lower frequencies of
the passband, but deteriorates at increasing passband frequency values. At the same time,
from the transmission characteristics of Fig. 3.16(b), transmission poles occur at nearly 9
GHz and due to these spurious signals arise in the stopband, the rejection level of the
filter decreases. Also, it is seen that by increasing the length of high impedance stub of
Resonator-2, the cutoff frequency as well as the first resonating frequency of the filter

move towards the lower frequency end and thus its value decreases.
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Thus, to improve the passband characteristics of the filter and at the same time to make

the structure more compact, a novel high impedance stub arrangement is introduced

here. The single stepped high impedance stub of Resonator-2 is modified in the form of

stair shaped high impedance stub, with five steps of increasing step size.
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Fig. 3.17 shows the comparison between the high impedance stub of Resonator-2
connected as single step and stair shaped of length /, as 6.7 mm, between main high
impedance transmission line and triangular shaped patch. For single stepped resonator
structure, the filter suffers from poor impedance matching in the passband and
spurious harmonics arising in the stopband. These two drawbacks of the filter are
eliminated by using the stair shaped high impedance stub. Thus, by the introduction
of stair shaped high impedance stub, the impedance matching as well as stopband

attenuation level of the filter is improved to a great extent.
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Fig. 3.17 Simulated frequency response of the filter for inductive stub structure
of Resonator-2 as stair shaped and single step for length /; = 6.7 mm

3.2.8 Structure of the Proposed Filter-I

The passband return loss values have been improved from 14.8 dB to 18.5 dB and
thereby the values of insertion loss in the passband decrease from 0.62 dB to 0.5 dB.
Due to increase in the inductance value of Resonator-2, the 3 dB cutoff frequency of

the Filter-1 decreases and its value in the proposed design is 2.44 GHz. Fig. 3.18
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shows the final structure of the Filter-I, where the single stepped high impedance
inductive stub of Resonator-2 is modified as stair shaped of increasing step size and

Fig. 3.19 shows the simulated frequency response characteristics of the final filter.
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Fig. 3.18 Structure of the proposed lowpass filter
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Fig. 3.19 Simulated frequency response characteristics of the proposed filter

Based on these analyses, a microstrip lowpass filter is designed and its structure is
fabricated. Two microstrip lines at both sides of the filter with width w; are utilized to
match the impedance at the input and output (I/O) ports to 50 Q. Two tapered lines of
width w; and length /; are inserted between the open stub and 50 Q I/O port gives

marginal improvement in the insertion loss. The optimized parameters of the structure
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are as follows: m; = 5.0, my, =2.6, w=0.2, w;=0.5 wr,=1.5,5;,=0.5, 50 =0.6, 55 =
0.9, 54 =12, s5=1.5, 56 =04, [35=0.5 and g = 0.3 (all in millimeters). The total

length of stair shaped stub is, /' = 5*s¢+s5; +52 + 53 + 54+ 55.

The phase velocity of a lossless structure can be expressed as in Equation (3.18) as,

y oo (3.18)

Increasing the length of the high impedance stub by introducing stair shaped design
enhances the effective inductance and the small value of the coupling gap, g between
the resonators improves the effective capacitance of the filter. By cascading the
resonators, equivalent inductance and capacitance value increases, which corresponds
to decrease in the phase velocity, and thus a slow wave effect is achieved. A wide
stopband bandwidth up to 16 GHz (at 22 dB suppression level) is obtained, due to
multiple transmission zeros contributed by two types of patch resonators together
with two open circuited stubs. The 3 dB cutoff frequency of the proposed filter is

2.44 GHz, with low insertion loss and good impedance matching in the passband.

3.2.9 Field Distribution in the Proposed Filter

The current distribution of the proposed filter in the passband and stopband is analyzed to
study the filter characteristics as described in Fig. 3.20. At 1 GHz, it is seen from the Fig.
3.20(a) that most of the energy is coupled from input port to output port through the
narrow high impedance line and only negligible energy travels through the series
resonators, which proves its passband characteristics and the transmitted power from
input port to output port through the high impedance main transmission line shows its

inductive nature. At frequency 7.5 GHz, the transmitted power from the source is either
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reflected back or passed through the open stub and practically no transmitted energy
appears in the output port. This not only proves its stopband characteristics but also the

capacitive behavior of the open stub as shown in Fig. 3.20(b).
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Fig. 3.20 Electromagnetic field distribution of proposed filter (a) At frequency
1 GHz (b) At frequency 7.5 GHz

3.2.10 Fabrication and Measurement Results

The Filter-I is fabricated on an FR4 substrate with relative permittivity 4.4, dielectric
loss tangent 0.02 and thickness of 0.8 mm. The prototype of the fabricated filter
structure along with SMA connectors is shown in Fig. 3.21(a). The fabricated
structure is measured using R & S ZVB 20 Vector Network Analyzer. The
measurement results are in good agreement with the simulated results as illustrated in
Fig. 3.21(b). The measured results show that the 3 dB cutoff frequency is 2.44 GHz.
The minimum return loss is better than 17.74 dB over the entire passband and the
suppression level better than 22 dB from 2.85 GHz to 16 GHz. The suppression level
of 31 dB is achieved from 2.94 GHz to 13.04 GHz. Thus wide stopband suppression
is obtained in 77% of overall stopband bandwidth. The insertion loss in the passband

is less than 0.67 dB from DC to 1.7 GHz. The higher value of insertion loss in the
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passband of the filter is due to the inherent dielectric losses of FR4 substrate at
microwave frequencies. The return loss in the stopband is very close to 0 dB and
nearly 4.3 dB at the end of the stopband. The selectivity or roll-off rate of the
structure is calculated using Equation (2.15), is 67.27 dB/GHz at 40 dB suppression
level. The physical size of the filter is only 17.4 mm x 10 mm, which corresponds to a
normalized circuit size of 0.257A,x 0.148A,, where A, is the guided wavelength at the

cutoff frequency. The relative stopband bandwidth of the proposed filter is 139.5%.
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Fig. 3.21 (a) Prototype of the Filter-I (b) Measured and simulated frequency
response characteristics
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The measured and simulated group delay shown in Fig. 3.22 shows good
approximation. The group delay is almost flat in the passband with the peak to peak
variation of 0.4 ns. There is a significant increase in group delay characteristics, when

the frequency approaches the cutoff frequency of the filter.
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Fig. 3.22 Measured and simulated group delay characteristics of the Filter-I

3.2.11 Performance Comparison of Filter-I

Table 3.1 shows the performance comparison of the Filter-I with other published
works. From the table, it is clear that the proposed filter is having high passband
performance with wide stopband bandwidth and thus able to suppress the higher order
harmonics of up to 6" order. The Filter-I is compared to other filters fabricated using
FR4 substrate and low loss tangent substrates and the characteristics such as return
loss-passband (RL-PB), cutoff frequency (f.), stopband and order of harmonic
suppression are indicated in the table. The designed structure has wide as well as deep
stopband with good passband characteristics such as low insertion loss and high

return loss of 17.74 dB.
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Table 3.1 Comparison of the frequency response characteristics of the
proposed Filter-I with other works from the literature
Ref RL-PB | f. Stopband Harmonics | Substrate/dielectric
o (dB) |(GHz) (GHz @ dB) suppression loss tangent
Liu et al. RT duroid/
1 11 | (3.24t0 10.7 @2 N
(2015) 5 3 3 0 10.7 @25) | 3" order 0.0009
Cao et al. d
10 3.17 (3.4to 10 @ 25) 3% order | PTFE/0.0027
(2012)
Hayati et al. d RT duroid/
2 4.24 4.37to 1 2 4"
(2014) 0 (4.37 to 19 @ 20) order 0.0009
Raphikaeral- |\ 1 555 | (588t011.8@15) | 2 order | FR4/0.02
(2014)
Raphikaefal-\ 1,1 55 | (249t0 11 @23) | 4" order FR4/0.02
(2016)
29410 13.04 @ 31
Filter-1 | 17.74 | 244 |@210 B0 @301 o 0o | Frav0.02
(2.85t0 16 @ 22)

3.3 LOWPASS FILTER DESIGN WITH HIGH HARMONIC SUPPRESSION
(FILTER-II )

To improve the characteristics of Filter-1, Filter-1II is designed by replacing the open

circuited stubs with suppressing cells. The proposed lowpass filter, Filter-II is

designed to generate flat passband characteristics with good selectivity and wide

stopband bandwidth. Here, Filter-II is designed to improve the roll-off rate of Filter-I

with reduced physical size and to obtain higher order of harmonic suppression. The

dimensions of Resonator-1 and Resonator-2 used for Filter-II design are same as that

used in the design of Filter-I. The open circuited stub of Filter-1 is replaced by the

symmetrical high-low impedance resonators which function as suppressing cells to

generate attenuation poles at high frequencies.
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3.3.1 Suppressor Unit

To extend the stopband bandwidth of the proposed filter, mirrored symmetrical
arrangement of suppressing cell is used. Filter-1I is designed by replacing the open
stubs in Filter-I by diamond shaped resonators. The rectangular high impedance stub
is loaded on a diamond shaped low impedance patch and used as the suppressing unit.
The suppressing units generate transmission zero at high frequencies, which suppress
the transmission peaks and widen the stopband bandwidth of the filter. The structure

and frequency response characteristics of the proposed unit are shown in Fig. 3.23.
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Fig. 3.23 (a) The configuration of the suppressing unit (b) Its frequency

response characteristics
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The dimensions of the suppressor unit are I, = 0.65 mm, /s = 2.2 mm, w, = 0.2 mm,
ws = 2.6 mm. The proposed Filter-II is designed and developed using FR4 substrate
having its dielectric constant 4.4, thickness of 0.8 mm and loss tangent 0.02. All EM

simulations are carried out using full wave simulation software IE3D.

3.3.2 The Proposed Filter Design

The individual series resonators such as one unit of Resonator-1 and two units of
Resonator-2 are connected in shunt with the high impedance main transmission line
and by cascading these symmetrical resonators with mirrored suppressing cells, a
wide stopband lowpass filter is designed with sharp transition skirt and low insertion
loss in the passband. The layout of Filter-II and its simulated S-parameters are shown
in Fig. 3.24. The dimensions of Filter-II are w, = 1.5, a =1.05, b= 0.75, m; = 4.95,
g =03 and w = 0.2 (all in mm). The optimized filter is having 14.6 mm x 9.6 mm
physical size. The simulated 3 dB cutoff frequency is 2.455 GHz. The designed filter
has wide rejection band at 19 dB suppression level from 2.675 GHz to 24 GHz. The
skirt selectivity of the structure is 98.66 dB/GHz (the frequency at 3 dB is 2.455 GHz
and frequency at 40 dB is 2.83 GHz). The simulated results of Fig. 3.25 shows that

the designed Filter-II can suppress up to 9™ order harmonics.
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Fig. 3.25 Simulated frequency response characteristics

3.3.3 Fabrication and Measurement Results

The proposed filter is printed on FR4 substrate and its measurements are taken using
R & S ZVB 20 Vector Network Analyzer available in our laboratory. The photograph
of the fabricated filter is shown in Fig. 3.26. The frequency response characteristics of
the measured and simulated results, which are compared in Fig. 3.27. It is observed

from Figure that both the results are in very good agreement with each other. The 3
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dB cutoff frequency of the measured filter is 2.57 GHz. At 40 dB attenuation point, the
corresponding frequency is 2.97 GHz and achieved filter selectivity is 92.5 dB/GHz.
Within the passband, the insertion loss is very low and its value is within 0.4 dB till
1.65 GHz. The return loss of the constructed structure is better than 14 dB in the low
frequencies of the passband. The measured stopband is from 2.78 GHz to 20 GHz at 18

dB rejection level. The RSB is calculated using Equation (2.16) and its value is 1.512.

Fig. 3.26 The proto type of the Filter-II
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Fig. 3.27 The measured and simulated results of Filter-1I
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The group delay (envelope delay) of the proposed Filter-1I in the passband frequency
is shown in Fig. 3.28. As shown in the Figure, the group delay is almost flat in 77 %
of the passband and it increases on approaching the cutoff frequency. Flat group delay
indicates that all the transmitted energy is received at the destination without any
distortion. Fig. 3.29 shows the passband group delay of the filter till 2 GHz frequency

and it is seen that the group delay is almost flat in the considered frequency range.
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Fig. 3.28 The measured group delay of the Filter-I1
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Fig. 3.29 The measured group delay of the Filter-1I in the 77% of the passband
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3.3.4 Performance Evaluation of Filter-I11

Table 3.2 summarizes some published works with the proposed one. The main
features of the designed filter are compact size, good passband and wide stopband
bandwidth. Compared with other works, the proposed filter offers high relative

stopband bandwidth and thus able to suppress up to 7™ order harmonics.

Table 3.2 Comparing the characteristics of the proposed work with other
related works

Ref Je SB up to | RSB (%), Harmonic | Physical size
(GHz) | (GHz) | Rej. (dB) |suppression (mm)
Li et al. (2010) 1.0 55 | 119.7,20 | 5™order |22.4x24.05
Xiao et al. (2015) 3.37 92 | 90.6,20 | 2™ order | 9.3x8.6
Abdipour etal. (2017)]  1.69 10 145,20 | 6™ order | 13.8x 8.6
Filter-I 2.44 16 139522 | 6™order | 17.4x10
Filter-I1 2.57 20 | 151.2,18 | 7™order | 14.6x9.6

3.4 CHAPTER SUMMARY

This chapter presents the design and development of two microstrip lowpass filters,
Filter-I and Filter-II. By cascading multiple patch resonators of different shapes,
multiple transmission zeros are generated at high frequencies, which widen the
stopband bandwidth and the suppression of higher order harmonics is achieved. Both
filters are having compact physical size and are suitable for use in wireless LAN, L-
band and Bluetooth networking applications. The performance characteristics of both

the designed filters are compared in Table 3.3.
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Table 3.3 Comparing the performance characteristics of the proposed lowpass
filters using cascaded multiple patch resonators

Filter fe & Size NCS | RSB | IL-PB | Harmonic
Type |(GHz) | (dB/GHz) | (mm?) (A (%) (dB) | suppression

Filter-1 | 2.44 67.27 17.4x10 | 0.038 | 139.5 0.6 6" order

Filter-1I | 2.57 92.5 14.6x9.6 | 0.0339 | 151.2 0.4 7™ order

A detailed analysis of a microstrip lowpass filter, symmetrically loaded with multiple
patch resonators and open stubs is presented in Filter-1. The LC equivalent circuit of
the filter is developed and compared to the EM simulation result and found that both
the results are similar. The measured cutoff frequency of the filter is 2.44 GHz. The
passband insertion loss of the filter is very low and its value is 0.6 dB. The physical
size of the filter is 17.4 mm x 10 mm. The filter achieves high RSB of 139.5 %
referred to the suppression level of 22 dB and thus able to suppress more than 6

order harmonics along with good selectivity and impedance matching.

A compact microstrip lowpass filter with very good in-band and out-of-band
performance is designed using multiple patch resonators and suppressing cells is
introduced in Filter-Il. The cutoff frequency of Filter-II is 2.57 GHz with small
physical size of 14.6 mm x 9.6 mm. The designed filter has very low insertion loss of
0.4 dB with high RSB of 151.2% and able to reject up to 7™ order harmonics. The
filter has advantages of low cost, high harmonic rejection and good selectivity and

thus can be used for various wireless communication applications.
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To further improve the in-band and out-of band performance characteristics of the
filter, different new approaches in lowpass filter design such as using interdigital

structures, folded stepped impedance resonators etc are proposed in chapter 4.
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CHAPTER 4

COMPACT MICROSTRIP LOWPASS FILTERS WITH
SHARP ROLL-OFF AND ULTRA-WIDE STOPBAND

4.1 INTRODUCTION

High performance compact filter structures are used in emerging applications of modern
wireless communication. Lowpass filters are key components in modern microwave
communication systems to suppress the unwanted harmonics which are generated by
nonlinear devices. The passband to stopband transition rate and the stopband bandwidth
are important parameters of lowpass filter design. Sharp roll-off is achieved by the
generation of an attenuation pole very near to the cutoff frequency and wide stopband is

due to the formation of multiple transmission zeros in the stopband region.

Different methods are used in the literature to design a compact lowpass filter having
advantages like sharp roll-off and high harmonics rejection. Numerous high
performance lowpass filters fabricated using some generic structures called defected
ground structures (DGSs), which have wide stopband bandwidth and slow wave
effect are reported by Zhang and Li (2016); Yang et al. (2012). Wang and Hsu
(2018), proposed slotted ground plane resonators as band rejection components to
obtain wide stopband. A wide stopband lowpass filter designed using defected ground
structure technique for wireless communication system is presented by Vala et al.
(2017). However, the steepness of transition from passband to stopband of these
filters is very low. A lowpass filter with sharp roll-off and wide stopband designed
using hexagonal shaped resonator and semicircular slots is introduced by Kumar and

Parihar, (2016). However, the passband insertion loss of the filter is high. Sen et al.



(2018) presented a lowpass filter with good performance characteristics by
incorporating defected structures in the modified rectangular shaped split ring
resonators. But the physical size of the structure is high and has the ability to suppress

only up to 2" order harmonics.

A compact size lowpass filter with a wide stopband characteristic achieved using
modified stepped impedance hairpin unit and meandered open stub is introduced by
Xu and Duan (2017). However, the designed filter suffers from low roll-off rate and
stopband bandwidth. Zhang et al. (2015) proposed a compact, highly selective
lowpass filter using folded coupled rhombic stubs. A compact planar lowpass filter
developed by introducing interdigital structures within rectangular shaped coupled
capacitors is presented by Li and Li (2008). But only quasi elliptic frequency
response and stopband up to 9.35 GHz are achieved using this structure. Cascaded
patch resonators of triangular and funnel shaped patches utilized to obtain sharp roll-
off characteristics are proposed by Raphika et al. (2014). However, the filter is used

to suppress only up to 2™ order harmonics.

A microstrip lowpass filter designed using coupled hairpin shaped resonator is
presented by Velidi and Sanyal (2011). To achieve wide stopband up to 4.5 GHz,
open stubs are placed in the feed points of the resonator. The cutoff frequency of the
filter is 0.5 GHz only and therefore its passband region is very narrow. Wei et al.
(2012) developed a lowpass filter of compact size using coupled hairpin shaped
structure, one spiral shaped slot in the microstrip line and a pair of open stubs. Here
the filter is used to achieve wide stopband bandwidth up to 20 GHz, but the stopband

suppression level is only 10 dB.
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A deep stopband lowpass filter using open complementary type split ring resonator and
open circuited stubs is introduced by Karthikeyan and Kshetrimayum (2011). Even
though the stopband suppression level of the filter is high, the stopband bandwidth
achieved is only up to 6 GHz with low roll-off rate and large physical size of the
fabricated prototype. A lowpass filter with semi-circle and semi-ellipse patch
resonators loaded by rhomboid and delta-stub structures used for obtaining wide stop
bandwidth up to 19 GHz at 20 dB suppression level is reported by Hayati et al. (2010c¢).
But the structure is rather complex with large circuit size and sharpness of the filter is
relatively low. To reduce the circuit size of the filter, a patch resonator that features
strong slow wave effects is described by Li er al. (2009). This filter achieves wide

stopband with high suppression level, but the roll-off rate of the filter is low.

A stepped impedance radial stub hairpin resonator developed to achieve wide stopband
rejection is proposed by Wei ef al. (2011). However, only 10 dB rejection level is
achieved here for spurious frequency suppression from 2 to 12 GHz. A cascaded
microstrip lowpass filter with triangular and polygonal patch resonators with
meandered transmission line is introduced by Cui et al. (2012). The filter is able to
suppress high value of harmonics, but the passband region of the filter is low. A
cascaded semicircle ended stub resonator and modified radial patch is used to design a
compact microstrip lowpass filter (Hayati et al., 2012b). But the filter suffers from low

roll-off rate and stopband bandwidth is extended only from 1.8 GHz to 13.93 GHz.

Validi and Sanyal (2010) presented a lowpass filter designed using parallel coupled
structures, which is shorted at the centre. The filter is used to suppress up to 5f..

However, the physical size of the filter is large and it occupies 3.6 mm x 85.65 mm.
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Cascaded polygonal shaped patches loaded by corrugated and straight stubs are used
to design lowpass filter with wide stopband up to 13.4 GHz in Raphika et al. (2015).
But the structure fabrication complexity is high due to the presence of corrugations

and the filter suffered from low selectivity.

The above mentioned filter offers good stop bandwidth at the cost of moderate roll-
off rate. So it is attempted to design a filter having improvement in both the
characteristics. Efforts to improve the selectivity along with wide stopband and

compact size are being greatly explored.

In this chapter, three lowpass filters, Filter-1, Filter-2 and Filter-3 are designed and

developed, which have sharp roll-off rate together with a wide stopband bandwidth.

Filter-1 is developed using symmetric dual stepped high-low impedance resonators
placed on the high impedance transmission line. An interdigital structure embedded
between the symmetric dual stepped high-low impedance resonators provides
improved roll-off rate together with the generation of finite attenuation poles at high
frequency. Stopband of the Filter-1 is widened by introducing series connected
coupled inductive stubs and the rectangular patch capacitors. The achieved roll-off
rate of Filter-1 is 79.5 dB/GHz and the measured RSB is 131.2% at 18 dB

suppression level.

Filter-2 has been designed and developed using symmetric folded stepped impedance
resonator (FSIR) and a mirrored modified hexagonal shaped resonator (MMHSR). The
FSIRs symmetrically connected on both ends of the high impedance main transmission

line together with MMHSR are used to obtain a lowpass filter with sharp roll-off and
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wide stopband characteristics. The stopband bandwidth at 20 dB suppression level is
from 2.1 GHz to 10.12 GHz and the passband to stopband transition slope is 151

dB/GHz. The RSB of Filter-2 is 131.2% at 20 dB suppression level.

The RSB of Filter-2 is improved in Filter-3 by placing a pair of open stubs at the end
of high impedance transmission line and its value is 162.15 % at 20 dB rejection level
and thus able to suppress more than 10™ order harmonics. The roll-off rate of Filter-3
is 148.59 dB/GHz. The measured insertion loss is less than 0.2 dB in the entire
passband and the return loss is better than 12.5 dB. All the three filters are fabricated
using low cost FR4 substrate of & = 4.4, thickness 4 of 0.8 mm and dielectric loss
tangent 0.02. All simulations are carried out using Electromagnetic simulation

software IE3D.

4.2 COMPACT MICROSTRIP LOWPASS FILTER WITH ULTRA-WIDE
STOPBAND (FILTER-1)

A basic microstrip lowpass filter is designed using symmetric dual Hi-Lo impedance
resonators with interdigital structure embedded between the low impedance
rectangular patches. The interdigital structures generate one additional transmission
zero, which is very near to the cutoff frequency and thus the selectivity of the filter is
improved. To extend the stopband bandwidth and to maintain compact physical size,
symmetrically paired capacitors are introduced between high impedance stubs of the
basic microstrip lowpass filter and cascaded arrangement of coupled inductive stubs
with rectangular patches. The physical dimension of these resonators is only quarter
guided wavelength long and thus act as semi-lumped elements. The proposed filter is

designed, simulated and fabricated using the same raw material as mentioned above.
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4.2.1 Primary Stepped Impedance (SI) Lowpass Filter Design

Fig. 4.1 shows the symmetrical arrangement of dual stepped impedance resonators
connected to the main high impedance transmission line, which is connected to the
input-output port of w = 1.5 mm. To avoid sharp discontinuity effect, a tapered
microstrip structure of length /, is introduced between the I/O ports and main high
impedance transmission line. The stepped impedance resonator consists of a shorted
stub connected in series with a rectangular patch. These stepped impedance
resonators are very much shorter than its associated guided wavelength and behave as
semi lumped elements. The characteristic impedance of the stub is represented as Zy;
and its value calculated using Equation (2.21) is 120.5 Q. The value of Zj; is much
greater than the source impedance value of Z; (50 Q) and thus the stub acts as lumped
element inductor. The characteristic impedance of the rectangular patch is represented
as Zy, and its value is 35.47 Q. This low impedance open circuited line behaves as
lumped capacitor because its value is less than the source impedance value. These
series LC resonant branches are connected in shunt with the main high impedance

transmission line to short out transmission at corresponding resonant frequencies.

LE]

EfJ I £ 4 Iz ) s

Fig. 4.1 Layout of the primary SI lowpass filter
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The frequency response characteristics of the primary SI lowpass filter shown in Fig.
4.2 has one finite frequency transmission zero, TZ;. The transmission zero frequency
depends on the dimension of the series resonant branch of high/low impedance lines.
The TZ; occurs at frequency 5.85 GHz at 55.96 dB suppression level. The cutoff
frequency of the primary SI lowpass filter is 4.52 GHz and the transmission zero TZ,

occurs at 5.85 GHz. Thus the roll-off rate of the filter is very low.
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Fig. 4.2 The frequency response characteristics of the primary SI lowpass filter

To obtain sharp cutoff frequency, it is desirable to use lowpass filter structures, which
gives infinite attenuation at finite frequency values (Hong and Lancaster, 2001). Thus
to improve the roll-off rate of the filter, the primary SI lowpass filter is modified as
basic microstrip lowpass filter with interdigital structures embedded between the dual
rectangular patches. The structure of the basic microstrip lowpass filter is shown in
Fig. 4.3. The interdigital structure of length /5, and width w; is introduced between the
symmetric dual rectangular patches and the addition of interdigital structure does not
increase the overall physical size of the primary SI filter. The frequency response

characteristics of the basic lowpass filter is depicted in Fig. 4.4.
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Fig. 4.4 The frequency response characteristics of the basic lowpass filter

4.2.2 Comparison of Frequency Response Characteristics of Primary SI
Lowpass Filter with Basic Lowpass Filter

The comparison of frequency response of the primary SI filter and the basic lowpass
filter is shown in Fig. 4.5. The cutoff frequency of the basic lowpass filter is 3.86
GHz. As shown in Figure, the basic lowpass filter generates two transmission zeros
TZ, and TZ,' at frequencies 4.1 GHz and 7.02 GHz respectively. With the
introduction of interdigital structure, the transmission zero TZ; of primary SI filter is
shifted towards the higher frequency end and is represented as TZ;'. One additional
transmission zero, TZ; is also generated very near to the cutoff frequency and thus the
roll-off rate of the basic lowpass filter increases. On adding interdigital structure
between the symmetric dual rectangular patches, a strong electrical coupling occurs
between the resonators and this enhances the total energy in the circuit and thus the

roll-off rate of the filter increases. Thus the interdigital structure provides higher
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capacitance, and it depends on the number of fingers of width wy, length /5 and spacing
g between the fingers. The stopband bandwidth of the basic lowpass filter also
increases due to the generation of two transmission zeros TZ, and TZ;', one near to the
cutoff frequency and the other towards the higher frequency end, and its value is from
4.0 GHz to 8.1 GHz at 20 dB suppression level. The element values of the basic
microstrip lowpass filter are [y =0.65, [; = 1.0, L, =33,13=41,1[,=2.3,[s=2.6, [ =0.8,

wr=w,=02,w; =125 w,=0.2, w=1.5and g = 0.2 (all dimensions in mm).
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Fig. 4.5 The comparison of frequency response characteristics of the primary
SI filter and the basic lowpass filter

4.2.3 Basic Lowpass Filter - Equivalent Circuit

The equivalent circuit of basic lowpass filter by assuming it as a lossless circuit is
depicted in Fig. 4.6. Here, Yy; and Y, represent the characteristic admittance of the
high impedance line and the rectangular patch respectively. The high impedance
transmission line of length /, represents the inductance. C; represents the capacitance
of the interdigital structure embedded between the dual rectangular patches and C is
the capacitance of the rectangular patch and the ground plane. This symmetric circuit
has its transmission characteristics derived using even and odd mode analysis as

described by Li and Li, (2008),
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Fig. 4.6 LC equivalent circuit of the basic lowpass filter

The capacitance C is calculated using the Equation (4.4) as,

(o Yy, tan( Byzls)
2r f

(4.4)

The inductance values of the thin lines are calculated using the Equation (4.5) for the

corresponding values of / as,

_ 12,3,41801

Ly34=""—
4 27 Yy (4.5)

where f is the cutoff frequency of the basic lowpass filter. fy; and S, are the
propagation constant of high impedance transmission line and the low impedance
rectangular patch respectively. C; is the interdigital capacitance and its value depends

not only on the interdigital finger dimension but also on the gap between each fingers.
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The gap capacitance is calculated using the Equations (3.10)-(3.17). From the
Equation (4.1), when odd mode admittance becomes equal to the even mode

admittance, a finite transmission zero of the basic lowpass filter occurs.

The calculated LC values of the equivalent circuit of the basic lowpass filter are L, =
2.2879 nH, L; = 2.8426 nH, L, = 1.5946 nH, C = 0.2789 pF and C; = 0.1835 pF. The
stopband bandwidth of the basic lowpass filter is improved as compared to the primary SI
lowpass filter and its value is from 4.0 GHz to 8.1 GHz at 20 dB suppression level. As
compared to the primary SI lowpass filter, the cutoff frequency of the basic lowpass filter
comes down to 3.86 GHz, which reduces the normalized circuit size of the filter. The

physical size of the basic lowpass filter is 16.8 mm x 7.55 mm.

4.2.4 Parametric Analysis

A detailed parametric analysis has been conducted on the basic lowpass filter for
different values of interdigital capacitance C; as shown in Fig. 4.7. When C; = 0 pF,
no interdigital capacitance appears between the dual branch resonators and thus only
single transmission zero occurs at frequency 6.5 GHz. This transmission zero is
generated due to the series resonance of the symmetric dual stepped impedance
resonators positioned on the high impedance transmission line. Once the interdigital
structure is introduced, another coupling route is created between the dual patch
resonators. Thus an additional transmission zero occurs, which is very near to the
cutoff frequency and thus the roll-off rate of the filter increases. It is seen in the
Figure that as the value of C; increases, the first transmission zero moves towards the
lower frequency end, the second one towards the higher frequency end and thus the

stopband bandwidth of the filter increases.
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Fig. 4.7 The transmission characteristics of the Basic lowpass filter for
different values of C;

The variation of transmission zero values for increasing values of interdigital
capacitance, C; is depicted in Fig. 4.8. When C; = 0, there is only one transmission
zero as seen in the Figure. As the value of C; increases, the separation between the
transmission zero also increases, and thus the stopband bandwidth increases. In the

Figure, two transmission zeros TZ;' and TZ, occur when the value of C; = 0.1835 pF.
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Fig. 4.8 The variation in transmission zero values for increasing values of C;
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The parametric study is also conducted by varying the stub length /, of the basic
lowpass filter. Fig. 4.9 shows the transmission characteristics of the basic lowpass
filter for different values of high impedance stub length, /;. As the stub length
increases from 2.3 mm to 3.7 mm, in steps of 0.7 mm, the stopband bandwidth of the
filter decreases. Thus from the Fig. 4.7 and Fig. 4.9, it is understood that the stopband
bandwidth of the basic lowpass filter depends on the equivalent capacitance and

inductance value of the resonator.
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Fig. 4.9 Transmission characteristics of the basic lowpass filter for various values of /,
4.2.5 Design of Improved Basic lowpass filter

Fig. 4.10 Geometry of the improved basic lowpass filter

100



To improve the frequency response characteristics of the basic microstrip lowpass
filter, finite attenuation poles have to be generated at high frequency. To obtain
transmission zeros at high frequency, symmetrically paired interdigital structures are
added at a distance /," and /,” from the main high impedance transmission line as
shown in Fig. 4.10 and thus the effective capacitance value of the filter increases. The
frequency response characteristics of the improved basic lowpass filter is shown in
Fig. 4.11. With the addition of interdigital stubs, the roll-off rate of the filter increases

and two transmission zeros at frequency 14.4 GHz and 19.6 GHz are also generated.
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Fig. 4.11 The frequency response characteristics of the improved basic lowpass
filter

4.2.6 Design of Coupled Inductive Stub Resonator

To suppress the spurious passband and thus to extend the stopband bandwidth of the
proposed filter, multiple transmission zeros have to be generated at high frequency.
For this purpose, symmetrical series connected coupled inductive stubs and
rectangular patch capacitors are introduced between the improved basic microstrip
lowpass filter. The introduction of this branch resonance circuit does not increase the

physical size of the filter. The structure of the coupled inductive stub resonator is
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shown in Fig. 4.12. The resonators are placed at a distance / from the end of the main
transmission line. The structure consists of the coupled inductive stub, each of length
ls and width wg, separated by a gap, g’ connected in series with a rectangular patch
capacitor. The length and width of the rectangular patch capacitor are /o and w;
respectively. These symmetrical resonators are embedded between the improved
basic lowpass filter and thus the addition of these resonators does not increase the

physical size of the filter.

Fig. 4.12 Layout of the coupled inductive stub resonator

Fig. 4.13 shows the transmission response characteristics of the resonator with coupled
inductive stub and the single stub. In the Figure, coupled inductive stub resonator
generates wide stopband bandwidth when compared to the resonator designed using
single stub with rectangular patch. For very low value of g, the coupling between the
inductive stubs increases, which results wide stopband bandwidth at high suppression
level. The stopband bandwidth at 20 dB suppression level is from 7.60 GHz to 20.12
GHz. These two inductive stubs are connected in parallel, which is in series with the
rectangular patch capacitor to obtain transmission zero at 12.18 GHz at 56 dB
suppression level. Thus the effective inductance of the resonator decreases, which

results in the shift of transmission zero towards the high frequency end.
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Fig. 4.13 Comparison of the frequency response characteristics of the single
stub and coupled stub resonator

4.2.7 The Lowpass Filter Design

Fig. 4.14 shows the structure of Filter-1 designed using FR4 substrate. The high roll-
off rate of the proposed filter is mainly contributed by the improved basic lowpass
filter structure and ultra-wide stopband bandwidth at high suppression level is
achieved using the mirrored coupled inductive stub resonators embedded in the
improved basic lowpass filter structure. The parameters of the proposed design are / =
50,0,=1251,’=0.7,1,=03,13=0.65, [y = 1.8, ws = 1.85, wg = 0.2, w; = 2.2 and

g'=0.2 (all in mm).

Fig. 4.14 The structure of the proposed lowpass filter (Filter-1)
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The simulated S-parameters of the Filter-1 are depicted in Fig. 4.15. The 3 dB cutoff
frequency of the lowpass filter is 3.675 GHz. The passband insertion loss is less than
0.6 dB up to frequency of 2.6 GHz and the return loss is better than 14 dB in the
entire passband. The frequency corresponding to 40 dB attenuation point is 4.003
GHz and thus the transition band frequency between the 3 dB and 40 dB attenuation
point is 0.328 GHz. The roll-off rate of the designed filter calculated using Equation
(2.15) is 112.8 dB/GHz. The proposed structure has a wide stopband bandwidth from
3.92 GHz to 21 GHz at 20 dB suppression level and, it is from 3.895 GHz to 24 GHz

at 14.8 dB suppression level.
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Fig. 4.15 Simulated frequency response characteristics of Filter-1

4.2.8 EM Field Distribution Along the Proposed Filter

The EM field simulation demonstrates the rationality of the equivalent circuit of the
proposed filter and is helpful to study the behavior of the filter in its passband and
stopband frequencies. The field distribution of the filter is analyzed at two different
frequencies, at the passband frequency of 1 GHz and at the first attenuation pole
frequency of 4.1 GHz. Fig. 4.16(a) shows the field distribution at the passband
frequency of 1 GHz. Here the desired range of RF energy is distributed from input
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port to output port freely through the main high impedance transmission line. Only
negligible amount of energy is appearing around the rectangular capacitive patch and
the interdigital capacitor structure, which proves the passband characteristics of the
filter. Here, the transmitted power between input port and output port is magnetic. At
the first attenuation pole frequency of 4.1 GHz, most of the RF energy is concentrated
around the first branch structure and the ground and no transmission occurs to the output,

which indicates the stopband characteristics of the filter as shown in Fig. 4.16(b).
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Fig. 4.16 The field distribution of Filter-1 (a) In the passband frequency of
1 GHz (b) In the stopband frequency of 4.1 GHz

4.2.9 Measured and Simulated Results

The designed filter is fabricated and the characteristics of the filter is measured using
the available R & S ZVB 20 Vector Network Analyzer. The prototype of the proposed
structure and its measured and simulated results up to the frequency of 20 GHz are
shown in Fig. 4.17. The 3 dB cutoff frequency of the proposed structure is 3.9 GHz.
The passband insertion loss is less than -0.5 dB up to 3 GHz and the return loss is better
than -13 dB in the entire band. The measured frequency at 40 dB suppression level is

4.365 GHz. The transition band between passband and stopband at 3 dB and 40 dB is
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0.465 GHz and thus the calculated roll-off rate is 79.5 dB/GHz. The decrease in the
value of measured roll-off rate is due to the fabrication tolerance of the filter. The
stopband return loss value is negligible up to 9 GHz and increases up to 4 dB at
frequencies above 9 GHz. This increase in return loss at high frequency values is due to
the inherent dielectric losses associated with the FR4 substrate. The filter has wide
stopband bandwidth and its value is from 4.175 GHz to 18 GHz at 20 dB rejection level
and from 4.155 GHz to 20 GHz at suppression level of 18 dB. The RSB, calculated

using Equation (2.16) of the proposed filter at 18 dB suppression level is 131.2 %.
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Fig. 4.17 (a) The prototype of the proposed lowpass filter (b) Simulated and
measured results

106



Group delay is the true signal delay and for the filter, it represents the time required

for an RF signal to propagate from input to output. The measured group delay of the

proposed filter is shown in Fig. 4.18. The flat group delay in the passband represents

the minimum distortion or no distortion of signals. For the proposed filter, the

passband group delay is almost flat and the peak to peak group delay variation is less

than 0.6 ns.
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4.18 The measured group delay of the proposed lowpass filter

For a lossless transmission line, when all the RF signal from the source is delivered to

the load, there will not be any reflected power and the return loss will be infinite. Fig.

4.19 shows the VSWR of the proposed filter and its value is almost unity in the entire

passband which proves there is only negligible radiation loss.
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Fig. 4.19 The measured VSWR of the proposed lowpass filter
4.2.10 Performance Comparison of Filter-1
The proposed Filter-1 is compared with other related works from the literature as
shown in Table 4.1. From the table, it is observed that the proposed filter has good

characteristics of high roll-off rate, & and wide stopband bandwidth.

Table 4.1 Comparison between proposed work and related works from the

literature
Ref (dB /éHz) ( Gslg)z p 3233) Substrate
Xu and Duan, (2017) 61.7 1.44-1235@ 17 FR4
Zhang et al. (2015) 57.8 1.65-19 @ 35 Taconic TLY-8
Li and Li (2008) 25.75 2.8-935@20 F4B
Wei et al. (2012) 43.9 20-20 @ 10 RT/Duroid
Filter-1 79.5 4.175-20 @ 18 FR4
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43 COMPACT LOWPASS FILTER WITH SHARP ROLL-OFF USING
FOLDED STEPPED IMPEDANCE RESONATOR (FILTER-2)

A novel microstrip lowpass filter with sharp transition band and wide stopband using
symmetric folded stepped impedance resonator (FSIR) and mirrored modified
hexagonal shaped resonator (MMHSR) is presented in Filter-2. By folding the high
impedance stub of FSIR, the overall physical size of the filter is reduced. The FSIRs
are symmetrically connected on both ends of the high impedance main transmission
line together with MMHSR are used to obtain a lowpass filter with sharp roll-off and
wide stopband characteristics. The 3 dB cutoff frequency of the filter is 1.97 GHz.
The stopband bandwidth at 20 dB suppression level is from 2.1 GHz to 10.12 GHz.
The fabricated filter achieves the relative stopband bandwidth of 131.2% at 20 dB
rejection level and sharp transition band from 1.97 GHz to 2.215 GHz for the
attenuation level of -3 dB and -40 dB respectively. The normalized circuit size of the

filter is only 0.0344 ng, where A, is the guided wavelength at 3 dB cutoff frequency.

The design procedure of resonators is described below.

4.3.1 Design Procedure of Mirrored Modified Hexagonal Shaped Resonator

The design procedure of Mirrored Modified Hexagonal Shaped Resonator (MMHSR)
is shown in Fig. 4.20. Fig. 4.20(a) shows the design of a three pole microstrip
lowpass filter with open-circuited stub. The high impedance line having length L, and
width W, acts as inductor and the low impedance open-circuited stub of length Ls’
and width L, as capacitor. As in Fig. 4.20(e), the filter using open-circuited stub has
very low suppression level in the stopband. To obtain sharper rate of cutoff with wide
stopband characteristics, a length L," and width ; is added to the main high

impedance transmission line and the open stub is replaced with a series resonant
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branch as shown in Fig. 4.20(b). The series resonant branch has a high impedance
stub of length L; and width W, is in series with a tapered patch of length Ls’" and
width L,"and L, respectively. From the transmission characteristics of Fig. 4.20(e),
this filter has sharp cutoff and wide stopband characteristics with an attenuation peak
at 7.5 GHz. The cutoff frequency of the filter can be made sharper when the open stub
of length Ls' and width L, is added with the series resonant branch so as to form a
modified hexagonal shaped resonator as shown in Fig. 4.20(c). This filter exhibits a
high suppression level of nearly 44 dB at 5 GHz. By using mirrored modified
hexagonal shaped resonator, the filter achieves lower cutoff frequency as well as wide
stopband bandwidth with transmission zero at 6.7 GHz as shown in Fig. 4.20(¢e). The
cutoff frequency of the filter is 1.57 GHz and a wide stopband bandwidth with

suppression level of 15 dB is achieved from 2.9 GHz to 10.79 GHz.

I.4 ‘_'l'_
i I |

(b)

Fig. 4.20 Step by step design process of MMHSR and its simulation result
(a) A 3-pole lowpass filter (b) A high impedance stub loaded with
tapered structure (c) Modified hexagonal shaped resonator
(d) Mirrored modified hexagonal shaped  resonator
(e) Transmission characteristics of Fig.4.20a,b,c,d
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4.3.2 Design of folded stepped impedance resonator

Even though the filter using MMHSR has wide stopband bandwidth with high
suppression level, the selectivity of the filter is very low and needs improvement. To
improve the roll-off rate of the filter, a folded stepped impedance resonator (FSIR) is
used in the design. FSIR is a high impedance stub connected in series with a low
impedance patch. To make the structure compact, the high impedance stub of FSIR is
folded and its vertical and horizontal length is represented as Ls and L; respectively
and the square shaped microstrip bend, A-A' of dimension 0.2 mm x 0.2mm. The
width of the high impedance stub is represented as W; The folded high impedance
stub is in series with a rectangular patch of length Lg and width Ly and this
combination form a folded stepped impedance resonator. Fig. 4.21 shows the
structure of FSIR in which the high impedance stub acts as inductor and the low

impedance patch as capacitor.

A Lz Ly

Fig. 4.21 Structure of folded stepped impedance resonator

Fig. 4.22 shows the frequency response of FSIR. It creates two deep transmission zeros at
2.18 GHz and 8.59 GHz with suppression level at 25.9 dB and 15 dB respectively. The 3
dB cutoff frequency of the filter is 1.78 GHz and the passband to stopband transition
slope from 3 dB and 20 dB is only 0.34 GHz . Thus the roll-off rate of the filter is

improved with low insertion loss and high return loss in the passband.
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Fig. 4.22 Frequency response characteristics of the folded stepped impedance
resonator

4.3.3 Parametric Analysis of FSIR

The filter performance is found to be varying with changes in values of L; and L.
Fig. 4.23(a) shows the frequency response of FSIR for different values of L;. As
horizontal length of the folded stub L; varies from 2.15 mm to 3.15 mm in steps of
0.5 mm, the upper transmission zero moves towards the cutoff frequency whereas the
position of lower transmission zero remains almost unchanged. However, as the
width Lg of rectangular patch increases from 0.6 mm to 1.6 mm as shown in Fig.
4.23(b), the upper transmission zero remains constant but the lower transmission zero
is shifted towards the lower frequency end. Thus by changing the parameters L; and

Ly, the location of transmission zero can be varied.
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Fig. 4.23 Transmission characteristics of FSIR (a) For various values of horizontal
stub length, L (b) Different values of rectangular patch width, Lo

4.3.4 Design of Lowpass Filter (Filter-2)

Wide stopband and sharp roll-off can be obtained by cascading MMHSR and FSIR.
The transition band from passband to stopband can be improved by placing two units of
FSIR at distance Ly’ from both ends of high impedance main transmission line. Thus

by cascading one unit of MMHSR and two units of FSIR the filter performance is
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greatly improved. A tapered stub of length L;;’ is placed for providing the impedance
matching between 50 Q input/output port and high impedance main transmission line.

Fig. 4.24 shows the structural geometry of the proposed lowpass filter.

Fig. 4.24 Structural geometry of the proposed lowpass filter

The dimensions of the proposed filter are Ly= 6.45, Ly'=3.4,L;=0.5,L,=7.1, L,/ =
2.5, L5' = 2, L5” = 2.3, L6 = 6.7, L7 = 2.65, Lg = 5.85, Lg = 1.1, L]()' = 0.2, L[]' = 0.55,

W=1.5,W;=04, W,=0.3 and W; = 0.2 (all dimensions in mm).
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Fig. 4.25 The simulated characteristics of the Filter-2
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The simulated frequency response characteristic of the Filter-2 is in Fig. 4.25. The
cutoff frequency of the proposed filter is 1.9 GHz. The roll off rate of the filter is 148
dB/GHz and a wide stopband bandwidth of 2.05 GHz to 10.7 GHz is achieved at 20
dB suppression level. The physical size of the filter is only 20 mm x 12.1 mm. The
passband insertion loss of the filter is less than 0.6 dB from DC to 1.5 GHz and the

minimum return loss is less than 13.8 dB.

4.3.5 Fabrication and Measurement Results

The proposed lowpass filter is fabricated and the prototype is shown in Fig. 4.26(a).
Fig. 4.26(b) shows the comparison of measured and simulated results. The
measurements are carried out using R & S ZVL 13 Vector Network Analyzer and the
measurement results are in good approximation with the simulated results. The
measured 3 dB cutoff frequency of the proposed filter is 1.97 GHz. The physical size
of the filter is 20 mm x 12.1 mm and Ag is the guided wavelength at the cutoff
frequency and its value is 83.68 mm. By substituting these values in Equation (2.17),
the calculated NCS of the proposed filter is found to be 0.239 Ag x 0.144 Ag. The roll-
off rate of the filter is calculated using the Equation (2.15), where oy.x is the 40 dB
attenuation point and ouin is the 3 dB cutoff point and the f; and f. are the
corresponding frequencies at the 40 dB attenuation point and 3 dB cutoff point
respectively. The transmission frequency at 40 dB attenuation point is 2.215 GHz and
the calculated value of roll-off rate is 151 dB/GHz. The structure has a wide stopband
from 2.1 GHz to 10.12 GHz at 20 dB suppression level. The minimum passband
return loss is better than 14.32 dB and the insertion loss is less than 0.5 dB from dc to
1.3 GHz. The proposed lowpass filter is fabricated using low cost FR4 substrate of
same specifications mentioned above.
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The fabricated lowpass filter (a) Photograph (b) Measured and simulated
results

4.3.6 Performance Comparison of Filter-2

The comparison between the proposed work and other related works is shown in

Table 4.2. From the table it is clear that the proposed filter, Filter-2, has achieved

high roll-off rate compared with all other filters fabricated using FR4 substrate. The

stopband bandwidth of the filter is also wide with high suppression level.
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Table 4.2 Comparison of the proposed filter with other related works

Ref (dB /éHZ) (;iriei) ((?I]?Iz) (SdSBL) Substrate
Velidi et al. (2011) 95 34.62x70.95| 0.8-4.6 20 FR4
Karthikeyan et al. (2011) 46 32.6x 26 1.45-6.0 30 FR4
Xuetal (2017) 61.7 11x13.9 |144-235 17 FR4
Sen et al. (2018) 36 4229x13.8 | 24-6.0 20 FR4
Filter-2 151 20x 12.1  |{2.05-10.7| 20 FR4

¢ - roll-off rate, SB - Stopband, SSL - Stopband Suppression Level

4.4 HIGH SELECTIVITY AND ULTRA-WIDE STOPBAND MICROSTRIP
LOWPASS FILTER (FILTER-3)

In order to block harmonic emissions that can potentially cause interference, high
performance planar microstrip lowpass filters with compact size and sharp roll-off
with wide stopband bandwidth are necessary in the wireless communication systems.
To obtain sharp roll-off rate, symmetrical folded stepped impedance resonators are
used in Filter-2. Here, modified mirrored hexagonal shaped resonators are used to
obtain stopband bandwidth up to 10.7 GHz. In order to extend the stopband
bandwidth of the Filter-2 so as to achieve higher order harmonics suppression,
symmetrical open stubs are added to the design and named as Filter-3. Each open stub
acts as a shunt capacitor to the ground plane. At high frequencies, these open stubs
behave as short circuit to the ground, which causes high attenuation level in the
stopband of the filter. The proposed filter is simple and of compact structure with
very low insertion loss in the passband. The dimensions of the filter are optimized so

as to obtain the desired performance.
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4.4.1 Design of Filter-3

The structure consists of Resonator-1, Resonator-2 and two identical units of open
stubs. The width W, of the high impedance stub of MMHSR used in Filter-2 is
changed to W; and thus named as Resonator-1, which is used to obtain wide stopband
in the lower frequencies of stopband. Resonator-2 is two units of FSIR, loaded on the
main transmission line, placed at opposite side of the Resonator-1 and it is positioned
at a distance L; from the end of the main high impedance transmission line. The high
selectivity of the proposed filter is achieved using the Resonator-2. Two identical
units of open stubs at both ends of the main high impedance transmission line act as
the suppressing cells. These open stubs are able to suppress high frequencies in the
stopband. By cascading Resonator-1, Resonator-2 and open stubs, a lowpass filter,
Filter-3 is designed with sharp selectivity, ultra-wide stopband bandwidth extending
from 2.04 GHz to 20 GHz at 20 dB suppression level. The LC equivalent circuit of
the individual resonators is analyzed and developed the final equivalent circuit of the

Filter-3 and compared with the EM simulation results.

4.4.2 Analysis of Resonator-1

Resonator-1 is a symmetrical arrangement of short straight stub having a characteristic
impedance Z;; as 95.41 Q loaded by a modified hexagonal patch having an impedance
Zc, 24.46 Q. This is connected to the centre of the main transmission line having an
impedance Z;; of 95.41 Q. The lower value of characteristic impedance results in better
approximation of lumped element capacitor and higher characteristic impedance leads
to the better approximation of lumped element inductor. Fig. 4.27(a) shows the

structure of Resonator-1 and the simulated frequency response is shown in Fig. 4.27(b).
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Resonator-1 creates a wide stopband bandwidth from 2.89 GHz to 10.88 GHz with
suppression level of 15 dB. The cutoff frequency of the filter is 1.533 GHz. The filter
achieves low insertion loss and high return loss in the passband. The roll-off rate of the
filter is very low and the stopband attenuation is achieved only at low frequencies of the
stopband. The dimensions of Resonator-1 are L;;= 10 mm, L; - 0.5 mm, L, = 7.1 mm,

Ls;=43 mm, W= 1.5 mm and ;= 0.4 mm.

S-Parameters (dB)

-50

0 2 4 6 8 10 12 14 16 18 20
Frequency (GHz)

(b)

Fig. 4.27 (a) The structure of Resonator-1 (b) The frequency response

Fig. 4.28 shows the LC equivalent circuit of Resonator-1. The values of L and C are

calculated using Equations (4.6)-(4.7) as,
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where ¢ is the velocity of light and &, is the effective dielectric constant of FR4
substrate having relative dielectric constant 4.4 and thickness 0.8 mm. The lumped
element values of Fig. 4.28 are L;,'=6.1152 nH, L;'=0.278 nH and C;'= 1.847 pF.
Even though the filter with Resonator-1 creates a wide stopband bandwidth up to
10.88 GHz at 15 dB suppression level, the selectivity of the filter needs improvement
and to suppress the unwanted high frequency harmonics, the stopband bandwidth of

the filter has to be extended.
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Fig. 4.28 The LC equivalent circuit of Resonator-1
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4.4.3 Analysis of Resonator-2

To improve the selectivity of the filter, a pair of folded stepped impedance resonators
(FSIR) is used in the design. Resonator-2 is the symmetrical arrangement of folded
stepped impedance resonators. The folded stepped impedance resonator is a high
impedance stub of Z;, as 120.5 Q loaded by a low impedance rectangular patch. In
order to make the structure compact, the high impedance stub of FSIR is folded in the
form of an inverted L-shaped structure. Fig. 4.29(a) shows the structure of Resonator-

2 and Fig. 4.29(b) shows its simulated characteristics.
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Fig. 4.29 (a) Layout of Resonator-2 (b) Frequency response
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The main high impedance line having length L;; is divided into L; and L, and each
FSIR is placed at a distance L; from the end of main transmission line. The inverted
L- shaped stub has a vertical and horizontal length represented as Ls and L;
respectively and the microstrip bend A-A' is the square shaped structure having
dimension 0.2 x 0.2 mm®”. From the simulated frequency response of Resonator-2, the
roll-off rate of the filter is seen to be greatly improved. The cutoff frequency of the
filter is 1.55 GHz. The filter creates four transmission zeros at 2.22 GHz, 8.68 GHz,
13.35 GHz and 18.57 GHz with suppression level of 55.55 dB, 24.09 dB, 22.21 dB
and 23.04 dB respectively. A deep transmission zero occurs near the cutoff frequency
with very low transition band from passband to stopband resulting in sharp roll-off
rate of the filter. The filter offers very low insertion loss and high return loss values in
the passband. Fig. 4.30 shows the LC equivalent circuit of Resonator-2. The
equivalent lumped element values are calculated as, L;"= 0.6672 nH, L,'= 5.448 nH,
Ly'=4.645nH, L =0.176 nH, Ls'=1.837 nH, C = 0.005159 pF and C,'= 0.6009 pF.

Ls Ls

| C>i{ll | Cfr—{ll

| sl I C
s 1 Li
L;'g L;'%

rtl 2
(1) (m 111) %
j:jr J?_-.}, L.’ j:fr

Fig. 4.30 LC equivalent circuit of Resonator-2
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4.4.4 Cascaded Arrangement of Resonator-1 and Resonator-2

By cascading Resonator-1 and Resonator-2, sharp roll-off is achieved for the filter.
Fig. 4.31(a) shows the cascaded structure of Resonator-1 and Resonator-2 and (b) its
simulated characteristics. The cutoff frequency of the combined filter is 1.85 GHz. As
seen in Fig. 4.31(b), the roll-off rate of the filter is greatly improved and the stopband
bandwidth is from 2.03 GHz to 10.78 GHz at 20 dB suppression level. The filter has
very low insertion loss of 0.63 dB till 1.5 GHz and the minimum return loss achieved

1s better than 13.317 dB.
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Fig. 4.31 (a) Cascaded structure of Resonator-1 and Resonator-2 (b) Frequency
response
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4.4.5 Final Layout of Filter-3

To suppress the high frequency harmonics, the stopband bandwidth of the proposed
filter has to be improved. To increase the attenuation level at high frequencies, a pair
of open stubs is used in the proposed design. Each open stub of width L; and length
L;; are placed at the end of the main high impedance transmission line for the
suppression of signals at high frequencies. Two microstrip lines of width W are
utilized for effective impedance matching between the input and output ports. Fig.

4.32 shows the cascaded structure of Resonator-1, Resonator-2 and open stubs.

Fig. 4.32 Layout of the proposed Filter-3

The dimensions of the proposed structure shown in Fig. 4.32 are listed in Table 4.3.

Table 4.3 The physical dimensions of the proposed lowpass filter layout

Elements Value (mm) Elements Value (mm)
L, 1.2 Ls 5.85
L 10.0 Ly 1.1
L; 0.5 Ly 7.0
Ly 7.1 Ly 0.8
Ls 4.3 Wi 0.4
Lg 6.9 /%) 0.2
L; 2.65 /4 1.5
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4.4.6 Equivalent Circuit of Filter-3

The LC equivalent circuit of the Filter-3 is shown in Fig. 4.33(a) and the comparison
of EM and LC circuit simulation results is shown in Fig. 4.33(b). The equivalent
lumped element values of the proposed lowpass filter are ;"= 0.6672 nH, L," = 5.448
nH, L;'=0.278 nH, L,/=4.645 nH, Ls'=1.837 nH, L = 0.176 nH, C = 0.005159 pF,

C,;'=1.847 pF, C,'=0.6009 pF and Co = 0.3154 pF.
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Fig. 4.33 (a) The LC equivalent circuit of Filter-3 (b) Frequency response of
EM and LC circuit simulation
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The frequency response of Filter-3 is shown in Fig. 4.33(b). The 3 dB cutoff
frequency is 1.85 GHz. The passband insertion loss is better than 0.47 dB till 1.3 GHz
and the minimum return loss is better than 14.9 dB. The transition from -3 dB to -40
dB is only 0.275 GHz, which indicates the sharp roll-off rate of the filter. The filter
has wide stopband bandwidth from 2.04 GHz to 20 GHz with the rejection level of 20
dB. From the simulation result we can see that both results agree well only in the low
frequency range of the lowpass filter. At high frequency range, the transmission
characteristics of LC simulation result remains almost flat due to the non-periodic
nature of electrical signals in the circuit. The simulations are performed by

Electromagnetic simulation software IE3D.

4.4.7 Measured and Simulated Results

The raw material used to fabricate the designed filter is FR4 substrate with g, = 4.4,
thickness, 2 = 0.8 mm and loss tangent 0.02. The measurement is carried out using
the Vector Network Analyzer R & S ZVB 20. Fig. 4.34 shows the fabricated
prototype and the comparison between the simulated and measured results of Filter-3,
which are in good agreement to each other. The measured cutoff frequency of Filter-3
is 1.912 GHz. The frequency at 40 dB attenuation point is 2.161 GHz and thus the
calculated value of roll-off rate is 148.6 dB/GHz. The proposed filter has wide
stopband bandwidth from 2.09 GHz to 20 GHz at 20 dB suppression level and thus
the relative stopband bandwidth of the filter calculated using the Equation (2.16) is
162.15 % at 20 dB rejection level. Wide stopband bandwidth of the proposed filter is
utilized to suppress up to 10™ order harmonics. The measured passband insertion loss
of the Filter-3 is very low and its value is less than 0.2 dB in the entire passband. The
passband return loss is better than 12.5 dB in the entire band. The physical size of the
proposed filter is 24 mm x 12.1 mm, thereby the normalized circuit size of the filter is

only 0.0391 Ag®, where the guided wavelength at cutoff frequency, Ag = 86.232 mm.
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Fig. 4.34 (a) The fabricated prototype of Filter-3 (b) Comparison between the
measured and simulated results
The group delay of the Filter-3 in the passband region is shown in Fig. 4.35. The
group delay variation, only in the passband region of the filter characteristics is
considered here. If the group delay variation in the passband region is large, more
losses occur. ie. More swings occur in the signal amplitude and current swinging
occurring between the resonators is also more. In the proposed filter, the group delay

is almost flat in the lower frequencies of the passband and it increases near the cutoff

frequency of the filter.
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Fig. 4.35 The measured group delay of Filter-3

The group delay in 63 % of the passband region is shown in Fig. 4.36. The group
delay is almost flat in this region and the maximum group delay variation is less than

0.1 ns only.
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Fig. 4.36 The measured group delay of Filter-3 for 63 % of the passband

The VSWR of Filter-3 in the passband region is represented in Fig. 4.37. Its value is
almost equal to one, which represents that only negligible loss occurs in the passband

due to radiation.
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Fig. 4.37 The measured VSWR of Filter-3

The sharpness factor (SF) of the filter is calculated as in Verma and Kumar (2011),

fo

sharpness factor==- (4.8)
Cc

where f. is the 3 dB cutoff frequency of the proposed filter and £, is the attenuation
pole frequency and its value is 2.22 GHz. The sharpness factor of Filter-3 is 1.16,
which indicates that the Filter-3 has sharp selectivity with narrow transition from

passband to stopband.

4.4.8 Performance Comparison of Filter-3

In Table 4.4 the Filter-3 is compared to the recent works mentioned in the literature
making use of same FR4 substrate. It is seen that the proposed structure has high roll-
off rate with very low insertion loss in the passband and wide stopband bandwidth
among all the compared works. By making use of this filter with high RSB, rejection

of spurious passband frequencies up to 10™ order is possible.
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Table 4.4 The comparison of the Filter-3 with other works from the literature

Ref ¢ [IL-PB] SB SSL | RSB |Substrate,
(dB/GHz) | (dB) | (GHz) | (dB) | (%) | h (mm)
Wang and Hsu, (2018) 4473 1025 | 125-12 | 20 |162.27 | FR4,0.8
Vala et al. (2017) 1545 | 08 | 3.5-10 | 14 | 962 | FR4,1.2
Xu and Duan, (2017) 61.7 | 04 |144-124| 17 | 1582 | FR4, 0.6
Raphika et al. (2016) 60 0.7 [2.65-13.6| 31 | 134 | FR4,0.8

Kumar and Parihar, (2016) 100 0.85 | 2.62-20 20 | 153.6 | FR4,1.6

Karthikeyan et al. (2011) 46 0.66 | 1.45-6.0 | 30 122 | FR4, 1.6

Validi and Sanyal, (2010) 117.3 03 1099-4.63| 20 | 129.5 | FR4,1.6

Filter-3 148.6 0.2 | 2.09-20 20 | 162.15 | FR4,0.8

¢ - Roll-off rate, IL-PB - Insertion loss-Passband, SB - Stopband, SSL - Stopband
Suppression Level, RSB - Relative Stopband Bandwidth.

4.5 CHAPTER SUMMARY

This chapter presents the design technique of three microstrip lowpass filters, Filter-1,
Filter-2 and filter-3. All the designed filters have sharp selectivity, wide stopband and
compact size and thus suitable for various wireless communication applications. The

performance characteristics of the proposed filters are compared in Table 4.5.

Table 4.5 Comparing the performance characteristics of the proposed filters

fe & Size NCS RSB %! SL IL-PB| harmonic

Filter GHz | dB/GHz mm? A dB | suppression

Filter-1 | 3.9 79.5 16.8x7.550.071 | 131.2 | 18 | 0.5 5™ order

Filter-2 | 1.97 151 20x 12.1 |0.034| 131.2 | 20 | 0.5 5™ order

Filter-3 | 1.91 148.6 24x12.1 [0.039|162.15| 20 | 0.2 | 10" order
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In Filter-1, a lowpass filter is designed using interdigital structure and coupled
inductive stub resonator to obtain sharp roll-off and wide stopband characteristics.
The cutoff frequency of the filter is 3.9 GHz. The physical size of the filter is only
16.8 mm x 7.55 mm. The passband insertion loss is very low and its value is only 0.5
dB. The filter is used to suppress up to 5™ order harmonics. Due to wide passband up
to 3.9 GHz, the proposed filter can be used widely in applications such as Bluetooth,

WLAN, RFID, Wi-Max, UMTS etc.

A sharp roll-off lowpass filter designed using folded stepped impedance resonator
and mirrored modified hexagonal shaped resonator is presented in Filter-2. The cutoff
frequency of the filter is 1.97 GHz. The roll-off rate of the proposed filter is 151
dB/GHz with wide stopband and thus up to 5™ order harmonic rejection is possible.
With these desirable features the proposed filter is suitable for modern

communication system especially in GSM and PCS applications.

A lowpass filter with sharp roll-off and wide stopband up to 10th harmonic
suppression is presented in Filter-3. The LC equivalent circuit of the proposed filter is
developed and validated with EM simulation result and found both the results are in
good agreement. As seen in the Table 4.5, the filter is very compact with its circuit
size of only 0.039 A,>. The insertion loss of the filter in the entire passband frequency
range is only 0.2 dB. These advantages make the filter suitable for various wireless

communication applications, especially in the L-band applications.

All the three filters have improved characteristics than the structures described in
chapter-3. Lowpass filters with wide stopband and sharp roll-off based on dual plane
structure is presented in chapter-5. To design high performance lowpass filters while

maintaining compact size, defected ground structure technique is proposed.

132



CHAPTER 5

COMPACT MICROSTRIP LOWPASS FILTERS USING
DEFECTED GROUND STRUCTURES

5.1 INTRODUCTION

Lowpass filters are vital components in microwave and wireless communication
devices. Compactness, unity voltage standing wave ratio, low insertion loss, high
degree of harmonic rejection and good selectivity are the most desirable parameters in
the design of lowpass filters. Recently, defected ground structures (DGSs), which are
realized by etching a few defects in the ground plane, have been a subject of
increasing interest in analyzing the microstrip line characteristics and the size, shape
and orientation of the slot have significant influence on the performance of the
lowpass filter (Park et al., 1999; Ahn et al., 2001; Abdel-Rahman et al., 2004).
Different simple and complex shaped DGS geometries used so far include dumbbell
(Kim et al., 2000), U and V slot (Woo et al., 2006), split ring resonator (SRR) (Xiao

et al., 2015), quasi yagi slot (Boutejdar and Ellatif, 2016) etc.

Cascades of inductively coupled fractal defected ground resonators are utilized in
Kurgan and Kitlinski (2009) to design a microstrip lowpass filter with high stopband
suppression level. To improve the roll-off rate of the filter, the DGS cells combined
with stepped impedance resonators are presented by Xi et al. (2010); Xiao et
al.(2015). A high performance lowpass filter suitable for microwave mixer
application introduced by Belbachir (2016), has good characteristics such as sharp
selectivity and wide stopband. Wang and Lin (2011) designed a meandered slot

resonator to develop a compact lowpass filter with a uniform transmission line. A



lowpass filter designed with stepped impedance type resonators and circular shaped
slots to obtain sharp selectivity and high harmonic rejection is introduced by Kumar

and Parihar, 2018.

The design of DGS based Bessel and elliptic lowpass filter is reported in Kumar and
Verma (2016). Flat group delay and good selectivity make the filter useful for wide
band communication applications. The stopband bandwidth of the lowpass filter is
improved using a multilayer structure with open stubs and DGS by Mohra (2011).
However, the filter suffers from large physical size and wider transition band from

passband to stopband.

Miniaturized size lowpass filters fabricated using half circle DGS and compensated
capacitors (Boutejdar, 2017), combination of compact microstrip resonant cell and
uniquely shaped DGS (Yang et al., 2012), open complementary split ring resonator
(OCSRR) and tapered dumbbell DGS (Karthikeyan and Kshetrimayum, 2015)

provide good selectivity and wide stopband bandwidth.

However, most of these filters suffer from one or more drawbacks like large physical
size, low roll-off rate, low impedance matching and limited harmonic rejection. The
primary aim of the proposed lowpass filter designs are to satisfy the desired
characteristics such as wide stopband bandwidth, sharp roll-off rate, good impedance
matching in both passband and stopband, high harmonic suppression with less

complexity and physical size.
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The performance characteristics of basic lowpass filter, designed using stepped
impedance resonators and open circuited stubs (SIR-UIS) improved using defected
ground structures are discussed in the first section (Filter-1). The designed filter has
stopband bandwidth up to 9.874 GHz at 20 dB suppression level. The frequency
response characteristic of the basic filter is improved using H-shaped DGS resonators
etched on the surface of the metallic ground plane. The performance of the basic filter
improved using 2-H shaped DGS etched from the ground plane is illustrated first and
it is named as Filter-1. The stopband bandwidth up to 20 GHz at 18 dB suppression
level is achieved in Filter-1 with high passband return loss of 21 dB and its
normalized circuit size is 0.0338 Ag”. The characteristics of Filter-1 is again improved
by maintaining same circuit size with low insertion loss and high return loss of 27 dB
in the passband by etching 3-H shaped DGS on the ground plane of the basic filter as
explained in the next section and named as Filter-2. These DGS resonators improved
the selectivity of the filter together with a wide stopband up to 20 GHz at 20 dB
rejection level. Due to the defects etched from the ground plane of the basic filter,
harmonic suppression is improved from 5™ order to 10™ order. The proposed DGS
filters have better performance than most of the previously mentioned DGS lowpass

filters, as far as the frequency response and size reduction are concerned.

A microstrip lowpass filter designed with good selectivity and ultra wide stopband
bandwidth at a rejection level of 20 dB is presented in Filter-II. The sharp roll-off is
achieved using one pair of stair shaped resonators and wide stopband with high
suppression level is obtained using an open stub, defected ground structures and
suppressing cells. The experimental results show that the roll-off rate of the proposed
filter is 88.5 dB/GHz with a wide stopband from 2.342 GHz to 20 GHz at 20 dB
suppression level. The cutoff frequency of the filter is 2.072 GHz and the return loss

is better than 24.5 dB throughout the passband.
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The lowpass filters designed using novel DGS are presented in this chapter. The H-
shaped and modified dumbbell shaped DGS are designed to develop lowpass filter
with cutoff frequency near 2 GHz with low insertion loss, wide stopband with high
suppression level. The designed filters are able to suppress higher order harmonics up
to 9™ and 10™ order and thus the unwanted spurious signals are effectively eliminated
and hence any possibility of interference with nearby circuits. Both filters are
designed using FR4 substrate with relative dielectric constant 4.4, thickness # = 0.8

mm and dielectric loss tangent 0.02

5.2 IMPROVED FREQUENCY RESPONSE OF MICROSTRIP LOWPASS
FILTER USING DEFECTED GROUND STRUCTURES (FILTER-I)

The performance characteristics of the basic lowpass filter improved using defected

ground structures are presented.

5.2.1 Basic Microstrip Lowpass Filter Design

Conventional lowpass filter design using SIR-UIS has the capability to generate
transmission zeros at their resonant frequencies. To obtain a wider stopband, more
elements have to be added which will naturally increase the physical size of the filter.
Here, a basic microstrip lowpass filter is designed using SIR-UIS to achieve the

desired characteristics.

Before going into the basic filter design, a primary resonator is analyzed. A series
resonant branch having a high impedance stub and a low impedance patch, modelled
as inductor and capacitor respectively, is connected in shunt with a high impedance
main transmission line as shown in Fig. 5.1(a). The dimensions are /;"= 6.4 mm, /,' =
4 mm, /;'= 3.6 mm, w' = 0.2 mm and w;" = 3.6 mm. The high impedance main
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transmission line of length / 1' is represented as Z;; and the impedances of the series
resonant branch are Z;, and Z¢; respectively. The width, wo' of the microstrip line is
chosen to be 1.5 mm which corresponds to the characteristic impedance of 50 Q. All
simulations are carried out using full wave EM simulator IE3D. The LC equivalent
circuit of the primary resonator is shown in Fig. 5.1(b). The values of L and C are
calculated using equations in Hong and Lancaster (2001). L;'=4.437 nH, L,'=3.273
nH and C;" = 09108 pF. The ABCD parameters of the symmetrical two port T-

network (Pozar et al. 1998), shown in Fig. 5.1(a) are,

A=D=1+—211__
Zip+Zc (5.1)
2
B=2(Z;;)+ ‘i
12t Zc1 (5.2)
B 1
ZLZ +ZCl (5.3)
Substituting the impedance of the inductors and capacitor,
oL C,
A=D=1+——"-—
w LZ Cl _1 (5'4)
B= 2jol -2jo’L L, C, — jo’ (L)’ C,
l_a)sz Cl (55)
oG (5.6)
l-o’L,C,
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The S-parameters of the primary resonator (Pozar et al. 1998) are,

A+7 ~CZy—D

7 2
1 A+% 1 CZy+D 2 A+% +CZy+D (5.7)
0 0

Substituting (5.4)-(5.6) in Equation (5.7),

g - 2ja)L1I(1_a)sz'Cll)_jwclv(a)z(le)z+Zoz)
" 272,(1-0’L,C -0’L C)+2joL, (1-o’L,C))— joC (0’ (L)) - Z,")

(5.8)

g - 2Z,(1-w’L,C))
*27,(0-0’L,C - 0’L/C))+2joL (1-0’L, C))— joC (0 (L) - Z,?)

(5.9)

From Equations (5.8)-(5.9) it is clear that the transmission and reflection characteristics
are controlled by varying the values of L;’, L, and C;". By setting |S>;| = 0, a single finite
frequency attenuation pole occurs at fyand is given in Equation (5.10).

1

fo= 274JL, C,

The calculated value of resonant frequency, fy is 2.914 GHz.

(5.10)

Fig. 5.1(c) shows the simulated frequency response of the EM and LC circuit of the
primary resonator and both results are in good agreement with theory. The cutoff
frequency of the microstrip implementation of the structure is 2.13 GHz and the

single transmission zero occurs at 2.916 GHz.
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Fig. 5.1 The primary resonator (a) Structure (b) LC equivalent circuit (c)
Frequency response characteristics

By using the same idea, the primary resonator is extended to the basic microstrip
lowpass filter design using SIR-UIS to obtain a wide stopband up to 9.874 GHz at 20

dB suppression level as shown in Fig. 5.2(a).
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Fig. 5.2 (a) Layout of the basic lowpass filter (b) Simulated frequency response

The structure consists of two uniformly shaped low impedance stubs and three
stepped impedance resonators, Resonator-1, Resonator-2 and Resonator-3 loaded on
the high impedance main transmission line. The uniformly shaped low impedance

stubs can be modelled as a capacitor, having width and length /, and w, respectively.
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The three stepped impedance resonators have a high impedance line loaded by low
impedance square and rectangular patches as represented in the Fig. 5.2(a). The
dimensions of the layout are w = 0.2, w; = 3.6, w, = 3.7, w3 =4.05, w,= 1.15, [; = 2.8,
[,=38,13=09,1,=3.6,15=06.05,1,=3.6,1,=3.05,13=3.6,19=3.0,[;p)=4.55and ],
=13.0 (all in mm). The frequency response of the basic lowpass filter is shown in Fig.
5.2(b). The cutoff frequency of the filter is 1.95 GHz and the frequency at 20 dB
suppression level is 2.464 GHz. The selectivity of the filter is 33.36 dB/GHz. The
insertion loss is less than 0.35 dB up to 1.1 GHz of the passband and the return loss in
the passband is better than 14.7 dB. The stopband bandwidth at 20 dB suppression
level is from 2.464 GHz to 9.874 GHz and the relative stopband bandwidth calculated
as a percentage (the ratio of stopband bandwidth to stopband centre frequency) is

120.1%. The physical size of the filter is only 15.1 mm x 14.95 mm.

The main drawback of this filter is the presence of out of band spurious frequencies.
To improve the performance, these components have to be suppressed, without
increasing the physical size. DGS is the appropriate choice due to its attractive

features such as like simplicity, wide and deeper stopband characteristics.

To improve the performance of the basic lowpass filter without compromising the
size, the defected ground structures are used to design the proposed filter, Filter-1. It
is the same SIR-UIS structure with two symmetrical H-shaped slots etched on the
ground plane. The size and shape of DGS is selected such that it should resonate at a

higher frequency so as to extend the stopband bandwidth of the basic structure.
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5.2.2 Characteristics of H-Shaped DGS

A one pole microstrip lowpass filter with an H-shaped slot etched on the metallic
ground plane is analyzed and its structure is shown in Fig. 5.3(a). In order to analyze
the frequency characteristics of the DGS section, the structure is simulated with IE3D
software. The dimensions of the DGS unit shown in Fig. 5.3(a) are a = 7.1 mm, b =
1.6 mm, ¢ = 1.8 mm, d = 2.2 mm and wo' = 1.5 mm. The EM simulated transmission
characteristics of Fig. 5.3(a) is in Fig. 5.3(b), and this unit DGS section can provide
the desired cutoff and attenuation pole frequency values. The cutoff frequency of the
filter is 10.26 GHz and the transmission zero occurs at 14.85 GHz. As seen in the Fig.
5.3(b), wide stopband bandwidth is achieved by using the H-shaped DGS. The
equivalent circuit of the H-shaped DGS can be modeled as a parallel LC circuit as
shown in Fig. 5.3(c). Depending on the size and shape of the etched lattice, an
attenuation pole can be generated by the combination of inductance and capacitance
elements. By employing the proposed etched lattice, the effective permittivity and
thereby the reactance of the microstrip line is increased. The values of L and C can be
derived by using the EM simulation result. The reactance value of the proposed DGS

section can be expressed using Equation (5.11) (Ahn ef al. 2001) as,

1
Xie = o (5.11)
CUUCH P —;

where w, is the angular resonance frequency at 14.85 GHz. The series inductance X},
of Butterworth lowpass filter can be derived as,
@

X, =ol="+(Zs) (5.12)

c
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where w. is the angular 3 dB cutoff frequency, Z, is the source impedance and g; is
the prototype element value of Butterworth lowpass filter. The circuit parameters of
Fig. 5.3(c) are calculated by equating the reactance values of the DGS structure and
one pole Butterworth lowpass filter at the cutoff frequency and thus the capacitance

Cy and the inductance Ly can be calculated by using Equations (5.13)-(5.15).

1
=2,8,

a)OCH(a)" -“’CJ (5.13)
®, o,
w

C, = c (5.14)

" Z()gl(a)o2 a)cz)
1
L, o (5.15)

The discontinuity of the DGS structure in the ground plane results in large fringing
fields and it can be represented by the capacitance C,. The capacitance C, changes the
value of characteristic impedance and its value is calculated as described by Park et al.
(2002). The calculated values of equivalent lumped elements of Fig. 5.3(c) are Ly =
0.8089 nH, Cy= 0.142 pF, and C, = 0.28 pF. The simulated EM and LC equivalent
circuit results are shown in Fig. 5.3(b). The current distribution of one pole H-shaped
DGS at the resonant frequency is shown in Fig. 5.3(d). The transmitted energy is
reflected back to the source and thus the transmission zero occurs at the resonant

frequency of 14.85 GHz.
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Fig. 5.3 One pole H-shaped DGS lowpass filter (a) Schematic Diagram
(b) Transmission response of EM and LC circuit simulation (¢) LC
equivalent circuit (d) Current distribution at resonant frequency

The increase in parameter a causes a corresponding increase in effective inductance
of the etched structure, which results in lowering the cutoff frequency as depicted in
Fig. 5.4(a). For the selected value of a = 7.1 mm, the suppression level is found to
increase. As the value of ¢ increases from 1.4 mm to 1.8 mm the effective capacitance
of the etched lattice decreases and the resonance frequency is found to increase as

shown in Fig. 5.4(b).
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5.2.3 Compact Stepped Impedance Filter with Wide Stopband (Filter-1)

Fig. 5.5(a) and 5.5(b) show the top and bottom view of the proposed lowpass filter,
named as Filter-1, which consists of two symmetric H-shaped DGSs etched on the
ground metallic plane of the basic lowpass filter structure. Two H-shaped units in the
ground plane are separated by the spacing, s = 4.1 mm. The stopband bandwidth of the
filter is improved by the use of etched units in the ground plane without increasing the
physical size. The introduced H-shaped DGS units allow good selectivity and wide
stopband bandwidth up to 20 GHz at 18 dB suppression level. The simulated 3 dB

cutoff frequency of Filter-1 is 1.945 GHz and wide stopband bandwidth from 2.315
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GHz to 20 GHz with rejection level of 18 dB is achieved. The selectivity of the filter is
42.71 dB/GHz at 20 dB suppression level. The insertion loss is lower than 0.3 dB up to

1.1 GHz of the passband and the return loss is higher than 30.4 dB.

Resonator-3

Resonator-1

(b)

Fig. 5.5 Layout of the proposed Filter-1 (a) Top view (b) Bottom view
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The LC equivalent circuit of Filter-1 is depicted in Fig. 5.6(a). The lumped element
values of the basic lowpass filter are calculated using equations of Hong and
Lancaster, (2001). The values L;, L3, Ls and L; represent the inductance of the main
high impedance transmission line of length /;, /3, [s and /; respectively. L,, Lyand Lg
are the inductance values and C;, C, and Cj; are the capacitance values of Resonators
1, 2 and 3 respectively and Co is the capacitance value of the uniform impedance
stub. Component values of equivalent circuit are L; = 1.941 nH, L, =2.634 nH, L; =
0.6239 nH, Ly = 2.495 nH, Ls = 4.194 nH, Ls = 3.4959 nH, L; = 2.114 nH, Ly =
0.8089 nH, C; = 0.8108 pF, C, = 0.69048 pF, C; = 1.1275 pF, Co = 0.793 pF, Cy =
0.142 pF, and C, = 0.28 pF. The proposed Filter-1 is fabricated on an FR4 substrate
with same specifications as mentioned earlier. The physical size of the filter is
15.1mm x 14.95 mm. The measurements are carried out on an R & S ZVB 20 Vector
Network Analyzer. The measured insertion loss is found to be lower than 0.59 dB up
to 1.1 GHz and return loss in the passband is higher than 21 dB. The cutoff frequency
of the filter is 2.02 GHz and the selectivity obtained is 37.117 dB/GHz at 20 dB
suppression level. The stopband bandwidth of Filter-1 at 18 dB suppression level is
from 2.45 GHz to 20 GHz. The relative stopband bandwidth of the filter is 156.3%
and the normalized circuit size is 0.0338 ng where A, = 81.61 mm. Fig. 5.6(b) shows
the comparison between measured, EM and LC circuit simulation of Filter-1. It is
clear that there is a good agreement between the transmission characteristics of all the
results up to 9 GHz and after that the stopband rejection level of LC circuit simulation
result increases rapidly. In the LC equivalent circuit, due to the effect of H-shaped
slots in the ground plane, the stopband suppression level increases and the values of L
and C are the only dependent parameters for the analysis of transmission
characteristics whereas in EM simulation and measurement results, substrate losses

also play a vital role.
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Fig. 5.6 (a) LC equivalent circuit of Filter-1 (b) Frequency response of

measured, EM and LC circuit simulation of Filter-1

5.2.4 Improved Lowpass Filter Design (Filter-2)

To improve the characteristics of Filter-1, one more H-shaped slot is added to the

ground plane and the coupling between the DGS resonators is increased. The new

filter, Filter-2 is designed using the same FR4 substrate, which is used in Filter-1.

Filter-2 offers improved passband and stopband characteristics as compared to that of

Filter-1 without changing its normalized circuit size. Fig. 5.7(a) and 5.7(b) show the
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top and bottom view of Filter-2. Due to the addition of one more H-shaped slot of
different dimension, the effective permittivity and coupling between DGS resonators
are increased. The proposed Filter-2 is designed, fabricated and measured. The
dimensions of the newly added H-shaped slot are a; = 8.6 mm, b; = 1.5 mm, ¢;= 2.8

mm, d; =2 mm and s; = 0.35 mm.

Resonator-3

Resonator-1

(b)
Fig. 5.7 The structure of Filter-2 (a) Top view (b) Bottom view

149



5.2.5 Field Distribution of Filter-2

The detailed analysis of the field distribution has been done to study the performance
of Filter-2. The surface current distribution is simulated at two different frequencies,
in the passband of 1 GHz and at the stopband of 11 GHz. At 1 GHz, almost all RF
power is transferred from input to output and around the DGS which indicates that
the filter is in the passband state as shown in Fig. 5.8(a). In the stopband frequency of
11 GHz, energy is concentrated only at the input and around the first DGS resonator.
The total RF energy is blocked around the input as shown in Fig. 5.8(b),which

represents that the filter is in the stopband state.

Jsurf[a_per_m]

7. SaBde+8a1
7.o14Z29e+8Eal
L 7857 e+BE1
L HZ2E86e+EEl
L7 14 e+EEl
L T145e+EE1
. 3571e+8@1
BEEEE+EE1
B4z9e+EE1
. 2857e+g@l
. 9Z286e+EgEl
LST14e+AR1
L 2143e+EEl
. 8571e+881
2., Saade+aa1

Mo o F Fnma;m m

(a) (b)

Fig. 5.8 EM field distribution of Filter-2 (a) In the passband frequency of
1 GHz (b) In the stopband frequency of 11 GHz

5.2.6 Simulation and Measurement Results of Filter-2

The passband and stopband characteristics of the basic lowpass filter are improved
using the DGSs. Due to increased etched area in the ground plane, the simulated 3 dB
cutoff frequency of the proposed Filter-2 is reduced to 1.88 GHz. The frequency at 40
dB suppression level is 2.535 GHz and the selectivity of the filter is 56.48 dB/GHz.

The designed Filter-2 has low insertion loss and high return loss values in the
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passband together with a wide stopband up to 20 GHz at 21 dB suppression level.
Fig. 5.9(a) shows the top and bottom photographic view of the fabricated Filter-2.
The comparison between measured and simulated results which are in good

agreement is shown in Fig. 5.9(b).
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Fig.5.9 (a) Top and bottom view of the Filter-2 (b) Measured and simulated
frequency response

The measured 3 dB cutoff frequency of the proposed filter is 1.935 GHz. The transition
from passband to stopband frequency at 3 dB and 40 dB is 1.935 GHz to 2.536 GHz
and therefore the selectivity of the proposed filter is 61.56 dB/GHz. The insertion loss
in the passband is less than 0.22 dB up to 1.1 GHz and high return loss of 27 dB is
achieved in Filter-2. The stopband bandwidth is from 2.37 GHz to 20 GHz at 20 dB

suppression level and the relative stopband bandwidth achieved is 157.6%. The RSB is
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increased from 120.1% of the basic lowpass filter to 157.6% by the use of DGSs and

suppression up to 10th harmonics is achieved in Filter-2. The group delay of Filter-2 is

shown in Fig. 5.10. The group delay is almost flat till 1.6 GHz of the passband

frequency and the peak to peak group delay variation is only 0.4 ns.
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Fig. 5.10 The measured group delay of Filter-2

The voltage standing wave ratio (VSWR) of the fabricated Filter-2 is shown in Fig.

5.11. The SWR value of the proposed filter is almost equal to one in the entire

passband and increases near the cutoff frequency. The value of SWR = 1 implies

good impedance matching between the i/p-o/p ports ie. the load is perfectly matched.
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Fig. 5.11 The measured VSWR of Filter-2
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5.2.7 Performance Comparison of Filter-I

Table 5.1 shows the performance characteristics of the proposed filters, Filter-1 and

Filter-2 are compared with other related works. It is seen that the designed filters have

good characteristics such as high return loss in the passband and wide stopband

bandwidth at high suppression level. As compared to other works in the related fields,

the proposed filters have compact circuit size, high value of RSB with higher order

harmonic rejection.

Table 5.1 Performance comparison of the proposed work with related works

CF

PB-RL

SB

RSB

Harmonic

Ref (GHz)| (dB) | (GHz @dB) % | suppression NCS
g%ﬁtgj)'dar a1 s | 16 |28-10 @20 1125] 5" order |0.15752]
éioeltoc)d' 25 | 185 [258-75@20| 97.6 | 3" order |0.0756 x;
éigf;t al. 337 | 10 |346-92@20| 906 | 2™ order | 00361
(Z;:)a% et al. 338 | 125 | 407-15@20 [1146| 4" order 020161
é‘(l)?g‘)r andParihar] (o5 | 12 |20-16 @15|1555| 8" order |0.0336 A
gglll‘(f)et al. 25 | 11 [29-12 @20]122.1] 4" order |0.0646 x;
Filter-1 202 | 21 |245-20@18 1563 | 9" order |0.03383.
Filter-2 1935 27 |237-20@20 | 157.6 | 10" order |0.03383.

CF - 3 dB Cutoff frequency, PB-RL - Passband return loss, SB - Stopband,
RSB - Relative stopband bandwidth, NCS - Normalized circuit size.
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5.3 COMPACT MULTILAYER MICROSTRIP LOWPASS FILTER WITH
WIDE STOPBAND (FILTER-II)

High frequency harmonics are generated at different stages of digital switching
circuits and cause severe interference with other devices and systems. It is necessary
to block all unwanted frequency components and permit only the required band of
signals. Lowpass filters with high performance and compact size are in great demand

nowadays. It finds wide applications in modern wireless communication systems.

A microstrip lowpass filter with good selectivity and ultra wide stopband bandwidth
at a rejection level of 20 dB is presented in Filter-II. The sharp roll-off is achieved
using one pair of stair shaped resonators (SSRs) and wide stopband with high
suppression level is obtained using an open stub (OS), modified dumbbell shaped
DGS and suppressing cells. The experimental results show that the roll-off rate of the
proposed filter is 88.5 dB/GHz with a wide stopband from 2.342 GHz to 20 GHz at
20 dB suppression level. The cutoff frequency of the filter is 2.072 GHz and the
return loss is better than 24.5 dB throughout the passband. The proposed filter is
compact in size and its normalized circuit size is only 0.04719 ng, where A, is the
guided wavelength at cutoff frequency and its value is 80.32 mm. The experimental

results are in par with the simulated results.

The first step of the Filter-II is the design of main resonator.

5.3.1 The Design of Main Resonator

A lowpass filter with sharp roll-off rate can be designed by using filter structures of
infinite attenuation obtained at finite frequency components (Hong and Lancaster,

2001). The design of the main resonator starts with the analysis of a 3-pole lumped
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element circuit of a basic T-shaped resonator as shown in Fig. 5.12(a). The filter is

designed with the cutoff frequency, f. of 1.9 GHz and the input/output ports having

the characteristic impedance Z, of 50 Q2.
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Fig. 5.12 The T-shaped resonator (a) LC equivalent circuit (b) Layout (c) The
comparison of EM and LC circuit simulation

The L and C values scaled at f. and Z, are calculated using the Equations (5.16)-

(5.17) as,

1 %091 (5.16)
! ,
C
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C. = 9ci (5.17)
'z
Wl
where g;; and g¢; are the element values of 3-pole lowpass filter having Chebyshev
response. The values of the T-shaped resonator are, L; = 5.44 nH, L, = 9.62 nH, and

C; = 0.474 pF.

The corresponding microstrip implimentation of the T-shaped filter developed on an
FR4 substrate of dielectric constant 4.4, thickness 0.8 mm and dielectric loss tangent
0.02 is shown in Fig. 5.12(b). The inductors are realized with the characteristic
impedance, Z;; as 120.5 Q and the capacitor, with the impedance, Z¢; of 23.3 Q. The

physical length of the inductor and capacitor are realized by using the equations,

; —/IgL(fC)sin_l @, L; (5.18)
L= —

27 Zy;

Ao (fe) . 4 5.19
ICi:gCZ—”Csm (a)chiCi) (5.19)

where Ag(f.) and Ac(f.) are the guided wavelengths of the inductor and capacitor at
the cutoff frequency respectively. The calculated values of corresponding microstrip

implimentation is 4; =7.85 mm, A, =11 mm, 43 =1 mm and B; = 4.6 mm.

From the ABCD parameters, S-parameters of the T-shaped resonator are calculated

and derived the equation for the resonant frequency f as in Equation (5.20) as,

1

Jo= == e, (5.20)
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The calculated value of the resonant frequency fj is 2.35 GHz. Thus the resonant and cutoff
frequency of the filter varies with the values of L, and C;. Fig. 5.12(c) shows the
comparison of the EM and LC simulated frequency response characteristics of the T-
shaped lowpass filter. As seen in the Figure, the simulated resonant frequency occurs at

2.32 GHz, which is in good agreement with the calculated value of the resonant frequency.

The microstrip implementation of inductance L; is A,. Fig. 5.13 shows the simulated
frequency response of the T-shaped filter for different values of 4,. From the Figure it
is noted that as the values of 4, increases from 11 mm to 12.2 mm in steps of 0.6 mm,
the cutoff frequency and resonant frequency move towards the lower frequency end
and the roll-off rate of the filter also increases. Thus to improve the roll-off rate and
to reduce the physical size of the filter, the high impedance stub of the resonator is
modified as stair shaped and this symmetric modified T-shaped structure and its
frequency response characteristics is shown in the Fig. 5.14. As seen in the Figure,
the roll-off rate of the filter is greatly improved together with the generation of two
transmission zeros at 2.4 GHz and 8.69 GHz respectively. The dimensions of
modified T-shaped resonator are: A, = 4.4, A" = 3.45, A4, = 12.2, A; =45 and

B,=1 (all dimensions in mm).
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Fig. 5.13 S, characteristics of the filter for different values of 4,
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Fig. 5.14 Modified T-shaped structure (a) Layout (b) Frequency response
characteristics

In the modified T-shaped structure, the roll-off rate is improved but the presence of
passband harmonics is observed. To extend the stopband bandwidth of the filter, an
open stub and a pair of suppressing cells is used in the design. The open stub is
placed in the middle of the high impedance main transmission line and one pair of
suppressing cell is placed at distance /; from the end of the main transmission line,
which suppresses the high frequency harmonics. Although high frequency harmonics
can be removed by using this structure, one spurious transmission pole occurs at 2.83
GHz and this also has to be eliminated to obtain wide stopband bandwidth. The
suppression of this spurious frequency does not cause any increase in the physical

size, so a novel defected ground structure is thus developed.
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5.3.2 The Characteristics of Modified Dumbbell DGS

Fig. 5.15(a) shows the one pole microstrip lowpass filter with the proposed modified
dumbbell DGS etched on the metallic ground plane. A 50 Q microstrip line having width
w s placed on the top of the substrate. The modified dumbbell DGS has two rectangular
blocks having length and width a and b respectively. These two rectangular blocks are
separated by two narrow strips having length ¢ and width d. The narrow strips are joined
at the centre through a channel having width and length e and f respectively. The EM
simulated frequency response of proposed DGS is shown in Fig. 5.15(b). It is well known
that an attenuation pole is generated by the combination of inductance and capacitance.
Thus the frequency response characteristics of the modified dumbbell DGS depend on
the dimension of the etched rectangular blocks and the H-shaped structure between the
blocks. The dimensions of the DGS are: a =3.55,b=3.1,¢=7.0,d=0.25,¢e=0.3 and f
= 0.4 (all in mm). The cutoff frequency of the filter is 3.6 GHz and the resonant

frequency occurs at 5.88 GHz.
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Fig. 5.15 One pole lowpass filter with modified dumbbell DGS (a) Structure
(b) Frequency response characteristics
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Here the equivalent circuit of the DGS is realized through field distribution method.
The surface current and electric field distribution of one pole lowpass filter with
modified dumbbell DGS at the resonant frequency is shown in Fig. 5.16(a) and (b)

respectively.
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Fig. 5.16  One pole lowpass filter with modified dumbbell DGS (a) Surface
current at resonant frequency (b) Electric field at resonant
frequency (c) LC equivalent circuit (d) Comparison between EM
simulation and circuit simulation

As seen in the Fig. 5.16, at resonant frequency all transmitted energy is reflected back
to the source. The surface current distribution shows that the charge crowding occurs in

the rectangular area of the DGS, proving its inductive behavior. The electric field
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distributed at the H-shaped narrow strips placed between the rectangular blocks shows
the capacitive nature of the DGS. Fig. 5.16(c) shows the equivalent circuit of the
proposed DGS which consists of parallel combination of inductance, Lpgs and

capacitance, Cpgs. The circuit parameters are extracted using Equations (5.21)- (5.22).

,
Cpes = 3 71
2Zy(@,% - ,) (5.21)
1
Lpes=—— (5.22)
47" f,"Cpgs

where w, and o, are the angular resonance frequency and angular cutoff frequency
respectively and Z; is the characteristic impedance of the microstrip line. The
parasitic capacitance generated as a result of the discontinuity of the modified
dumbbell DGS is of very low value and therefore neglected. The calculated values are
Lpgs = 2.7639 nH and Cpgs = 0.26507 pF. The frequency response characteristics of
the EM and LC circuit simulation are in good agreement as depicted in Fig. 5.16(d).
The proposed DGS has wide 10 dB bandwidth and thus the stopband bandwidth of

the proposed filter is extended.

5.3.3 The Filter-1I Structure

Fig. 5.17 shows the 3D view of the proposed lowpass filter, Filter-II. The top surface
consists of an open stub (OS) placed in the middle of the high impedance
transmission line. The SSRs of decreasing step size placed symmetrically on both
sides of the open stub result in the generation of multiple transmission zeros in the
frequency region. The SSR consists of stair shaped high impedance stub connected to

the centre of a low impedance rectangular patch. One pair of suppressing cells (SCs)
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placed at a distance /; from both ends of the main transmission line suppresses the
high frequency harmonics. The SC consists of a high impedance line of length /s
connected with a low impedance rectangular patch. The microstrip line of width w on
both ends of the high impedance transmission line is chosen so as to get the
characteristic impedance of 50 Q. In the bottom layer, two units of modified
dumbbell DGS etched from the ground metallic plane are used to improve the
passband and stopband characteristics of the filter. The DGS units spaced at distance
s" and placed below the SSRs enhance the stopband bandwidth, which offers higher
order harmonics rejection. By properly placing the resonators and the open stub, a
sharp roll-off and wide stopband lowpass filter is designed with only 15.7 mm x 19.5
mm physical size. The dimensions of the proposed lowpass filter are [; = 1.5, [, =
1.55,13=4.05,1,=14.5, [5=0.95,1s=1.75,1,=4.05,[s=2.6, o= 1.8, 1;0=1.55, 11,
=45 w=15w;=02,w, =02, w3=2.0,w,=1.1, ws=1.0, ws=0.2,5=0.55,a=
355,6=3.1,¢=7.0,d=0.25,¢=0.3,f=0.4,¢g=1.1 and s" = 5.6 (all dimensions

are in mm). Fig. 5.18 shows the top and bottom view of Filter-I1.

Fig. 5.17 3 D view of the Filter-1I
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(a) (b)
Fig. 5.18 Layout of the proposed filter (a) Top view (b) Bottom view

5.3.4 Filter Analysis and Discussion

Detailed analysis has been performed to sequence the design process of Filter-II. The
performance characteristics of the proposed filter are studied by analyzing the
frequency response characteristics of all resonators used in the process. Fig. 5.19(a)
shows the frequency response characteristics of the filter with only OS placed in the
middle of the high impedance main transmission line. The OS acts as a capacitor and
generates two transmission zeros TZ; and TZ, at 6.66 GHz and 18.396 GHz with
suppression levels 48.03 dB and 36.07 dB respectively. As seen in the Figure, the roll-
off rate of the filter is very low and it is to be improved. Fig. 5.19(b) shows the
frequency response characteristics of the filter with OS and SSRs. The symmetrical
SSRs placed on either side of OS, create four transmission zeros. These additional
transmission zeros, TZ;3 to TZ¢ are generated at frequencies 2.40 GHz, 8.67 GHz, 15.53

GHz and 15.91 GHz with rejection levels at 34.5 dB, 47.42 dB, 51.23 dB and 43.66 dB
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respectively. The transmission zero TZ; occurs very near to the cutoff frequency and
thus the roll-off rate of the filter is greatly improved. The stair shaped stub improves the
impedance matching of the filter and thus return loss is greater than 30 dB in the low
frequency region of the passband. By adding SCs to the design, the characteristic of the
lowpass filter is varied as shown in Fig. 5.19(c). The addition of SCs to the OS and
SSRs generates five more transmission zeros (TZ7 - TZ;; ) at frequencies 9.77 GHz,
11.30 GHz, 13.35 GHz, 14.61 GHz and 17.59 GHz with suppression level 50.19 dB,
65.50 dB, 28.80 dB, 40.42 dB and 49.25 dB respectively. Here all transmission zeros
are generated at frequencies above 9 GHz, which increases the high frequency stopband
rejection level of the filter. Although, high frequency stopband suppression level of the
filter increases, spurious passband occurs, which results in the generation of lower
order harmonics. This unwanted pole is neutralized by the use of modified dumbbell
DGS. The simulated frequency response of the proposed lowpass filter after etching
two units of the DGS to the ground metallic plane of the structure is shown in Fig.
5.19(d). The modified dumbbell DGS units produce two transmission zeros TZ;, and
TZ,5 at frequencies 5.01 GHz and 7.44 GHz with rejection levels 35.07 dB and 44.75
dB respectively, which increases the stopband bandwidth of the filter. The attenuation
levels of three transmission zeros TZ3, TZ; and TZy which are generated by the SSRs
and SCs are enhanced in Fig. 5.19(d). Thus the roll-off rate of the Filter-1I is improved
by increasing the attenuation level of TZ; from 34.5 dB to 46.5 dB. The return loss of
the filter is also improved, which is better than 20.7 dB in the entire passband. Using
the proposed lowpass filter design a wide stopband bandwidth is achieved from 2.24
GHz to 20 GHz at 20 dB suppression level except a small peak appearing at 2.64 GHz.

The simulated 3 dB cutoff frequency of the filter is 2 GHz and the passband insertion
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loss is less than 0.45 dB up to 1.5 GHz. The transition band from passband to stopband
at 3 dB and 40 dB is 0.37 GHz. The roll-off rate is calculated as the ratio of the
difference in 40 dB and 3 dB attenuation point to the transition band and its value is

100 dB/GHz. All simulations are carried out using EM simulation software IE3D.
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Fig. 5.19 Simulated S-parameters of the Filter-II (a) Filter with OS only
(b) Filter with OS and SSRs (c) Filter with OS, SSRs and SCs  (d)
The proposed Filter-11

5.3.5 The Equivalent Circuit of Filter-11

The LC equivalent circuit of Filter-II is shown in Fig. 5.20. The top structure consists
of open stub and a pair of SSRs and SCs. The calculated value of the impedance of
the main transmission line and the stubs of SSRs and SCs are 120.5 Q. The high
impedance transmission lines act as inductors and the low impedance patch as
capacitors. The low impedance values corresponding to the capacitors are calculated
using Equation (2.23). The L and C values of the top structure are calculated using the
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Equations of Hong and Lancaster (2001). The calculated values of L and C are L; =
1.109 nH, L, = 1.143 nH, L; = 2.807 nH, L, = 8.458 nH, Ls = 0.6586 nH, Lpgs =

2.7639 nH, C; = 0.4249 pF, C,; = 0.2543 pF and Cpgs = 0.26507 pF.
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Fig. 5.21 The EM and LC circuit simulation result of Filter-II

Fig. 5.21 shows the comparison between the EM and LC circuit simulation results. In
the passband frequency range, both the results are at par as shown in the Figure. The

stopband suppression level of LC simulated results is high as compared with the EM
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simulated results. This is due to the fact that in LC simulation, the lumped element
components are used in the design, which are not affected by the substrate dielectric
loss whereas in EM simulation the high value of dielectric losses of FR4 substrate

play a vital role in the reduction of stopband attenuation level.

5.3.6 Fabrication and Results

The proposed filter is fabricated using very low cost FR4 substrate. Fig. 5.22 shows
the photograph of the top and bottom view of Filter-II. The fabricated filter is
measured using R & S ZVB 20 Vector Network Analyzer. The comparison between

the EM simulated and measurement results are depicted in Fig. 5.22(c).

The measured 3 dB cutoff frequency of the filter is 2.072 GHz. The return loss of the
filter is better than 24.5 dB in the entire passband frequency range. The impedance
matching bandwidth (IMBW) calculated by the frequency range in the passband
having return loss better than 24.5 dB is 1.853 GHz (Kumar and Verma, 2016). The
passband insertion loss of the proposed filter is only 0.21 dB up to 1.5 GHz. The
transition from passband to stopband at 3 dB and 40 dB attenuation level is 2.072
GHz and 2.49 GHz. The roll-off rate of the filter is 88.5 dB/GHz. The stopband
bandwidth at 20 dB suppression level is from 2.342 GHz to 20 GHz and thus the
Filter-II has the ability to suppress up to 9™ order harmonics. The relative stopband
bandwidth calculated as the ratio of stopband bandwidth to stopband centre frequency

of the filter is 158.07%.
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Fig. 5.22 The proposed Filter-1I (a) Top view (b) Bottom view (c) Measured
and simulated results

One of the important parameters that determine the quality of any lowpass filter is the
group delay. The group delay of the proposed filter within the passband frequency
range is reasonably flat which ensures minimum distortion to the signal. The
comparison between measured and simulated results is shown in Fig. 5.23. It is

observed in the Figure that the maximum group delay variation is only 0.33 ns within

the 24.5 dB IMBW.
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Fig. 5.23 Measured and simulated group delay

The VSWR of Filter-II is shown in Fig. 5.24. The measured VSWR value is one in the

entire passband frequency range of the proposed filter, which indicates matched load.
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Fig. 5.24 The measured VSWR of Filter-II

5.3.7 Performance Comparison of Filter-11

Comparison between the Filter-II and some other works in the literature is shown in
Table 5.2. The proposed filter has high value of relative stopband bandwidth when
the considered suppression factor is 2. The passband return loss of the filter is also
very high with sharp roll-off rate. Compared to most of the other filters, the proposed
filter is very cost effective also. The wide stopband with high rejection level of the
filter is useful to suppress the harmonics up to 9™ order.
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Table 5.2 Comparison between the proposed Filter-II and similar works in the

literature
Ref /. | RL 3 RSB | (- | Harmonic | Substrate,
GHz | dB |dB/GHz % suppression h (mm)

Kumar and Verma th Neltec-NX
Mohra, th RT/Duroid
(2011) 2.62 | 25 | 30.66 |12239|2.6 | 5 order 5880, 0.787
Karthikeyan et al. th Rogers
(2015) 1.09 | 15 | 4857 | 1499 | 2 10 order 5880, 0.381
Boutejdar, rd
(2017; 37 | 27 17 91.6 2 3 order |Roger, 0.813
Yang et al. th Taconic
(2012) 2.76 | 18 534 |126.73 ] 2 4 order TLX-0, 0.79
Filter-2 1.935| 27 | 61.56 | 157.6 | 2 10th order FR4, 0.8
Filter-11 2.072245| 885 |158.07| 2 | 9" order | FR4,0.8

fe - Cutoff frequency, RL - return loss, & - roll-off rate,
RSB - Relative stopband bandwidth, SF - suppression factor.

5.4 CHAPTER SUMMARY

The occurrence of the spurious frequency bands is a fundamental limitation of

microstrip filters. To remove these spurious frequency bands, another design

approach using defected structures etched from the metallic ground plane is proposed

in this chapter.

This chapter discusses two novel DGS, which are used to suppress the harmonics and

extend the stopband bandwidth to meet today's emerging applications. Both filters are

designed with cutoff frequency near 2 GHz and thus useful for L-band applications.

The performance characteristics of the proposed filters are compared in Table 5.3.
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Table 5.3 Comparing the performance characteristics of the proposed filters

Filter Je S NCS | RSB | o | IL-PB | RL-PB | Harmonic
GHz | dB/GHz | Ag? % indB | indB | suppression

Basic filter | 2.03 33.36 10.0342| 120.1 | 20 1.2 11 5% order

Filter-1 2.02 37.12 10.0338| 156.3 | 18 0.59 21 9™ order

Filter-2 1.935| 61.56 |0.0338| 157.6 | 20 | 0.22 27 10" order
Filter-1I 2.072| 88.5 ]0.0471| 158.1 | 20 | 0.21 24.5 9™ order

By using a multilayer structure, the performance characteristics of the basic lowpass
filter are greatly improved in Filter-I. For validation of the structure, the proposed
lowpass filters are fabricated and their frequency response is analyzed. The designed
filters, Filter-1 and Filter-2 have very low insertion loss and high return loss in the
passband as compared to the performance of the basic filter structure. It also has good
selectivity and high rejection in the stopband up to 20 GHz at 20 dB suppression
level. Suppression up to the 10™ order harmonics is achieved as compared to the basic
filter capable of suppressing only up to 5™ order. The proposed filter is very compact
and offers good performance characteristics in both passband and stopband, thus

making it a good choice for mobile and wireless communication applications.

A microstrip lowpass filter designed based on dual plane structure to achieve ultra
wide stopband characteristics is presented in Filter-II. The proposed filter is able to
suppress up to 9™ order harmonics. The roll-off rate and RSB of Filter-1I is improved
as compared with Filter-1. The filter exhibits very good characteristics like minimum
group delay variation, low insertion loss and high return loss in the passband. The

structure is very compact and thus ideal for wide band communication applications.
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The proposed filters have achieved sharp roll-off rate along with wide stopband
bandwidth by maintaining compact size. To further improve the roll-off rate and to
obtain wide stopband with miniaturized circuit size, a new lowpass filter designed

using DGS and defected microstrip resonator is discussed in the next chapter.
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CHAPTER 6

COMPACT, SHARP ROLL-OFF LOWPASS FILTER WITH
WIDE STOPBAND USING DEFECTED STRUCTURES

6.1 INTRODUCTION

The concept of filtering is very important in the field of modern wireless
communication applications. Lowpass filters are commonly used to suppress the
unwanted high frequency harmonics. The important factors to be considered during
efficient filter design are: compact size, low insertion loss, high roll-off rate and wide
stopband with higher order harmonics suppression. To meet these requirements,

several lowpass filters are designed by adopting different techniques.

The commonly adopted lowpass filter design is based on loading stepped impedance
resonators/open circuited stubs in the high impedance transmission line (Hong and
Lancaster, 2001). However, higher the characteristic impedance of the microstrip line,
larger the fabrication difficulties and lower the power handling capability. Cascading
hexangular shaped resonators with open circuited stubs, a wide stopband lowpass filter
with good roll-off rate is designed by Hayati et al. (2015). Cascaded arrangement of
square shaped open loop resonators (Hammed et al., 2018) are used to develop a

lowpass filter with stopband up to 6 GHz. But these filters suffer from low roll-off rate.

Defected ground structures are used to improve the roll-off rate and stopband
bandwidth of the conventional filter by introducing defects etched from its ground
plane. DGS with inherent bandgap in certain frequency bands are used in the lowpass
filter design to achieve wide stopband characteristics (Ahn et al., 2001). Several

techniques are used in the literature to improve the performance of DGS based filters.



Fractal shaped DGSs are utilized to miniaturize the circuit size of the conventional
filter developed with open stubs (Kufa and Raida, 2013). A lowpass filter designed
using slotted ground plane resonator to generate multiple transmission zeros in the
stopband, so as to obtain wide stopband rejection characteristics is presented by
Wang and Hsu, (2018). A lowpass filter designed to achieve wide stopband up to 10
GHz using DGS is presented by Vala et al. (2017). A compact lowpass filter with
wide stopband designed using microstrip line loaded by folded patches on the top of
the substrate and hybrid slot in the ground plane is presented by Jiang and Xu, (2017).
However, the structure complexity is high in most of these filters and hence difficult
to fabricate. Chen et al. (2015) presented a lowpass filter with wide stopband by
introducing DGS along with open stubs and stepped impedance stubs (SIS). Open
complementary type split ring resonator designed on the top side of the substrate and
dumbbell DGS etched from the ground plane are used to design compact lowpass
filter with low roll-off rate by Karthikeyen and Kshetrimayum, (2015). Song et al.
(2010) introduced a lowpass filter with wide stopband response by adding coupled

slots along with the dumbbell shaped DGS.

Combinations of octagonal shaped resonators along with DGS and DMS are used to
design lowpass filter with wide stopband up to 12 GHz is presented by Boutejdar et
al. (2019). However, the achieved filter selectivity is very low. Lowpass filter
designed using modified split ring resonator is presented by Sen et al. (2018). Here,
the selectivity and stopband bandwidth of the filter is improved by incorporating
DGS and DMS in the filter structure. The filters described above are used to generate
wide stopband bandwidth only. However, along with wide stopband, sharp transition
skirt with miniaturized circuit size is also essential for an ideal lowpass filter used in

modern communication systems.
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In this article, the unit cell model of basic DGS, which consists of mirrored
symmetrical square head slot connected with rectangular gap g is used to design one
pole lowpass filter with cutoff frequency 3.715 GHz. Then the geometrical shape of
basic DGS is modified without changing its overall physical size to improve the
performance characteristics of the filter. Comparing the characteristics of basic DGS
and the modified DGS, the proposed modified structure reduces the passband to
stopband transition band with reduced cutoff frequency of 2.075 GHz. The phase
characteristics of modified DGS prove its slow wave characteristics. Detailed
analysis has been conducted to study the influence of structure parameters on the
resonant and cutoff frequency of the filter. The proposed lowpass filter is designed
with symmetrical open stubs on the top surface and modified DGS in the ground
plane to achieve wide stopband up to 20 GHz with cutoff frequency 2.11 GHz. The
LC equivalent circuit is developed and compared with the EM simulated results and
found that both results are in good agreement. To improve the stopband suppression
level at a certain band of frequencies, spurline resonator is incorporated in the top
surface of the filter. The improvement in rejection band is achieved without any
compromise in the passband characteristics of designed 2.11 GHz filter. Excluding
the dimension of I/P-O/P ports, the physical size of the filter is only 15.5 mm x 12.7
mm. The filters are fabricated using very low cost, easily available FR4 substrate

having thickness 0.8 mm, dielectric constant 4.4 and loss tangent 0.02.
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6.2 DESIGN OF THE PROPOSED DGS

The procedure used for designing the proposed DGS is discussed in detail.

6.2.1 Comparison of the Basic DGS with the Modified DGS

Fig. 6.1(a) shows the basic defected ground structure, which consists of a pair of
symmetric square head slots of dimension a' x b', connected with a narrow
rectangular gap, g which is etched on the metallic ground plane. The top layer
consists of a microstrip line of width w = 1.5 mm, which ensures the characteristic
impedance of 50 Q. The square head slot corresponds to the inductance value, and the
rectangular gap, g exactly below the microstrip line represents the capacitance of the
filter (Kim et al. 2000). The effective series inductance introduces 3 dB cutoff
frequency at 3.715 GHz and as the frequency increases, the reactance also increases
and starts the rejection of higher frequency bands. A transmission zero Tz occurs at
5.958 GHz, depending on the parallel capacitance with the series inductance, at the
resonance frequency and as frequency increases the reactance decreases and causes a
band gap. From Fig. 6.1(c), it is noted that the transition band from passband to
stopband is very wide and its value is 2.243 GHz and thus the attenuation rate of the

filter is very low. The overall physical size of basic DGS is a x b mm®.

The geometrical shape of DGS slots has great influence on the filter characteristics
such as transition steepness and stopband bandwidth (Abdel-Rahman et al. 2004).
Thus to improve the roll-off rate of the filter, the basic DGS is modified by placing
interdigital slots between the square head slots and the proposed modified DGS is

shown in Fig. 6.1(b). The addition of interdigital slot does not make any change in the
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overall physical size of the structure. Each finger of the interdigital structure has

length /;, width w, and spacing between the fingers s.

S-Parameters (dB)

Basic DGS

--------- Modified DGS
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Frequency (GHz)

(©

Fig. 6.1 Layout of one pole basic DGS filter (b) Structure of the proposed one
pole modified DGS filter (c) Comparison of frequency response
characteristics

The S-parameters of the filter designed using basic DGS and the modified DGS are
compared in Fig. 6.1(c). The cutoff frequency of the proposed modified DGS is 2.075
GHz and the transmission zero, 77’ occurs at 2.42 GHz. With the addition of
interdigital structure between the square head slots, the transmission zero frequency is

shifted from 7, to T,', without increasing the overall physical size, of the structure.
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Thus the modified DGS reduces the circuit size by 68.8 %. Depending on the size and
shape of defects etched from the ground plane, the shield current distribution is

modified, which results controlled excitation of EM waves through the substrate.

The basic DGS shows characteristics such as single resonance and gradual transition
from passband to stopband. With the addition of interdigital slots between the square
head slots, both electric and magnetic coupling occurs between the resonators and
thus resonant and cutoff frequency moves towards the lower frequency end. As the
spacing s between the interdigital fingers increases, the coupling effect reduces. The
dimensions of the proposed modified DGS are a’'= 3.8, b'= 3.8, g=0.45, [;=2.4, wr

=0.2,5=0.2,a=10.1,56=9.1 and w = 1.5 (all dimensions in mm).

The comparison between the characteristics of the basic DGS and the modified DGS
in a 50 Q microstrip shown in Table 6.1, is simulated using IE3D EM simulation
software. The cutoff frequency, the resonant frequency, the transition band (f2ods -
f3dB), the normalized circuit size (NCS) and the sharpness factor are compared in the
table. The NCS and sharpness factor of the filter are calculated using the Equations

(2.17) and (2.19).

From the table, it is seen that the NCS of the modified DGS is only 0.0145 A,* as
compared to the circuit size of the basic DGS. By maintaining constant physical size
of both DGS slots, the circuit size of modified DGS is improved by the reduction in
cutoff frequency of the modified DGS based filter. Thus it is proved that by
reforming the basic DGS to the modified DGS, the circuit size of the filter is reduced.

The sharpness factor of the modified DGS is of low value, i.e. 1.16; whereas for the
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basic DGS, it is 1.603. The lower value of sharpness factor indicates the sharp
transition from passband to stopband and thus the selectivity of the modified DGS

filter is improved.

Table 6.1 Comparing the characteristics of basic DGS and the modified DGS

One pole filter CF RF GHz Transition band NCS Sharpness
with GHz (f20aB - f3d8) GHz Ao’ factor
Basic DGS 3.715 5.958 1.485 0.0465 1.603
Modified DGS | 2.075 242 0.3 0.0145 1.16

CF- cutoff frequency, RF- Resonant frequency

6.2.2 LC Equivalent Circuit of the Modified DGS

The equivalent circuit model of the one pole filter with modified DGS is shown in Fig.
6.2(a). Ly and Cyrepresent the inductance and capacitance values of the modified DGS
and the series combination of L; and C; is due to the relatively large values of the
fringing field. These fringing fields occur due to the step discontinuities of the
interdigital slots in the ground plane and this discontinuity effect may change the
overall characteristic impedance of the circuit. The capacitance Cypand inductance Lare

calculated using the Equations (6.1)-(6.2) (Ahn et al. 2001) as,

1)
C, = < 6.1
’ Zogl(a)oz_a)cz) ( )
1
Ly= 5 (6.2)
@y"Co

where w is the angular frequency corresponding to the transmission zero location 7 Y
and w.is the angular cutoff frequency of the one pole filter with modified DGS. The

fringe field effect, which represents the series L; and C; in the n-network is calculated
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according to Park et al. (2002). The calculated values of the LC circuit are, Ly = 2.13
nH, Cp = 2.03 pF, L; = 0.1 nH and C; = 0.5 pF. The frequency response
characteristics of the EM and LC circuit simulation shown in Fig. 6.2(b) are having

good approximation, which validates the circuit design.
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Fig. 6.2 (a) The LC equivalent circuit of one pole filter with modified DGS
(b) Comparison between EM and LC circuit simulation results

6.2.3 Phase Characteristics of Modified DGS and SWF

Fig. 6.3 shows the comparison between the phase characteristics of transmission
coefficient (S;;) of microstrip line, microstrip line with basic DGS and microstrip line
with modified DGS. In DGS based filters, a phase difference occurs to the signal
frequency, which is due to the resonant characteristics of the structure. The phase of
modified DGS changes rapidly as compared to the phase change of basic DGS and the
uniform microstrip line and accordingly, the phase velocity of the modified DGS is
slow as compared with the other two structures. The reduction in phase velocity results

in the slow wave effect and it is analyzed by defining the slow wave factor (SWF).
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Fig. 6.3 Phase characteristics of microstrip line with modified DGS, microstrip
line with basic DGS and the microstrip line without DGS

For a microstrip line without DGS, the relation for slow wave factor (SWF) is V.,
where & is the effective permittivity of the microstrip line and is calculated using the

Equation (2.20). For the FR4 substrate the calculated value of SWF is 1.823.

The SWF of the microstrip line loaded with modified DGS is calculated using

Equation (6.3) as,

Y.

360L 4y (6.3)

SWF

where Ay is the free space wavelength at the cutoff frequency of microstrip line with
modified DGS, A0 is the phase difference between the microstrip line with and
without modified DGS and L is the physical length of the line. For the microstrip with
modified DGS, the SWF increases and its value is 4.626 at the cutoff frequency. This
increase in the SWF shows that the proposed modified DGS is a good slow wave
transmission line and this validates its size reduction capability. The Fig. 6.4
compares the characteristics of SWF with modified DGS and without DGS.
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Fig. 6.4 Slow wave factor of modified DGS

When the modified DGS is etched from the ground metallic plane, the current path in
the ground plane is fully disturbed and it is then confined along its periphery. This
results in the increase of current path length and thus propagation delay occurs. Hence
for the modified DGS filter, the reduction in phase velocity occurs and this results the

slow wave effect of microstrip line.

6.2.4 Parametric Analysis of Modified DGS
The influence of various modified DGS parameters (a’, g and y) on the frequency

response characteristics is analyzed in detail using IE3D simulations.

Effect of slot head a’

First, only the length a’ of the slot head is varied by keeping the rectangular gap, g and
the dimension of interdigital slot as constant. Simulation result of the resonant frequency,
foand cutoff frequency, f. with the length a' is shown in Fig. 6.5(a). As the length a'
increases, the etched area of the slot head increases, and this results in increase in the

series inductance. This increase in series inductance results in lowering the cutoff
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frequency as shown in Figure. Also, from the Fig. 6.1(c), attenuation poles are present in
the simulation results on etched modified DGS. Thus as the length a' increases, the
resonant frequency fj corresponding to the attenuation pole (transmission zero) location
decreases. This transmission zero location corresponds to the parallel combination of L
and C circuit. Thus, although all other dimensions are kept constant, the increase in the
value of a' results in the increase in effective inductance and thus the resonant and cutoff

frequency shift towards the lower frequency end.

Influence of gap width, g

The influence of g, ie, the etched gap width is analyzed in the next step. Here, except
g, all other dimensions are kept constant. As the value of g increases in steps of 0.1
mm, the resulting decrease in the effective capacitance value leads to shifting of
transmission zero location towards higher frequency. The value of g does not have
much effect on the series inductance value of the microstrip line and hence the change

in the value of cutoff frequency is marginal as shown in Fig. 6.5(b).

Influence of the interdigital slot length, /;

A parametric study has been conducted to analyze the effect of the length of the
interdigital slot, /; on the resonant and cutoff frequency, which is depicted in Fig.
6.5(c). The increase in the value of finger length results in the shifting of resonant
frequency, fy and cutoff frequency, f. towards the lower end and also it is noted from
the Figure that as I/ increases, the transition band from passband to stopband
decreases and thus the roll-off rate of the filter increases. This means that as the
length, I increases, by keeping all other dimensions of the modified DGS constant,
the equivalent inductance and capacitance of the microstrip line increases and thus the

resonant and cutoff frequency decreases towards the lower frequency end.
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Fig. 6.5 The frequency response characteristics of modified DGS based filter
for different values of a’, g and /,

Based on the above parametric studies, proper optimization of the proposed structure

is done to design a compact and wide stopband lowpass filter with good roll-off rate.

6.3 THE LOWPASS FILTER DESIGN USING MODIFIED DGS

The modified DGS improves the roll-off rate of the filter, but the stopband bandwidth
has to be extended to suppress the unwanted harmonics. To extend the stopband
bandwidth, multiple transmission zeros has to be generated at high frequency. For
that, two different pairs of symmetrical uniform impedance stubs (UIS) are designed
in the top surface of the filter. The UIS should have length less than the quarter
guided wavelength, Ag/4 for generation of multiple transmission zeros. The proposed

lowpass filter shown in Fig. 6.6 has three layers: the top layer consists of two UIS,
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which are symmetrically arranged and this mirrored symmetrical stubs are loaded on
the transmission line 7L; and the middle layer is the dielectric substrate and the

bottom layer is the modified DGS slots etched from the ground plane.

(a) (b)
Fig. 6.6 Layout of the proposed filter (a) Top view (b) Bottom view

6.3.1 Characteristics of Symmetrical UIS

The top layer of the designed filter consists of two different pairs of symmetrical UIS,
which act as compensated capacitors loaded on the transmission line, each of length
and width represented as /;, wy; and /s, wy, respectively. [ is the optimized distance
between symmetrical 7L; and TL,. The equivalent circuit of the top surface of the
designed filter is shown in Fig. 6.7. The ABCD matrix of lossless transmission lines
TL;; and TL; having characteristic impedance Z;; and Z;, of length and phase constant
L1, L, P and B, respectively is expressed in Equation (6.4) as,

cosB, 1,  jZ,sinp,l,

M= JsinBily  osp1 | (e=11,12) (6.4)
VA

X

The ABCD matrix of the UIS, 7L; and TL, of characteristic impedance Z; and Z;;

having length and phase constant /; /[, f;; and f;; respectively in Equation (6.5) is,
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1 0

My =|Jrnfyly 1 =51, 52) (6.5)
Yy

For the main transmission line 7L3;, ABCD matrix 1is represented as M. ABCD
matrix of the two different pairs of UIS is represented in Equation (6.6) as,
Muyis = MMM oM (6.6)
The total ABCD matrix of two pairs of symmetrical UIS loaded on the transmission
line TL;is expressed in Equation (6.7),
Mrota1 = Muis + Mz +Muyys, (6.7)
The overall ABCD matrix of the equivalent circuit shown in Fig. 6.7 is derived as,
Mgc = My Mroar. My (6.8)
For matched load, the S - parameters of the equivalent circuit is calculated using the

overall ABCD matrices.

Fig. 6.7 The equivalent circuit of the top surface of the proposed structure

The low impedance transmission lines 7L; and 7L, are modelled as shunt capacitor
and at high frequencies it acts as short circuit to ground and generates transmission

zeros. The two pairs of symmetrical UIS produces two transmission zeros at
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frequencies 8.08 GHz and 14.5 GHz with the suppression level of 42.84 dB and 55.75
dB respectively. Thus by etching the proposed modified DGS on the ground plane of
the compensated capacitors a wide stopband and sharp roll-off lowpass filter is

designed with compact circuit size. The dimensions of the structure in mm are, /; =

3,0,=95,1=0.2,1;=5.6, [, =2.8, wg; =1.05, wx= 1.4.

6.3.2 Equivalent Circuit of the Proposed Filter

The equivalent circuit of the proposed lowpass filter is shown in Fig. 6.8(a), which is
the combination of the mirrored symmetrical two pairs of UIS present in the top
surface of the filter and the modified DGS structure in the ground plane. The
capacitors Cs; and Cs, represent the capacitance of the symmetric 7L; and 7L,
respectively are calculated using Equation (6.9)

WS'i

C,=

St

fori=1,2 (6.9)

Vp Zsi

The component values of the equivalent circuit of the proposed filter are C; = 0.5516

pF, C, =0.7118 pF, Ly=2.13nH, L; = 0.1 nH, Cy=2.03 pF and C;= 0.5 pF.

The frequency response characteristics of the EM and LC circuit simulation are shown
in Fig. 6.8(b). From the Figure we can see that both the results are in very good
agreement with each other which validates the equivalent circuit of the proposed filter.
From the simulated characteristics of the proposed filter, we can see that the transition
band from passband to stopband is reduced and its value is only 0.19 GHz between 3
dB and 40 dB attenuation point. Thus the roll-off rate of the filter is improved and its
EM simulated value is 194.7 dB/GHz at 40 dB suppression level. The 3 dB cutoff
frequency of the proposed filter is 2.22 GHz. The passband return loss of the filter is

better than 12 dB and the insertion loss is less than 0.7 dB in the entire passband.
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Stopband return loss is almost zero up to 16.5 GHz except in the frequency range 7.7
GHz to 9 GHz and at high frequencies the inherent dielectric losses associated with
FR4 material causes a rise in return loss. It is seen that multiple transmission poles
occur in the above mentioned frequency range of 7.7 GHz to 9 GHz. The stopband

bandwidth of the filter is 2.32 GHz to 22 GHz at 15 dB suppression level.

Modified DGS
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Fig. 6.8 (a) LC equivalent circuit of the proposed filter (b) EM and LC circuit
simulation comparison
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6.3.3 Comparison Between Filters with Basic DGS and Modified DGS

Fig.6.9 shows the comparison between the proposed filter designed using modified
DGS and the one developed using basic DGS. The paired symmetric UIS are present
in the top side of both the filters. We can see that multiple transmisiion zeros are
generated at high frequencies in both type of filters. The filter with basic DGS has 3 dB
cutoff frequency of 3.85 GHz and the transition band from passband to stopband is 2.55
GHz and thus the roll-off rate obtained is 13.21 dB/GHz. From the figure it is clear that,
the proposed filter offers sharp cutoff frequency which greatly improves the roll-off
rate. Thus by placing interdigital slots between the square head slots of basic DGS

filter, we can improve the steepness of the roll-off slope with reduced circuit size.

] o
s
. —— Filter with modified DGS
10 4 FON EETTRR Filter with basic DGS

-
.

=20
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=30

40 -

_5[] T T T T T T T ol T T
0 2 4 & 8§ 10 12 14 16 18 20 22

Frequency (GHz)

Fig. 6.9 Comparing the frequency response characteristics of filter with basic
DGS and modified DGS

6.3.4 Experimental Results
The proposed filter is fabricated and the S-parameters are measured, which is
compared with the simulated results as shown in Fig. 6.10(a). The photograph of the

fabricated structure with its top and bottom view is in Fig. 6.10(b).
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Fig. 6.10 (a) Measured and simulated results of the proposed filter (b) The top
and bottom prototype

Although EM simulation studies were done up to 22 GHz, the experimental result is
only up to 20 GHz as the available R & S ZVB 20 Vector Network Analyzer in our
laboratory has the upper frequency limit of 20 GHz. The measured cutoff frequency
of the proposed filter is 2.11 GHz. The insertion loss is less than 0.3 dB till 1.4 GHz
of the passband. In the low frequencies of the passband the return loss is less than
19.5 dB and in the entire passband it is less than 13.5 dB. The roll-off rate at only 20
dB attenuation level is obtained due to the fabrication inaccuracy of the filter. The
transition band between 3 dB and 20 dB is 0.17 GHz and the calculated roll-off rate
of the proposed filter using Equation (2.14) is 100 dB/GHz. The stopband bandwidth
of the fabricated filter is from 2.25 GHz to 20 GHz at 15 dB suppression level.
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The measured results of the fabricated structure is shown in Fig. 6.11. As seen in the
result, two transmission poles occur in the frequency range 7.7 GHz to 9 GHz (at
frequencies 8.1 GHz and 8.4 GHz). The occurrence of these transmission poles causes
only 16 dB stopband suppression level of the filter in this range. To improve this, a
bandstop filter is designed using a spurline filter, which can resonate at this frequency

range.
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Fig. 6.11 Measured results of the proposed filter

6.4 THE SPURLINE RESONATOR

Microstrip spurline was first reported by (Bates, 1977), which is used as a bandstop
filter to generate moderate bandwidth and thus suitable to suppress the harmonics
present in the stopband. Asymmetric two line filters designed in an inhomogeneous
medium provides wider stopband by choosing appropriate dimensions of coupled lines
(Nguyen and Chang, 1985). Thus to increase the suppression level between 7.7 GHz to
9 GHz frequency range, an asymmetric spurline resonator is designed, which acts as
defected microstrip structure (DMS). It is designed using slots etched from the top
microstrip line of the substrate, which provides resonant characteristics in the above

said frequency range. Similar to DGS, the resonant characteristics of DMS depends on
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the size and shape of the slot ( La et al. 2010). The radiation due to spurline filters is
small compared with the conventional methods of bandstop filter design such as the
shunt stubs or by using parallel coupled lines. The configuration of the spurline
resonator shown in Fig. 6.12, has length d, which is equal to the quarter guided
wavelength calculated at the resonant frequency. The width of the slot is represented as
¢ and the slot height is 4 as shown in the Figure. The spurline filter is etched from the
top microstrip line of the substrate having width 1.5 mm. The dimensions of the
structure are w = 1.5, ¢ = 0.25, d = 5.1 and e = 0.5 (all units of dimension in mm). The
slot spacing provides the capacitance of the circuit and the narrow line provides the
inductance. The increase in effective inductance and capacitance results in the increase

of the value of effective permittivity of the substrate.

o [
iy d

Fig. 6.12 Configuration of spurline resonator

The frequency response characteristics of the spurline filter is analyzed using EM
simulation software IE3D as shown in Fig. 6.13(b). The resonant frequency (fy’) of the
proposed spurline filter is 8 GHz at 19.2 dB suppression level and the -3 dB frequency
is from 7.23 GHz to 8.88 GHz. The cutoff frequency, f.’ of the filter is 7.23 GHz. Thus
by etching spurline filter in the top of the proposed lowpass filter, the spurious

harmonics are reduced and a wide stopband with high suppression level is achieved.

The LC equivalent circuit of the spurline filter shown in Fig. 6.13(a), acts as a parallel
RLC resonator and its R, L; and C; values are derived using the Equations (6.10) -
(6.12) (Boutejdar et al. 2015) as,

192



@

2740 1 (@, ) (10
1
s =— 6.11)
(e )"Cs
R, = 2% (6.12)

J1/1511 @I~ @z0(whc-1/0hi))? -1

The calculated values of C;, L; and R; is 1.085 pF, 0.3647 nH and 1000 Q respectively.

The EM and LC circuit simulation results shown in Fig. 6.13(b) are having very good

similarity.
U -
A0 -
)
= 20
/P port Cs O/P port é 30 14/ 1Snl
| 1 s
G 11 d B 40 A
*
L; 50 § | —— EMsimulation
ﬁﬂ] - LC simulation
50 PR S —— T S
)\j‘zj\, 0 2 4 6 & 10 12 14 16 18 20 22

Frequency (GHz)

Fig. 6.13 (a) LC equivalent circuit of the spurline filter (b) Comparing EM and
LC circuit simulation

6.5 IMPROVED LOWPASS FILTER USING DGS-DMS TECHNIQUE

With the introduction of a spurline in the proposed lowpass filter, the stopband
suppression level of the filter is improved without increasing the physical size. The
improved final filter structure with the spurline etched from the top surface is shown
in Fig. 6.14(a) and the modified DGS etched from the metallic ground plane of the

bottom side of the substrate is shown in Fig. 6.14(b).

193



(a) (b)
Fig. 6.14 Geomatry of the DGS-DMS lowpass filter (a) Top view (b) Bottom view

6.5.1 Experimental Results

The photograph of the fabricated filter is shown in Fig. 6.15 and its frequency response
characteristics in Fig. 6.16. From the measured and simulated results we can see that
the stopband suppression level of the final filter is improved from 16 dB to 20 dB in the
frequency range between 7.7 GHz to 9 GHz. Here, the performance of the filter is
improved without affecting the passband characteristics of the proposed filter without
spurline. The cutoff frequency of the improved filter is 2.11 GHz. Wide stopband
bandwidth up to 20 GHz at 20 dB rejection level is achieved except a small peak near
2.6 GHz, ie. about 95 % of the overall stopband bandwidth, the stopband suppression
level is 20 dB. The measured results of the proposed filter exhibit wide stopband up to
20 GHz (9.47 f.) with a physical size of 15.5 mm x 12.7 mm. The relative stopband
bandwidth of the final filter calculated using Equation (2.16) is 1.592 at 18 dB
suppression level. The normalized circuit size of the filter is of 0.198 Ag x 0.162 Ag (Ag
is guided wavelength at 2.11 GHz). The wide passband frequency range of the
proposed filter covers the GSM, GPS, Wi-Fi communications and various L-band

applications such as aircraft surveillance, telecommunication systems etc.
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Fig. 6.16 Frequency response characteristics of DGS-DMS lowpass filter

The measured group delay of the DGS-DMS filter in the passband region is shown in Fig.
6.17. The maximum peak to peak group delay variation is only 0.28 ns which indicates that

only minimum distortion occurs to the signal while passing from input to the output.

09
E 06
(_""‘6\ "”F ~
o -
= -~
o '_p'
T | e
o 0.3 e e ===

[} T T T T T T T T T T
0 02 04 06 08 1 12 14 16 18 2 22
Freguency (GHz)

Fig. 6.17 Measured passband group delay
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6.5.2 Performance Evaluation

Table 6.2 summarizes the comparison of the proposed work with the filters so far
described in the literature. The filters with FR4 substrate as well as the low loss
tangent substrates are analyzed in the table. It is seen that the designed filter has high
roll-off rate & , high value of RSB and wide stopband up to 9.5 times the cutoff
frequency, f. when compared to all other works. SF represents the suppression factor

and its value is calculated as the stopband suppression level divided by 10.

Table 6.2 Comparing the performance characteristics of the proposed work
with other related works

7, 3 RSB SB
Ref. (GHz) (dB/GHz) o, SF up to Substrate
Boutejdar, (2019) 2.4 19 111.2 | 2 5fc Roger
Sen et al. (2018) 2.4 36 85.7 | 2 25f FR4
Vala et al. (2017) 3.5 15.45 96.2 | 14| 2.8f FR4
Kufaand Raida, | 3 195 | 43906 | 956 | 2 | 32/ | Arlon25N
(2013) c

Song et al. (2010) 3.0 18.8 128.7 | 2 6fc Roger

This Work 2.11 100 1592 | 1.8| 95/ FR4

6.6 CHAPTER SUMMARY

A compact microstrip lowpass filter with sharp selectivity and wide stopband designed
on the basis of dual-plane, is presented. In comparison with the basic DGS based filter of
same overall physical size, an improvement in roll-off rate and a reduction in circuit size
by 68.8 % are achieved in the modified DGS. To suppress higher order harmonics,
mirrored symmetrical uniform impedance stubs are placed on the 50 € microstrip line

and a spurline acting as DMS are incorporated in the top surface of the substrate, thereby
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wide stopband up to 20 GHz is achieved. The designed filter has 3 dB cutoff frequency
of 2.11 GHz. The results indicate that a relative stopband bandwidth of 159.2 % within
the rejection band of 18 dB is achieved together with small circuit size of 0.198 Ag x
0.162 Ag ( Ag is guided wavelength at 2.11 GHz). The transition band between -3 dB and
-20 dB attenuation point is only 0.17 GHz. The measured results are at par with the
simulated results. The proposed filter covers the GSM, GPS, Wi-Fi communications and

various L-band applications.
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CHAPTER 7

CONCLUSION AND FUTURE SCOPE OF THE WORK

This chapter describes briefly the summary of the proposed filters and discusses the
distinct features of the developed filters. Some suggestion on the future scope is also

mentioned.

7.1 SUMMARY OF THE WORK AND CONCLUSION

The motivation behind the work presented in this thesis is the need to design a
lowpass filter with high performance characteristics developed using very low cost,
easily available material for various applications in modern wireless communication.
Different methodologies such as design using a variety of resonators and dual plane
structure based approach are followed to achieve these requirements. Multilayer
design techniques such as filter design using defected ground resonators and
implementation of defected ground and defected microstrip resonators are followed to
develop compact lowpass filters with good frequency response characteristics with a

low cost material.

Parametric analyses of the filters are conducted using the assigned simulation tool and
its current distributions are analyzed to study the filter characteristics in the passband
and the stopband. The LC equivalent circuits of the optimized structures are
developed and validated with the EM simulation result. Accordingly, the final
optimized structures are fabricated. Then the measurement results are compared to the
simulation results. The characteristics of each of the designed filter are summarised

below.



Filter design using cascaded patch resonators- In this method polygonal patch
resonators are cascaded to develop a lowpass filter (Filter-1) with good selectivity. To
extend the stopband, symmetrical open circuited stubs are introduced in the design
and thereby the filter is able to reject up to 6" order harmonics. The detailed analysis
of the filter is presented in chapter 3 and this work has been reported in Publication 1.
To increase the order of harmonics rejection, the open stubs of the filter are replaced
by suppressing cells. The selectivity as well as the stopband bandwidth of this filter
(Filter-II) is improved with very low insertion loss and this improved structure is
reported in Publication 6. Both the designed filters are suitable for use in wireless

LAN, L-band applications, Bluetooth networking etc.

Developments with interdigital structures and folded stepped impedance
resonators-To improve the roll-off rate and stopband characteristics with high
suppression level, an interdigital structure embedded between the dual rectangular
patches along with the coupled inductive stub resonators are designed and named as
Filter-1. Wide passband up to 3.9 GHz is achieved and thus the filter finds its
application in various high frequency networks such as Wi-Max, WLAN, UMTS,
Bluetooth, etc and harmonic rejection up to 5™ order is possible. Result of this work
is narrated in Publication 5. To obtain sharp selectivity along with good passband and
stopband characteristics, Filter-2 is designed using folded stepped impedance
resonators and modified hexagonal shaped resonators. The outcome of this work is
presented in Publication 3. Generally, both sharp selectivity and ultra wide stopband
are difficult to achieve in a low cost, lossy substrate such as FR4. Filter-3 is designed
so as to have sharp roll-off and wide stopband up to 20 GHz using folded stepped
impedance resonators, modified hexagonal shaped resonators and open stubs. The
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insertion loss of the filter is very low and has constant passband group delay
characteristics. This design is reported in Publication 4. The proposed Filter-2 and
Filter-3 are designed near the cutoff frequency of 2 GHz and are thus suitable for

various L-band applications. These three works are discussed in chapter 4.

Filter development using defected ground structures- The frequency response
characteristics of a basic lowpass filter improved using defected ground structures is
presented in Filter-1. Filter-I describes three structures, the basic lowpass filter, Filter-
1 and Filter-2. A basic lowpass filter designed for the cutoff frequency of 2 GHz is
improved without compromising on its physical size by using H-shaped defected
ground structures is discussed in Filter-1. The structure is further improved with same
circuit size of Filter-1 and named it as Filter-2. It is able to suppress up to 10™ order
harmonics as compared to 5™ order in the case of basic lowpass filter. The in-band
characteristics such as the very low value of insertion loss, high return loss with good
selectivity and out-of-band responses of wide stopband with high rejection level are
obtained in Filter-2 and the results of this work is narrated in Publication 2. To
improve the roll-off rate along with ultra wide stopband bandwidth, a modified
dumbbell defected ground resonator is designed in Filter-II. The filter is designed
with the cutoff frequency, f. of 2.07 GHz using stair shaped resonators, open stub and
suppressing cells along with defected ground structures. The stopband up to 9.7/ is
achieved using this filter and thus higher order harmonics are effectively suppressed.
This work is reported in Publication 7. The detailed analysis of Filter-I and Filter-II

are discussed in chapter 5.
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Filter developed using defected ground and defected microstrip resonators- A
lowpass filter designed for the cutoff frequency of 2.11 GHz using defected structures
to improve the roll-off rate and stopband bandwidth with miniaturized circuit size is
discussed in chapter 6. Here, the basic defected ground structure is modified by
incorporating interdigital slots and thus the roll-off rate as well as the circuit
miniaturization are achieved. Results show that the proposed defected ground
structure improves the roll-off rate and 68.8% circuit miniaturization as compared to
the basic defected structure. An inverted L-shaped slot acting as spurline resonator is
introduced in the top 50 Q microstrip line to increase the stopband suppression level
at a certain band of frequencies and symmetrical open stubs are loaded on the
microstrip line. Simulation results indicated sharp selectivity of 194.7 dB/GHz and
wide stopband up to 22 GHz. Measurement could be done up to 20 GHz only and 9.5
fe stopband width is achieved along with selectivity of 100 dB/GHz due to the
fabrication tolerance of the structure. This paper is communicated to an international

publication and waiting for their response.

Even though FR4 is a lossy material, it has advantages like low cost, easy availability,
light weight and good mechanical strength. By adopting appropriate design
methodology, high performance lowpass filters suitable for modern wireless
communication applications are designed and fabricated. The performance is

comparable to those filters realized based on high cost materials.
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7.2 SCOPE OF FUTURE DEVELOPMENTS IN THE WORK
For the overall improvement of lowpass filter characteristics, the following

possibilities are suggested based on the study conducted in the field.

1. In this work, only three variety of defected ground structures are utilized to
develop compact, sharp roll-off and wide stopband filters. By suitably
designing defected ground structures of different shape, the frequency

response characteristics of the lowpass filter can be improved.

2. As mentioned in the thesis, as the thickness of the substrate decreases, the
cutoff frequency of the filter also reduces and thus size miniaturization can be
achieved. Similarly, as relative permittivity of the substrate increases, the
cutoff frequency reduces. Thus a filter fabricated using low substrate
thickness with high permittivity, compact, wide stopband and good selectivity

can be achieved.

3. As we know, the electromagnetic spectrum is valuable and very limited and
the spectrum is utilized for a variety of applications. The spectrum utilization
can be done more efficiently by using tunable or reconfigurable microstrip
lowpass filters. Reconfigurable planar filters are highly desirable nowadays to
use in modern wireless communications. Using simple resonator structures,
tunable lowpass filters can be designed for modern efficient use of the

spectrum.
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4. The most important characteristics of a lowpass filter is its passband insertion
loss. It should be of very low value so as to transfer maximum energy from
the source to the load. To generate a filter with very low passband insertion
loss as well as wide stopband bandwidth, High Temperature Superconducting
(HTS) technique can be used. But this method is very expensive to be

implemented.

5. Miniaturized lowpass filters can be fabricated using modern technology such
as the Integrated Passive Device (IPD) or Through-Silicon-Via (TSV) based
method. This type of filters may take only I mm x 1 mm size, which indicates
that these methods of filter fabrication is very effective for realizing compact

structures.
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