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Summary

Using Electromagnetic Bandgap Structures (EBGS) is a new technology to improve the
performances of existing RF and microwave active and passive devices. Due to the
realization of growing demand for larger bandwidth, high capacity RF and microwave
devices as well as better efficiency in the field of wireless technologies new technologies
of designing such devices are being reported all over the world. On the consequence of
such latest technologies realizing microwave filters and antennas with Electromagnetic
Bandgap Structures are one of the best of them. The technological design is very simple
than any other devices — it is just made upon a dielectric substrate with copper coating on
both sides. By etching these copper coating: microstrip transmission line (T-line) on the
upper side and EBGS on the ground plan are made (a typical design is shown in figure 1);
which shows the performance like stopband, passband and LPF filters (figure 2 is a result

of a typical design).

Transmission Line

Ground Plane

EBGS

Figure 0.1 : Geometry of a circular EBGS assisted microstrip Transmission line.
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Figure 0.2: S-Parameter performance of Circular EBGS assisted Transmission line

Throughout the whole thesis work some parametric studies and several new designs of
EBGS are introduced and described. The thesis concerns the planar EBG structures in the
forms of conventional circular, square, triangular, hexagonal and rectangular EBGSs and
various patterned dumbbell shaped EBGS as well as some hybrid designs of EBGS.
Ripple free passband and wider stopband properties and low pass properties of filters are
observed. Use of binomially distributed regular and dumbbell shaped designs are studied
and ripple free low pass performance is achieved. Electromagnetic field is confined at the
beneath of the T-line is proved and classified filter performances are realized for various
designs in this paper. EBGSs, in recent years, have become most popular due to their low
profile, ease of fabrication and integration with monolithic microwave integrated circuits

(MMICs).

Vi
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Chapter 1 : Introduction to Microwave Engineering

1.1 Introduction:

The microwave refers to an alternating current signals with frequencies between 300 MHz and 300
GHz with corresponding electrical wavelength between A = ¢/f = 1m and A = Imm respectively. It
is quite impossible to solve microwave network problem using standard circuit theory directly but
standard circuit theory is an approximation of the broader theory of electromagnetism as described
by Maxwell’s equations. The lumped circuit element approximations of circuit theory are not valid
at microwave frequencies significantly over the physical extent of the device, because the device
dimensions are on the 0. Microwave components are often distributed elements, where the phase

of a voltage or current changes significantly over the physical extend of the device.

Microwaves are electromagnetic waves whose wavelengths are ranging from one meter to one
millimeter. Equivalently we can say that the frequencies of microwaves are ranging from
300 MHz (0.3 GHz) to 300 GHz are known as microwaves. Very Low Frequency (VLF), Low
Frequency (LF), Medium Frequency (MF), High Frequency (HF), Very High Frequency (VHF),
Ultra High Frequency (UHF), Super High Frequency (SHF) & Extreme High Frequency (EHF) all
are treated as microwaves as their frequency range is in between the frequency range of
microwave frequency range. The frequency band with their designation & typical service are

given below as a form of table.



Table 1.1: Frequency Band Designation.

Frequency Band

Designation

Typical Service

3-30kHz

Very Low Frequency

(VLF)

Navigation, Sonar

30 - 300 kHz

Low Frequency

(LF)

Radio beacons, Navigational aids

300 — 3000 kHz

Medium Frequency

(MF)

AM Broadcasting, Maritime radio, Coast Guard

Communication, Direction finding

High Frequency

Telephone, Telegraph, Facsimile, Shortwave

international broadcasting, amateur radio,

(VHF)

3-30 MHz
(HF) Citizen’s band, Ship-to-coast and ship-to-aircraft
communication
Very High Frequency | Television, FM broadcasting, Air-traffic control,
30 - 300 MHz

Police, Taxicab mobile radio, Navigational aids

300 - 3000 MHz

Ultra High Frequency

Television, Satellite communication,

Radiosonde, Surveillance radar, Navigational

Frequency (EHF)

(UHF)

aids,

Air borne radar, Microwave links, Common-
Super High
3-30GHz carrier land, Mobile communication, Satellite
Frequency (SHF)
communication
Extreme High
30 - 300 GHz Radar
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Figure 1.1: Frequency range of waves.

In the UHF band, up to around a frequency of 1 GHz, most communication circuits are
constructed using lumped-parameter circuit components. But in the frequency range from 1 up to
100 GHz or higher, lumped circuit elements are usually replaced by transmission line and
waveguide components, generally known as distributed components because at high frequency
typical inductor becomes short circuit and capacitor becomes open circuited; therefore, some new
suitable realizations and technologies are badly needed for wireless system in case higher
frequency operation.

1.2 Applications of Microwave Engineering:

Just as the high frequencies and short wave lengths of microwave energy make for difficulties in
analysis and design of microwave components and systems, these same factors provide unique
opportunities for the application of microwave system. This is because of following

considerations:
= Antenna gain is proportional to the electrical size of the antenna. At higher frequencies,
more antenna gain is therefore possible for a given physical antenna size, which has

important consequences for implementing miniaturized microwave systems.



= More bandwidth can be realized at higher frequencies. Bandwidth is critically important
because available frequency bands in the electromagnetic spectrum are being rapidly

depleted.

= Microwave signals travel by line of sight are not bent by the ionosphere as are lower
frequency signals and thus satellite and terrestrial communication links with very high

capacities are possible.

= Effective reflection area (radar cross section) of a radar target is proportional to the target’s

electrical size. Thus generally microwave frequencies are preferred for radar systems.

= Various molecular, atomic, and nuclear resonances occur at microwave frequencies,
creating a variety of unique applications in the areas of basic science, remote sensing,

medical diagnostics and treatment, and heating methods.

= Various molecular, atomic, and nuclear resonances occur at microwave frequencies,
creating a variety of unique applications in the areas of basic science, remote sensing,

medical diagnostics and treatment, and heating methods.

Today, the majority of applications of microwaves are related to radar and communication
systems. Radar systems are used for detecting and locating targets and for air traffic control
systems, missile tracking radars, automobile collision avoidance systems, weather prediction,
motion detectors, and a wide variety of remote sensing systems.

Microwave communication systems handle a large fraction of the world’s international and other

long haul telephone, data and television transmissions.

Most of the currently developing wireless telecommunications systems, such as direct broadcast
satellite (DBS) television, personal communication systems (PCSs), wireless local area networks
(WLANS), cellular video (CV) systems, and global positioning satellite (GPS) systems rely

heavily on microwave technology

Radar systems find application in military, commercial and scientific systems. Rader is used for
detecting and locating air, ground and seagoing targets as well as for missile guidance and fire
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control. In commercial sector radar technology is used for air traffic control, motion detector,
vehicle collision avoidance and distance measurement. Scientific applications of radar include
weather prediction, remote sensing of the atmosphere, the oceans, the ground and medical
diagnostics and therapy. Microwave radiometry which is the passive sensing of microwave energy
emitted from object is used for remote sensing of the atmosphere and the earth as well as medical

diagnostics and imaging for security applications.

1.3 Microwave Transmission lines:

Transmission lines that are use to convey microwave frequency signals called microwave

transmission lines.

In an electronic system, the delivery of power requires the connection of two wires between the
source and the load. At low frequencies, power is considered to be delivered to the load through
the wire.

In the microwave frequency region, power is considered to be in electric and magnetic fields that
are guided from lace to place by some physical structure. Any physical structure that will guide an

electromagnetic wave place to place is called a Transmission Line.

1.4 Microwave filters:

Microwave filters represent a class of electronic filter design to operate on signals in the MHz to
GHz frequency ranges. This frequency range is the range used by most broadcast radio, television,
wireless communications like Cell phone, Wi-Fi, Wi-Max and the most radio frequency and
microwave devices will include some kinds of filtering on the signals transmitted or received.
Such filters are commonly used as buildings blocks to duplexers and diplexers to combine or

separate multiple frequency bands.

There are mainly four types of filters with respect to functions,
= Lowe-pass filter
= High-pass filter
= Band-pass filter

= Band-stop filter



1.5 Different type of filtering devices:

A large variety of passive microwave circuit components or devices have been developed for use
in both laboratory and in microwave communication & radar systems. The most commonly used
microwave devices including transmission line, waveguides, attenuators, phase shifters,

directional couplers, power dividers, hybrid junctions, isolators or gyrators and circulators.

The amount of active microwave devices is not very few. A lot of active microwave devices been
developed for use in both laboratory and in microwave communication & radar systems. The most

commonly used active microwave devices including oscillators, power amplifier, mixers etc.

It is known to everybody that the electronic filters are circuits that remove unwanted frequency
components from incoming signal and thus enhance the range of frequency we want. An
electronic filter that operates within the range of frequency from 0.3 to 300 GHz is basically
defined as microwave filters. On the other hand, a microwave filter is a frequency selective two-
port network with low levels of attenuation or insertion loss in its pass-band and specified high
levels of attenuation in its stop-band. Typical frequency responses include low-pass (allows only
frequencies below a cutoff frequency to pass), high-pass (allow only frequencies above a cutoff
frequency to pass), band-pass (select only a desired band of frequencies) and band-reject or band-
stop (eliminate an undesired band of frequencies) characteristics. Applications can be found in

virtually any type of microwave communication, radar, or test and measurement system.

Stopband

s T

I~

e

Transition
band

Figure 1.2: Basic filter prototype showing pass-band-stop-band performance.



An example specification for a microwave low pass filter response is shown in Fig. 1.2. In this
example, the pass-band insertion loss must be less than 1 dB from D.C. to 4 GHz. The stop-band
attenuation must be greater than 50 dB from 8 GHz to 18 GHz. In addition there is a specification
on the input return loss return loss of greater than 20 dB in the pass-band. This means that any
signal incident on the filter in the frequency range of its pass-band must be 99% transmitted or
absorbed; only 1% of incident power can be reflected. A high level of return loss, typically 20 dB
or greater, implies a flat low ripple insertion loss characteristics, which is very desirable from the

point of view of signal distortion.

In general, microwave filters are most often made up of one or more coupled resonators and thus
any technology that can be used to make resonators can also be used to make filters. The unloaded

quality factor of the resonators being used will generally set the selectivity the filter can achieve.

1.5.1 Lumped - element LC filters:

An LC tank circuit consisting of parallel or series inductors and capacitors is a best example of a
simplest resonator structure. These LC tank circuits have the advantage of being very compact &
small in size, but having the low quality factor of the resonators which leads to relatively poor

performance.

Figure 1.3 : Commercial photograph of Lumped-element LC filters.

Lumped-Element LC filters have both an upper and lower frequency range. When the frequency
gets very low such as kHz to Hz range, then the size of the inductors used in the tank circuit
becomes prohibitively large. Very low frequency filters are often designed with crystals to



overcome this problem. As the frequency gets higher, into the 600 MHz and higher range, the

inductors in the tank circuit become too small to be practical.

1.5.2 Planar filters:

Micro-strip transmission lines (as well as CPW or strip-line) can also make good resonators and
filters which offer a better compromise in terms of size and performance with respect to lumped
element filters. The process used to manufacture micro-strip circuits is very similar to the
processes used to manufacture PCB and these filters have the advantage of largely being planar.
Precision planar filters are manufactured using a thin-film process. Higher Q factors can be
obtained by using low dielectric materials for the substrate such as quartz or sapphire and lower

resistance metals such as gold.

Figure 1.4: Commercial photograph of Planer filters

1.5.3 Coaxial filters:

Coaxial transmission lines provide higher quality factor than planar transmission lines and are thus
used when higher performance is required. The coaxial resonators may make use of high-dielectric

constant materials to reduce their overall size.

’l‘_‘-?l L)
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Figure 1.5: Commercial photograph of Coaxial filters



1.5.4 Cauvity filters:

Still widely used in the 40 MHz to 960 MHz frequency range, well constructed cavity filters are
capable of high selectivity even under power loads of at least a megawatt. Higher Q as well as
increased performance stability at closely spaced (down to 75 kHz) frequencies can be achieved
by increasing the internal volume of the filter cavities.

Physical length of conventional cavity filters can vary from over 82" in the 40 MHz range, down
to under 11" in the 900 MHz range.

Figure 1.6: Commercial photograph of Cavity filters.

In the microwave range (1000 MHz (or 1 GHz) and higher), cavity filters become more practical
in terms of size and a significantly higher quality factor than lumped element resonators and

filters, though power handling capability may diminish.

1.5.5 Dielectric filters:

Pucks made of various dielectric materials can also be used to make resonators. As with the
coaxial resonators, high-dielectric constant materials may be used to reduce the overall size of the
filter. With low-loss dielectric materials, these can offer significantly higher performance than the

other technologies previously discussed.

(-
Lo

Figure 1.7: Commercial photograph of Dielectric filters.




1.5.6 Electro acoustic filters:

Electro acoustic resonators based on piezoelectric materials can be used for filters. Since acoustic
wavelength at a given frequency is several orders of magnitude shorter than the electrical
wavelength, electro acoustic resonators are generally smaller than electromagnetic counterparts

such as cavity resonators.

A common example of an electro acoustic resonator is the quartz resonator which essentially is a
cut of a piezoelectric quartz crystal clamped by a pair of electrodes. This technology is limited to
some tens of megahertz. For microwave frequencies, thin film technologies such as surface

acoustic wave (SAW) and bulk acoustic wave (BAW) have been used for filters.

1.6 Microwave Filter design:

There is a vast amount of published literature on the design of microwave filters from which some
are highly mathematical. Fortunately there are some relatively straight forward procedures which

enable us to design certain useful classes of microwave filters.

Filter designing using the image parameter method consist of a cascade of simpler two-port filter
sections to provide the desired cutoff frequencies and attenuation characteristics but do not allow
the specification of a frequency response over the complete operating range. Thus, although the
procedure is relatively simple, the design of filters by the image parameter method often must be

iterated many times to achieve the desired results.

A more modern procedure, called the insertion loss method, uses network synthesis techniques to
design filter with a completely specified frequency response. The design is simplified by
beginning with low-pass filter prototypes that are normalized in terms of impedance and
frequency. Transformations are then applied to convert the prototype designs to the desired

frequency range and impedance level.

Both the image parameter and the insertion loss method of filter design provide lumped element
circuits. For microwave applications such designs usually must be modified to use distributed

elements consisting of transmission line sections.
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1.6.1 PBGS and EBGS:

Photonic Band Gap (PBG) materials, also known as photonic crystals, are materials which have a
band gap due to a periodicity in the materials dielectric properties. The band gap in photonic
crystals represents the forbidden energy range where wave behaving photons can not be
transmitted through the material. This behavior is equivalent to electrons in crystalline
semiconductors and in the same manner PBG materials can be used to affect and control the

movement of electromagnetic waves.

Recently researchers decided that PBGS is not the appropriate name. The name should be EBGS
because the structures actually affect electromagnetic waves not photonic waves. So previously
called PBGS are now called EBGS.

1.6.2 EBG Structures:

EBG structures are periodic in nature, which may be realized by drilling, cutting and etching on
the metal or substrates. They may be formed in the ground plane or over the substrate. The
transmission line can also be modified to form EBG characteristics without having any
perturbation in the ground plane. This new idea can be extended to filter, antenna and other
microwave component and devices where the complexity of packaging is minimized. The EBG
configuration is categorized as shown in figure 2.1. On the basis of dimension, EBG structures
may be divided into 1-D, 2-D and 3-D EBGSs. Following are the descriptions of different EBG

structures.

EBG Structures

v

| : I I

Bumpy Surface Corrugated Surface | | Metal Pad Planar EBGS

Figure 1.8: Different EBG structures
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1.6.3 Applications of EBG Structure:

Due to the unique properties of EBG engineered structures, they find many applications in
microwave circuit components and devices. To realize microwave filters, mixers, antennas, power
amplifiers, phased arrays etc. the stopband and passband created by the EBG structures to enhance

performances of devices. Here the beneficial effects of EBGSs in different devices are discussed.

Application of Planar EBG Structures in Microwave Enaineerinag

!
v ! v

Active devices Passive devices Radiators
) Oscillators L » T-lines l
Antennas
—® Mixers 3| Waveguide
.. Filters
Ly Amplifiers —

Figure 1.9: Tree- structure of applications of planar EBGSs.

1.7 Objective of the Thesis:

The goal of this thesis is to find out the effect of uniform and non-uniform EBGS on micro-strip
transmission line regarding band-stop and low pass filtering operation as well as to observe the
performance of various designs. The use of proper EBG structure is very important for filtering
operation. Hence, some parametric studies are done and several designs are tested and their results
are described. Some investigations are focused on the improvement of the performances and
transforming the pattern of the results. Some characteristic changing patterns are studied to find

out the relation between some parameter and filtering performance.

%+ The project has the following objectives:
= Design of novel EBG elements on the ground plate of micro-strip transmission line that

will provide broadband and distinct pass-band and stop-band characteristics.

12



= Circular and square shaped EBGS design for different filling factor with also investigated
to achieve better performance.

= Effects of etching area on the performances of filtering operation for circular, square,
triangular and hexagonal shaped EBGS will be investigated.

= Effect of thickness on the performance of filtering operation will also be investigated.

= Effect of one line and three line EBGS will be studied.

= Performance of non-uniform binomially distributed EBGS will also be studied.

= Performance of some modified non-uniform EBGS will also be analyzed.

= Different patterned Dumbbell shape EBGS also be investigated to achieve more
compactness.

= Binomially distributed dumbbell shaped designs will be investigated to achieve ripple free

low pass performance.

1.8 Original Contributions:

The following items are the original contributions stemmed from the thesis.

= Effect of filling factor is closely inspected and the filtering performance is described.

= EBGS of circular, square, triangular and hexagonal shape of same etching shows almost
same results.

= Analysis of one line and three line EBGS shows same performance.

= Non-uniform binomially distributed EBGS shows low pass characteristics.

= Some modified designs shows good low pass characteristics.

= Dumbbell shaped EBGS assisted designs are more compact and shows low pass
performance

= Binomially distributed dumbbell shaped designs shows ripple free low pass performance.

13



1.9 Thesis outlines:

Followings are the outline of the thesis.

In chapter 1, the introduction of the research work is reported.

In chapter 2, the basic theory of periodic structures and design equations are presented. To
get the idea about the pass-band-stop-band phenomena of the EBGS, numerical result for
dispersion diagram has been reported.

In chapter 3, study of different parameters of uniform EBGS and microstrip transmission
line are presented and simulated data are analyzed.

In chapter 4, binomially distributed even and odd numbered EBGS assisted microstrip
transmission line are studied and several designs are analyzed. Some modified non-
uniform designs are also investigated.

In chapter 5, uniform and binomially distributed non-uniform dumbbell shaped designs are
studied and some parametric studies are made.

In chapter 6, conclusions and recommendation for future work have been presented.

14



Chapter 2 : Theoretical Background

2.1 Introduction:

Recently EBGSs have occupied significant portions of microwave engineering literature to
enhance the performance of many microwave devices and components. The nomenclature EBG is
actually used in the optical communication. Recently they are scaled down to RF engineering.
They are very old concepts in terms of periodic structures. EBG structures are periodic in nature.
They originate from stopband and passband like periodic structures. To understand the stopband
and passband phenomena in EBG structures, it is better to study the conventional periodic

structure.

Waveguides and transmission lines loaded at periodic intervals with identical reactive elements are
referred to as periodic structures. This type of period structures yield two distinct properties,
namely Passband — stopband characteristics; and Stemming waves with phase velocity lower than

the velocity of light in free space.

In the passband the EM wave is unattenuated along the structure. There may be some incidental
conductor loss only. On the other hand, in the stopband the EM wave is totally attenuated so that it
cannot propagate throughout the structure. This stopband — passband characteristics are very

important to suppress the surface waves, a crucial issue in microwave engineering.

EM wave having the velocity lower than the velocity of light in free-space is called slow wave.
Periodic perturbation in the ground plane provides periodic discontinuity. Thus the slow wave
property of the EM wave is achieved. Slow wave structures (SWSs) are promising candidates for
compact design.

15



2.2. Microwave Transmission lines Theories:

What is Microwave Transmission Line?

Transmission lines that are use to convey microwave frequency signals called microwave

transmission lines.

In an electronic system, the delivery of power requires the connection of two wires between the
source and the load. At low frequencies, power is considered to be delivered to the load through

the wire.

In the microwave frequency region, power is considered to be in electric and magnetic fields that
are guided from lace to place by some physical structure. Any physical structure that will guide an

electromagnetic wave place to place is called a Transmission Line.

The basic difference between conventional circuit theory and transmission line theory is the
electrical size. Circuit analysis assumes that the physical dimensions of a network are much
smaller than the electrical wavelength, while transmission lines may be a considerable fraction of
a wavelength or many wavelengths, in size. Thus a transmission line is a distributed-parameter

network, where voltage and currents can vary in magnitude and phase over its length.

(a)
i(z,1)
L : 1
+
v(z,t)
: -,
< Az >
(b)

Figure 2.1: (a) Two ports T-line, (b) Voltage and current definitions
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i(z,0) i(z+tAz, 1)
e ——— R

YTV
L Az
+ R Az +
vz, D G Az L CAz VE+AzD
(©)

Figure 2.2:( ¢c) Lumped-element equivalent circuit.

As shown in figure 2.1(a), a transmission line is often schematically represented as a two-wire
line, since transmission lines (for TEM wave propagation) always have at least two conductors.
The piece of line of infinitesimal length Az of figure 2.1(a) can be modeled as a lumped-element
circuit, as shown in figure 2.1(b), where R, L, G, C are per unit length quantities defined as
follows:

R = series resistance per unit length, for both conductors (Q/m)
L = series inductance per unit length, for both conductors (H/m)
G = shunt conductance per unit length (S/m)

C = shunt capacitance per unit length (F/m)

The series inductance L represents the total self-inductance of the two conductors and the shunt
capacitance C is due to the close proximity of the two conductors. The series resistance R
represents the resistance due to the finite conductivity of the conductors and the shunt conductance
G is due to dielectric loss in the material between the conductors. A finite length of transmission
line can be viewed as a cascade of sections of the form shown in figure 2.1(b).

From the circuit of figure 2.1(b), Kirchhoff’s voltage and current law can be applied to give

v(z,t) — RAzi(z,t) - LAz oz, v(z+Az,t) =0
ot (2.1)
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NV(Z+AZY Azt =0

i(z,t) - GAzv(z+ Az,t) - CAz
ot (2.2)

Dividing 2.1 and 2.2 by Az and taking the limit as AZ — 0 gives the following differential

equations:
ov(z,t) _ Ri(z,t)- L 0i(z,t)

0z ot (2.3)
0i(z,t) _ v (z,1)-C ov(z,t)

0z ot (2.4)

These equations are known as telegrapher’s equations. For the sinusoidal steady-state condition

with cosine-based phasors simplify to

M= -(R+ joL)I(z)

dz (2.5)
dl (z) .

These two equations can be solved simultaneously to give wave equation for V (z) and | (2):

dzvgz) N (2) =0
dz 2.7)

LRI ATOR.
dz (2.8)

Where ¥ =@ + 1B = JR + joL)G + joC) 2.9)
The complex propagation constant which is the function of frequency. Traveling wave solution

can be found as

V(z)=V, e 7" +V,e” (2.10)

1 (z)= 1e 7" + l, e’ (2.11)
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Where the € term represents wave propagation in the +z direction and the " term represents
wave propagation in the —z direction. So the current on the line is
1(z)= —L— B/O*e’yZ —Vo’eﬂ]

And the characteristic impedance Zo is

7 R+ jpL  |R+ joL

The above solution was for a general transmission line, including loss effects and it was seen that

the propagation constant and characteristic impedance were complex. In many practical cases the
loss of the line is very small to be neglected. Setting R = G = 0 in equation (2.9) gives the
propagating constant.

Yy = a + Jﬁ = JC() “/ LC (214)
B = Jo~NLC (2.15)
a=0 (2.16)

As expected for the lossless case, the attenuation constant & is zero. The characteristic
impedance of equation (2.13) is reduce to

L
Z,=.]—
C (2.17)
That is now a real number. The general solutions for voltage and current on the lossless

transmission line can be written as

V(z)=V,2e 4V el 2.18)

|(Z)= Io*e’”“+ |07(i‘jﬁZ (2.19)

Where the wave length and the phase velocity are
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1= 2r 2r
Wave length, B o~LC
v, = o _ 1
’ B JLC

Phase velocity,

2.2.1 Some Terminologies of Loaded T-Line facts:

(2.20)

(2.21)

First of all, A T-line is said to be loaded when transmitter or receiver will be connected with it.

There can be several ports on T-line; but for the ease of depiction a standard T-line of two ports

will be considered.

) dy

Forward Q ?
measurement .
D,

O—

(v 2.rev Reverse
measurement

Port 1

Figure 2.3: A two ports T-line showing S — parameter matrix.

Here,

S11 = input port voltage reflection co-efficient.

S12 = reverse voltage gain.
S21 = forward voltage gain.

S22 = output port voltage reflection co-efficient.

However, on the basis of these parameters some important ratios and factors as well as

terminologies are defined, they are —
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Reflection Co-efficient (I'r or I'): The ratio of the reflected Power or voltage to the incident

Power or voltage is known as reflection co-efficient.

_ Reflected Power or voltage
Incident Power or Voltage

r

Transmission Co-efficient (I't or T): The ratio of the transmitted power or voltage to the

incident power or voltage is known as transmission co-efficient.

_ Transmitte d Power or voltage
Incident Power or Voltage

T

Return Loss (Rp): Calculation of reflection co-efficient in deci-bell (dB) unit is called Return
loss. Therefore, return loss (RL) is defined as:

RL=-20log |I'r|dB. (For voltage)
RL=-10log|Ir|dB. (For power)

Insertion Loss (I.): Calculation of transmission co-efficient in deci-bell (dB) unit is known as
Return loss. Therefore, Insertion loss (1) is defined as:

IL=-201og|I'v|dB (For voltage)
IL=-101log|I'v|dB (For power)

Voltage Standing Wave Ratio (VSWR): Standing wave ratio (SWR) is the ratio of the voltage of
a partial standing wave at antinodes (maximum) to the voltage at an adjacent node (minimum) is
known as VSWR.
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2.2.2 The Terminated Lossless Transmission Line:

Assume that a lossless transmission line is terminated in an arbitrary load impedance Z, as shown

is figure 2.3.

—_— = . jvlL
ZL

A4

A

Figure 2.4: A transmission line terminated in a load impedance Z,.

An incident wave of the form Voe is generated from a source at z < 0. It has been seen that the
ratio of voltage to current for such traveling wave is the characteristic impedance, Zo. But when
the line is terminated in an arbitrary load Z_# Zo, the ratio of voltage to current at the load must be
Z,. Thus, a reflected wave must be excited with the appropriate amplitude to satisfy this condition.

The total voltage on the line can be written as the sum of incident and reflected waves:
_ +a - B2 -4 Bz
V(z)=V,e +V, e (2.22)

Similarly, the load current on the line is described by

1(z)= Vol g-ire = Vo g ine
Z 0 Z 0
(2.23)
The total voltage and current at the load are related by the load impedance, so at
z = 0 we must have
V(0) Vi +V, 7

7 = _
C10) vV T (2.24)

Solving for Vo gives
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V, :ﬁvg
Zu+Z, (2.25)
The amplitude of the reflected voltage wave normalized to the amplitude of the incident

voltage wave is defined as voltage reflection co-efficient, I'r:

v, Z,+Z, (2.26)

The total voltage and current waves on the line can be then written as

V(z)=V, e + e | 2.27)

1(2)= \;—J[eiﬁz —Tei”]
0 (2.28)
From these equations it is seen that the voltage and current on the line consist of a superposition of
an incident and reflected wave; such waves are called standing waves. Only when I'r = 0 there is
no reflected wave. To obtain I' = 0, the load impedance Z, must be equal to the characteristic
impedance Zo of the transmission line which can be easily understood from equation 2.23. Such a
load is then said to be matched to the line, since there is no reflection of the incident wave.

When the load is mismatched, not all of the available power from the generator is delivered to the
load. This “loss” is called return loss (RL) and is defined as

RL = -20log | I'r | dB (2.29)

So that a matched load (I' = 0) has a return loss of o dB (no reflected power) whereas total

reflection (| I" | = 1) has a return loss of 0 dB(all incident power is reflected).

+

If the load is matched to the line, I' = 0 and the magnitude of the voltage on the line is MZ)‘ - NO ,

which is a constant. Such a line is sometimes said to be “Flat”. When the load is mismatched,
however, the presence of a reflected wave leads to standing waves where the magnitude of the
voltage on the line is not constant. Thus we get

[V(Z)|:’V0+ :’VoJr}l"'reizml‘:’VoJr

}1+ [e?iF

p+ |F|ej(9—2ﬁl)‘ (2:30)
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Where | = - z is positive distance measured from the load at z = 0 and 6 is the phase of the

. o T=e’ _ . . . .
reflection co-efficient ( ‘He ). This result shows that the voltage magnitude oscillates with
position z along the line. The maximum value occurs when the phase term el =1 and is
given by

Vi = Mo @+ T

max 0 ( | |) (2.31)
The minimum value occurs when the phase term el =1 and is given by
J— + _
V min - r\/ 0 (1 |r |) (232)

As |['] increases, the ratio of Vimax to Vmin increases, so a measure of mismatch of a line, called the
standing wave ratio (SWR), can be defined as
Vi _ 14T

swr= Ve 1= (2.33)

This quantity is also known as the voltage standing wave ratio (VSWR). From the equation it is

seen that SWR is a real number such thatl <SWR <o \where SWR = 1 implies that a matched

load.

Now consider a transmission line of characteristic impedance Zo feeding a line of different
characteristic impedance Z1. If the load is infinitely long or if it is terminated in its own
characteristic impedance as a result there are no reflections from its end then the input impedance
seen by the feed line is Z1. Thus the reflection co-efficient, I is

Zl B Zo

I'r=———
Z, +Z,

(2.34)
Not the entire incident wave is reflected; some of it is transmitted onto the second line with

voltage amplitude given by a transmission co-efficient, T. Now the voltage for z< 0 is

V(z)=V, [e 7 +Tre | for <0 (2.35)

+

Where Vo is the amplitude of the incident voltage wave on the feed line. The voltage wave

forZ >0 in the absence of reflections, is outgoing only and can be written as
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V(z)=VyTe for 2>0 (2.36)

Equating these voltages at z = 0 gives the transmission co-efficient, T as

To1+r-145"% __24
Z,+7Z, Z,+Z,

(2.37)
The transmission co-efficient between two points in a circuit is often expressed in dB as the

insertion loss, I,

IL=-201log| T |dB

2.3 Types of transmission lines:

R/
L X4

Two wire line

R/
L X4

Coaxial cable

s Waveguide

» Rectangular
» Circular

>

«» Planar Transmission Lines

L)

» Coplanar Waveguide
Strip line

Microstrip line

Slot line

Fin line

YV V V VYV VY

Coplanar slot line

2.3.1 Co-planner waveguide:

A coplanar waveguide (CPW) fabricated on a substrate was first demonstrated by C. P. Wen in
1969. Since that time, tremendous progress has been made in CPW based microwave integrated
circuits (MICs). A conventional CPW on a dielectric substrate consists of a center strip conductor
with semi-infinite ground planes on either side as shown in fig 3.4. This structure supports a quasi-
TEM mode of propagation as microstrip line.

25



A 4
A
A\ 4
A

Figure 2.5: Conventional CPW

For CPW, the dimension of the center strip, the gap, the thickness and permittivity of the dielectric

substrate determine the effective dielectric constant Egff, characteristic impedance Zo and the

attenuation constant o of the line. Using conformal mapping, it can be shown that Zo and Eeff for a

CPW on an infinitely thick dielectric substrate are given as below:

1+ ¢,
Eett = — 5
2 (2.38)
30z Klk,)
Z, =
(e, +1)72 K(k,) (2.39)
Where,
ko = W
W +2G

K, = 1 K2

And K(x) is the complete elliptic integral. More complicated expressions are available for the
CPW with substrate of finite thickness.

2.3.2 Strip-line:

The basic strip transmission line consists of a thin conducting strip of width W centered between
two wide conducting ground planes of separation H and the entire region between the ground

planes is filled with a dielectric of relative permittivity Er.
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Stripline is usually constructed by etching the center conductor on a grounded substrate of
thickness H/2 and then covering it with another grounded substrate of the same thickness as shown

in figure 2.5

(a) (b)

Figure 2.6: Geometry of stripline (a) symmetric stripline & (b) offset stripline

Because they consists of two conductors and a homogeneous dielectric, striplines support TEM
waves which is the desired mode of operation. This is because of the simpler electrostatic analysis
that may be used when considering TEM mode of operation.

It also supports higher TM and TE modes which may be avoided by using shorting screws

between ground planes and by restricting the plane spacing to less than A/4.

The phase velocity (VP ), propagation constant () and characteristic impedance (Zo) of a stripline
at TEM mode is given by:
1

V Ho&oby
B :Vﬂ = O Ho&o, = kO\/z

P

. _\/I_\/LC 1
S Ve cwe (2.40)

Where, L and C are the inductance and capacitance per unit length of the line. Therefore, Zo can

Vp =

be found by knowing the value of C.
Using an approximate electrostatic solution, it can be shown that the capacitance per unit length is

given by:
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W
- Z 2asin(nzW /2a)sinh(nzb/ 2a)
1 (nz)’g,¢, cosh(nzb/2a)

odd

F/m (2.41)

Where, ‘a’ is the width of the substrate.

2.3.3 Micro-strip:

The microstrip line consists of conductor of width W printed on a thin, grounded dielectric
substrate of thickness ‘d’ and relative permittivity €r. In a microstrip transmission line the

dielectric does not completely surround the conducting strip and consequently the fundamental
mode of propagation is not a pure TEM mode. As it can be seen from the figure 3.6, most of the
field lines are contained in the dielectric region and some fraction in the air region above the
substrate (h region).

W

< I
< P

Figure 2.7: Geometry of basic microstrip transmission line

c

The phase velocity equals ¢ in the air region and \/: inside the dielectric. Thus, a phase match
at the dielectric-air interface would be impossible to attain for a TEM type wave.

In fact, the field decays exponentially away from the dielectric surface, with most of the field
contained in or near the dielectric (a fact concerning surface waves). At high frequencies, typically
more than few gigahertz and with an electrically very thin dielectric substrate (d<<), the field
generally become more tightly bound to the dielectric, making the fields essentially the same as
those of static case and so the fields are quasi-TEM.

28



Good approximations for the phase velocity and propagation constant can be obtained from static
and quasi-static solutions.

The phase velocity ( Ve ) and propagation constant () of a TEM mode is given by:
C

Vp =
&
eff (2.42)

B =KoyJEen 2.43)

Where, Ee is the effective dielectric constant of the microstrip line. Fig 3.7 shows the geometry of
a quasi-TEM microstrip line where Er has been replaced with a homogeneous medium of effective

relative permittivity, Eesr.

Figure 2.8: Equivalent geometry of quasi-TEM microstrip line.

This effective dielectric constant is given by:

o & +1+ g -1 1
e 2 2 J1+12d/wW (2.44)
Where
1< Seff< er

Using an approximate electrostatic solution, it can be shown that the capacitance per unit length is
given by:
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W
z 4asin(naW / 2a)sinh(nzd / a)
z 5 -
"L (n7)°We, [sinh(nzd /&) + &, coshnzad / a))

C=

F/m (2.45)

Where ‘a’ is the width of the substrate.

The characteristic impedance can be calculated by the equations given below:
60 8d W

7 N for W/d <1

1207

Jéer W /d +1.393+0.667In(W /d +1.444)]

for Wid > 1 (2.46)

2.4 Microwave Network analysis:

Circuits operating at low frequencies, for which the circuit dimensions are small relative to the
wavelength, can be treated as an interconnection of lumped passive or active components with
unique voltages and currents defined at any point in the circuit. In this situation the circuit
dimensions are small enough so that there is negligible phase change from one point in the circuit
to another. The fields can be considered as TEM fields supported by two or more conductors. This
leads to a quasi-static type of solution of Maxwell’s equations and to the well-known Kirchhoff
voltage and current laws and impedance concepts of circuit theory. The solution to Maxwell’s
equation gives the electrical and magnetic fields at all points in space. But usually we are
interested in only the voltage or current at a set of terminals, the power flow through a device or
some other type of “global” quantity.

Earlier in this chapter we derived the propagation constant and characteristic impedance of the
line. This allowed the transmission line to be treated as a distributed component characterized by
its length, propagation constant and characteristic impedance. We can interconnect various
component and use network or transmission line theory to analyze the behavior of the entire
system of components including effects such as multiple reflection loss, impedance transformation
and transition from one type of transmission medium to another (i.e. coaxial to microstrip). A

transition between different transmission lines generally can’t be treated as a simple junction
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between two transmission lines, but must be argumented with some type of equivalent circuit to

account for reactances associated with the transition.

At this point some terms obviously come in front of use that really needs to be discussed are
impedance matching and various parameters (i.e. Z, Y, S & ABCD parameters).

2.4.1 Impedance Matching:

When a given load is to be connected to generator by means of a transmission line many
wavelength long, it’s preferable to match the load and generator to the transmission line at each

end of the line.

Now if we use various type of transmission lines in between generator to load then each joining
part of the different component must be matched, otherwise maximum power will not be
transferred from one part to another which will reduce frequency sensitivity. A small change in
operating frequency will change the electrical length Bl of a long line by an appreciable fraction of

7t rad.

2.4.2 Network Parameters:

At microwave frequencies the measurement of voltage or current is difficult unless a clearly
terminal pair which is named as port is available. Such a terminal pair may be present in the case
of TEM type line (such as coaxial cable, microstrip or stripline), but doesn’t strictly exist for non-
TEM lines (such as rectangular, circular or surface waveguides).

So for measuring voltage, current and transmission of power from one port to another through
microwave networks some parameters are needed such as impedance parameter or Z parameters —
useful for measuring series connected networks and Admittance parameters or Y parameters —
useful for measuring parallel connected networks. But whenever dealing with high frequency,
greater than 3 GHz, is needed then the measurement of voltage and current using Z and Y
parameter for both TEM and non-TEM mode becomes impractical cause the value of voltage and
current at that network change with respect to time.

In this situation another parameter is introduced named Scattering parameter or S parameter. S

parameters are measured from incident, reflected and transmitted wave rather than voltage and

31



current wave. Thus the limitation of Z and Y parameter has been overcome though network
analysis can be done by S parameter easily for both TEM and non-TEM type of transmission lines.

The network parameters that have been discussed earlier can be used to characterize a microwave
network with an arbitrary number of ports. But in practice many microwave networks consists of a
cascade connection of two or more two-port networks. Thus a new parameter has been introduced
named ABCD parameters. When a microwave network consists of different components cascade
together then it’s a bit difficult to analyze that network using S parameter, here the ABCD

parameter got the significance.

2.5 Realization of EBGS for different filtering Operations:

Each type of filters has different type of applications in the field of microwave communication
system. Depending on the criterion of filter performance, their applications and realizations are

given bellow.

2.5.1 Realization of stopband filter:

Conventional EBGS are always forms single stopband performance at the designed frequency.
There is a well defined formula deduced from the Bragg’s condition for circular shaped EBGS.
However, square and triangular shaped EBGS of same etching area of the circular shaped EBGS

show the same results as conventional circular EBGS shows.

2.5.2 Realization of multi stopbands filter:

Attempt will be taken to design a multi (dual, triple and even more stopbands) stopband filter by
EBGSs and dumbbell shaped EBGSs. The multi stopband filter will be realized by a typical type
of modified dumbbell shaped EBGS and dual bands are formed too for both the as usual dumbbell
shaped EBGS and modified dumbbell shaped EBGS.
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2.5.3 Realization of LPF:

All the available works on LPF are seen to use EBGSs/dumbbell shaped EBGSs in the ground
plane to improve the performance of conventional LPF. Such designs need to take care both in
ground plane and in conductor plane. In the present research the non-uniform distribution of
EBGSs and dumbbell shaped EBGSs are considered to realize improved LPF performance without
having any attention into conductor layer. Taking care of slots etched in the ground plane is only
needed.

2.6 Periodic Structures:

An infinite transmission line or waveguide periodically loaded reactive elements is referred to as a
periodic structure. As shown in Figure 2.8, periodic structure can take various forms, depending

on the transmission line media being used.

(a)

(b)

Figure 2.9: Examples of periodic structures. (a) Periodic stubs on a micro strip line. (b)
Periodic diagrams in a wave guide.
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Figure 2.10: Equivalent circuit of a periodically loaded transmission line. The unloaded line
has characteristics impedance Zo and propagation constant K.

Often loading elements are formed as discontinuities in the line, but in any case they can be
modeled as lumped reactances across a transmission line as shown in Figure 3.9. Periodic
structures supports slow-wave propagation (slower than the phase velocity of the unloaded line),
and have passband and stopband characteristics similar to those of filters; they find application in

traveling-wave tubes, masers, phase shifters, and antennas.

2.6.1 Circuit Analysis of a Periodic Structure:

A transmission line can be considered as the combination of finite unit cell of the structure. Figure
3.10(a) is the equivalent circuit of a basic unit cell of a capacitively loaded coaxial line and figure
3.10(b) is the complete transmission line composed of basic unit cell.

l— d/2—ple— di2 —p| @ e ° '
iB iB iB iB
l—— d —>
(@) (b)

Figure 2.11: (a) Equivalent circuit model of a unit cell, (b) a transmission line cascaded by
unit cells. The unit cell may be divided into three parts as a transmission line of length d/2 on
either side of normalized succeptance B.
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Relationship between input and output variables

Let,

Vy and Iy, are the input voltage and current variables respectively.

Vn+1 and Ip+1 are the output voltage and current variables respectively.

The relationship can be found by using ABCD transmission matrix. Overall ABCD parameters of

a unit cell

{A B}_{cos@/Z jsinHIZ}{l 0}?050/2 jsin0/2}

C D jsin@/2 cos@/2 | jB 1| jsin@/2 cosO/2 (2.47)

Where ¢ = k0 and Unit cell is symmetrical where A = D.

When EM wave propagates through periodic structures, the voltage and current at (n+1)th
terminal are equal to the value of voltage and current of the nth terminal except the phase delay. It
is noted that voltage and current is valid only for lossless lines.

The relation of V and | are assumed as follows.

Vn+l =e-yd Vn (2.48)

In+1 =e-ydIn (2.49)

It can be written as -

R
] 2[C DJ L] —gpg Llnal | (2.50)

Using equation (2.48) and (2.49), equation (2.50) generates a matrix Eigen value equation for the

solution of Vp+1 and In+1. The determinant is put to be zero.

l:A— e’ BZI
_

C D-e"] -9 (2.51)
AD - BC -eyd (A+D) +e2yd =0 (2.52)
Assuming reciprocal circuit, letting AD-BC = 1 we have
1+ e2yd - eyd (A+D) =0 (2.53)
coshyd = A+D

2 (2.54)
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B
Expansion of (2.50) shows A =D = cost - 2 sin?. Putting these values in equation (2.54), we
have
B
coshyd = cosf - 2 sin? (2.55)
Equation (2.55) is very vital equation to understand passband and stopband phenomena created by

periodic structure.

Explanation:

The phenomena can be explained by the following cases:
Case 1: a =0, B #0. This case corresponds to non-attenuating propagating wave on the periodic
structure. This case defines the passband of the structure. Then equation (2.55) reduces to

B
Cosfd = cos? - 2 iné (2.56),
Which can be solved for B, if the magnitude of the right hand side is less than or equal to unity.
Case 1 is limited to <1 AND >-1.
Case 2: o # 0, p = 0. In this case the wave does not propagate, but is attenuated along the line.
This case defines the stopband of the structure. As the line is assumed to be lossless, power is not
dissipated, rather is reflected back to the input of the line. Under this condition the equation (2.56)
reduces to

B
coshad = cos6 - 2 sind (2.57)

The magnitude of equation (3.57) reduces to

B
coshad =| cos6 - 2 sinf| > 1, (2.58)
Equations (2.56)-(2.57) are very important to understand the propagation of EM waves through
periodic structures. It is apparent that there will be frequency bands for which unattenuated wave
propagation is possible separated by frequency bands in which the wave is attenuated. Fully
attenuated wave stems stopband and unattenuated wave generates passband. Thus these equations
help understand of stopband and passband phenomena of PBGS.
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0
Let us consider d < A0 in a case. So the electrical length 6 = k d will be small and 3d is also small.
Under this condition

coso = 1- 02/2 (2.59)
prd’
cospd=1- 2 (2.60)
Equation (2.56) comes into the following form
B*d? kid*  Bk,d
=1 2 =1- 2 . 2 (2.61)

We have the relations

Ko = % oe = 0’ LC (2.62)
B
B Yol V0 (2 :\/%] (2.63)
So,
B2d? k2d?  Bk,d
1- 2 =1- 2 . 2

_ Bd? _kid?, Bk,d

Bk,

o Bk

Substituting kO and B from (2.62) and (2.63) in the above equation we have

LC,
B - o LC+o d
:B:waL(CjLCO/d) (2.64)
Equation (2.64) is very important to understand the slow-wave effect of periodic structures. The
C,/d C,/d

new value of capacitance C+ is observed. So capacitance has been increased by

Therefore it is found that at low frequencies where

d <<\9, the load line behaves as a shunt capacitance C+ Co/d

per unit length. The increase in 3
reduces of the phase velocity.

For periodic structure the characteristic impedance (CI) becomes,
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C 0
It is seen that capacitance has increased by d

The characteristic impedance of a periodic structure depends on the terminal plane. Lets say if the

normalized characteristic impedance in the reference plane is Zs and if the terminal planes are

shifted a distance | in the —z direction, the new normalized Cl becomes
Z, + jtank,
Z o= 1+ jZgtank,l (2.65)

2.6.2 Significance of EBGS as periodic structures:

Electromagnetic Bandgap or EBG engineered structures may have different forms such as bumpy
surface, corrugated surface, metal pad or high-impedance surface and planar EBG structures.
Normally the ground plane is perturbed by EBGSs with different shape and different lattice
structures. The shape may be uniform and non-uniform circular, square, rectangular, triangular
patterned and the structures are named on the basis of the grid arrangement such as square,
rectangular, triangular and honeycomb etc. Different shapes and sizes of EBGSs provide different
S-parameter performances. The location of the EBG elements under the microstrip transmission

line greatly influences the performance of the transmission line.

However one of their main significances is their ability to generate stopband performance
periodically. Stopband is very useful to improve the performance of the microwave devices and
components. For an example, to suppress of any unwanted transmission of signal the center of the
stopband is chosen to be equal to the center of the unwanted signal. This concept is highly
preferred for harmonic suppression of filter. For the beam steering purpose the frequency of

operation is chosen so that it remains within the passband of transmission line.

Another significance of EBGSs is their ability to provide slow-wave properties. For the compact
design this property is used. Practically EBGSs can be used in amplifiers, mixers, filters,

waveguides, antennas and many other devices to improve their performances.
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2.7 Some useful Theorems:

2.7.1 Slow wave:

Slow wave structures act to reduce the group velocity of a transmission line, or increase its group

delay compared to a normal "fast-wave" structure.
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Figure 2.12: Slow-wave optical structure (SWYS)

Slow-wave structures are useful in shrinking distributed elements. In microwave engineering, cost
is a linear function of circuit area, so any tricks we can employ to shrink designs are worth

knowing about.

Let's start the topic by providing the following definition:

< Slow-wave factor:

The ratio of the wave velocity of a "native" transmission line to a slow-wave structure. The higher
the slow-wave factor, the more the transmission line's wavelength is reduced compared to its
"normal™ wavelength in the chosen dielectric medium. By "normal™ we are comparing it to CPW

or microstrip or stripline.

< Metal-insulator-semiconductor structures (MIS)

Silicon is usually a very poor insulator. By creating a microstrip line on top of silicon, with a
dielectric layer such as silicon dioxide in between, a strange thing can happen. The electric field
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does not penetrate into the silicon (which tries to shorts it out) but the magnetic field does. The
separation of electrical and magnetic energy slows the wave propagation. Substantial reduction in
wavelength is possible.

Ga As can also be used to create a MIS slow-wave structure. In this case an epitaxial layer is
grown on top of the wafer, because Ga As is such a good semi-insulating substrate. A layer of
low-loss dielectric is added on top

< Cross-tie slow-wave circuits

These classes of circuits are sometimes called "artificial” transmission lines. Note that there are
other implementations of slow-wave that are similar, all that is requires is a periodic structure of

electrically short high-impedance and low-impedance lines.

The cross-tie slow-wave structure replaces a continuous transmission line with an artificial
transmission line made up of many electrically-small segments. The segment impedance alternates
from Z1 to Z2 along the chain. One impedance is lower than Zo, the other is higher than Zo. The
high impedance section can be created using a CPW structure with very wide gaps, the low
impedance section is enabled by the cross-tie capacitance shunting from the center conductor to
the dual grounds.

2.7.2 Bragg’s Law:

Bragg's law gives the angles for coherent and incoherent scattering from a crystal lattice. When X-
rays are incident on an atom, they make the electronic cloud move as does any electromagnetic
wave. The movement of these charges re-radiates waves with the same frequency (blurred slightly
due to a variety of effects); this phenomenon is known as Rayleigh scattering (or elastic
scattering). The scattered waves can themselves be scattered but this secondary scattering is
assumed to be negligible.

A similar process occurs  upon scattering neutron  waves  from  the nucleior by
a coherent spin interaction with an unpaired electron. These re-emitted wave fields interfere with
each other either constructively or destructively (overlapping waves either add together to produce
stronger peaks or subtract from each other to some degree), producing a diffraction pattern on a
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detector or film. The resulting wave interference pattern is the basis of diffraction analysis. This
analysis is called Bragg diffraction.

Bragg diffraction (also referred to as the Bragg formulation of X-ray diffraction) was first
proposed by William Lawrence Bragg and William Henry Bragg in 1913 in response to their
discovery that crystalline solids produced surprising patterns of reflected X-rays (in contrast to
that of, say, a liquid). They found that these crystals, at certain specific wavelengths and incident
angles, produced intense peaks of reflected radiation (known as Bragg peaks). The concept of
Bragg diffraction applies equally to neutron diffraction and electron diffraction processes. Both
neutron and X-ray wavelengths are comparable with inter-atomic distances (~150 pm) and thus
are an excellent probe for this length scale.

¢ & @O

Figure 2.13: X-rays interact with the atoms in a crystal.

W. L. Bragg explained this result by modeling the crystal as a set of discrete parallel planes
separated by a constant parameter d. It was proposed that the incident X-ray radiation would
produce a Bragg peak if their reflections off the various planes interfered constructively. The
interference is constructive when the phase shift is a multiple of 2x; this condition can be
expressed by Bragg's law,

nA = 2dsinf (2.66)

Where n is an integer, A is the wavelength of incident wave, d is the spacing between the planes in
the atomic lattice, and 0 is the angle between the incident ray and the scattering planes. Note that
moving particles, including electrons, protons and neutrons, have an associated De Broglie

wavelength.
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Figure 2.14: According to the 20 deviation, the phase shift causes constructive (left figure) or
destructive (right figure) interferences.

2.7.3 Permittivity:

In electromagnetism, absolute permittivity is the measure of the resistance that is encountered
when forming an electric field in a medium. In other words, permittivity is a measure of how an
electric field affects, and is affected by, a dielectric medium. The permittivity of a medium
describes how much electric field (more correctly, flux) is 'generated’ per unit charge. Less electric
flux exists in a medium with a high permittivity (per unit charge) due to polarization effects.
Permittivity is directly related to electric susceptibility, which is a measure of how easily a
dielectric polarizes in response to an electric field. Thus, permittivity relates to a material's ability
to transmit (or "permit™) an electric field.

In Sl units, permittivity & is measured in farads per meter (F/m); electric susceptibility yx is
dimensionless. They are related to each other through

E=8r&o=(1+y&o

where Er is the relative permittivity of the material
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Figure 2.15: A dielectric medium showing orientation of charged particles creating
polarization effects. Such a medium can have a higher ratio of electric flux to charge
(permittivity) than empty space

< Permittivity of free space

The permittivity in vacuum (free space) is denoted as ©o. Its value is 8.85418782x10™ Farads per
meter (see our page on physical constants). No material has a permittivity lower than that of a

vacuum.
2.7.4 Effective and relative Permittivity:

< Relative permittivity

Materials other than vacuum have permittivity higher than €0, often they are referred to by their
relative permittivity, denoted &r:

Gmaterial=Go x &r

In microwaves, we often refer to relative permittivity as the "dielectric constant”. These terms are

interchangeable.

An alert professor points out the relative permittivity is not always a constant for a given material,
it can change with frequency, temperature, date of manufacture or supplier, or even direction of

propagation.

Most microwave materials have dielectric constant between 2.2 (PTFE) and 9.9 (alumina),
because so many materials are engineered by mixing these two materials. If particle size is kept
small compared to a wavelength, and the ratio of materials is well maintained from batch to batch,
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the mixture will be well behaved. See our pages on soft and hard substrate materials for data on a

wide variety of materials.

< Effective permittivity

In non-TEM transmission lines such as those realized in microstrip media, most of the electric
fields are constrained within the substrate, but a fraction of the total energy exists within the air
above the board. The effective permittivity (a.k.a. effective dielectric constant) takes this into
account. The effective dielectric constant of a fifty-ohm transmission line on ten mil alumina is a
number somewhere around 7, which is less than the dielectric constant of the substrate bulk
material (9.8), but more than that of air (which is 1).

Another example of an effective dielectric constant is if you were to create a stripline circuit using
two sheets of substrates with different dielectric constants. To a first order, the effective dielectric
constant would be the average of the two materials' dielectric constants.

A third example is coplanar waveguide transmission lines with air above the substrate. Here the
effective dielectric constant is very nearly the average of the substrate dielectric constant and one
(the relative dielectric constant of air). Thus the effective dielectric constant of CPW circuits on
GaAs (ER=12.9) is approximately 6.5.

2.7.5 Power in dB:

The term dB or decibel is a relative unit of measurement used frequently in electronic
communications to describe power gain or loss. Decibels are used to specify measured and
calculated values in audio systems, microwave system gain calculations, satellite system link-
budget analysis, antenna power gain, light-budget calculations and in many other communication
system measurements. In each case the dB value is calculated with respect to a standard or

specified reference.

The dB value is calculated by taking the log of the ratio of the measured or calculated power (P2)
with respect to a reference power (P1). This result is then multiplied by 10 to obtain the value in
dB. The formula for calculating the dB value of two ratios is shown in equation 2.66. Equation

2.66 is commonly referred to as the power ratio form for dB.
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a8 = i0 Ec:agm%

i
(2.67)

Equation 2.66 can be modified to provide a dB value based on the ratio of two voltages. By using
the power relationship P = V?/R, the relationship shown in equation 2.67 is obtained.

2
A
db=10log, —2—2; (let B = Ry)
1 1

2

o

dB = 10log,, %
M

(2.68)
By simplifying the equation, a dB relationship based on voltage ratios instead of power is
obtained. The voltage gain calculation is shown below in equation 2.68.

dB = 20 log,, 2

Vi
(2.69)

The dB unit is often used in specifying input and output signal level requirements for different
communication systems. An example of specified audio levels can be found in microwave
transmitters. It is common for a +8dBm input level to be specified. Notice that a lower case m has
been attached to the dB value. This indicates that the specified dB level is relative to a 1 milli watt
reference. In standard audio systems 0dBm is defined as .001 watt measured with respect to a load
termination of 600 ohms. A 600 ohm balanced audio line is the standard for professional audio

and telecommunications.

0 dBm is defined as 1 mW measured with respect to a 600 ohm termination
The voltage measured across a 600 ohm load for an 0dBm level is .775 volts. This value is derived

below using equation 2.67.
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dB =10 log;, =

Eio 7
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where B = —2— and B = 001 watts
600

Since 1mW is the specified reference for 0dBm, the voltage reference can be derived as shown in
equation 2.70.

174/ 600
001

174/ 600
004

_ vi/600

001

OdBm = 10 lag

OdBm = log

log?0dBm

172/ 600
004

5= V3

77450 = 17,

_ V2

I

(2.70)
This is the voltage reference for 0dB with respect to a 600 ohm load. To determine the voltage
required at the input of the microwave transmitter to provide a +8dBm level, use the voltage gain
equation 2.68 letting V1 equal the 0.775 reference in the equation

”
dBm = 20l0g, , —*—
S0 0g

To solve for V2 for a +8dBm level;
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A= o —=
& ks

_ v,
loe i) = L2
og (4 = -

1946712 = 7,

Thus for a +8 dBm level to be present at the input of the microwave transmitter, approximately

1.95 volts must be present across the 600 ohm input.

The term dBm also applies to communication systems which have standard termination
impedance other than 600 ohms. For example, video and some RF systems are terminated with 75
ohms. The 0dBm value is still defined as 1mW but measured with respect to a 75 ohm termination
instead of 600 ohms. Therefore the voltage reference for an 0dBm system with respect to 75 ohms

is;

v =~P*R =_.J(001)*(75) =.27386 volts

To calculate the voltage gain or loss with respect to a 75 ohm load use equation 5 if a voltage is

specified and the dB value is needed.

dBm{75) = 20 log;,

eytate]

More commonly encountered in communications are 50 ohm systems. The dBm voltage reference

for a 50 ohm system is:

V=-/PeR=-./001e50=2236voiis
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To calculate the voltage gain or loss, expressed in dB for a 50 ohm system, use equation 3 with the
value for V2=.2236. This relationship is shown in equation 2.70.

dBmf 50 )=20{0
(50) 10 3236

(2.71)
It is common for power to be expressed in watts instead of milliwatts. In this case the dB unit is
obtained with respect to 1 watt and the dB values are expressed as dBW.

0 dBW is defined as 1 watt measured with respect to 50 ohms.

Remember, dB is a relative measurement. As shown by equations 2.66 and 2.68, both power and
voltage gains can be expressed,in dB, relative to a reference value. In the case of dBW the
reference is 1 watt, therefore equation 3.66 is written with 1 watt replacing the reference P1. This
gives equation 2.71.

B2
dBW = 100 —
E10 T

(2.72)
It is common in communication receivers to express voltage measurements in terms of dBuV, dB-
microvolts. For voltage gain calculations involving dBuV use equation 2.68 and specify 1uV as
the reference (V1) in the calculations as shown in equation 2.72.
dBuV = 20 log L2
ful
(2.73)
There are a multitude of applications involving the use of dB for calculations involving relative
values. The important thing to remember is that a relative reference is typically specified or

understood when calculating or measuring a dB value.

dBm 1 milliwatt (.001W), Typical measurement for audio input/output specifications. Also used in

low power optical transmitter specifications.
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dBm(600) The standard audio reference power level defined by 1 milliwatt measured with respect
to a 600 ohm load. This measurement is commonly used in broadcasting, professional audio

applications and is a common telephone communications standard.

dBm(50) This standard is defined by 1 milliwatt measured with respect to a 50 ohm load. This

measurement is commonly used in RF transmissions/receiving systems.

dBm(75) This standard is defined by 1 milliwatt measured with respect to a 75 ohm load. This
standard is common in some RF systems particularly cable TV systems.

dBmW This is the generic form for a 1 milliwatt reference, also written as dBm. This term usually
has an inferred load reference, depending on the application.

dBW This is a common form for power amplification relative to a 1 watt reference (usually 50
ohms). Typical applications are found in RF Power Amplifiers and High Power Audio Amplifiers

specifications.

dBuV This is a common form for specifying input RF levels to a communications receiver. This is
called dB microvolt where 1 microvolt = 1*10E-6V.

dBV While this dB term is defined, it is rarely used in defining communication systems. The dB
value is obtained with respect to 1 Volt.

dB/bit This is a common term used for specifying the dynamic range or resolution for a Pulse
Coded Modulation (PCM) system such as a CD player. This reference is defined by 20 Log (2)/bit
= 6.02dB/bit.

dBi This is dB isotropic . It is used as the reference when defining Antenna Gain.

dB/Hz This is relative noise power in 1-Hz bandwidth. This term is used often in digital
communications and in defining a laser's Relative Intensity Noise (RIN). For a laser system, this is

an electrical not an optical measurement. A typicall RIN for a semiconductor laser is -150 dB/Hz.
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dBW/K-Hz This is a common term used when analyzing -carrier-to-noise (C/N) in a
communications link such as a satellite link budget. This value is based on the Boltzmann's
constant expressed in dB as 10 Log (1.38*10E-23) = -228.6 dBW/K-Hz.

2.8 Conclusion:

Jln this chapter some basic parameters and facts of T-line and microwave filter designing are
discussed. Theoretical and also mathematical expressions are studied in this chapter. These will be
used in the later chapters for designing microwave filters and describing their performacnces.
Basically, this chapter expresses the theoretical back ground of microwave filter designing.
Considering these facts in to account further implementation and filter realization will be made in

the bellow chapters.
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Chapter 3: Study and Analysis of EBGS Assisted
micro-strip line as Band-stop filter

3.1 Introduction:

In the field of microwave filter designing and obtaining better filtering performances of
microwave devices use of EBG structures are the most powerful tactics. The stopband
characteristic causes the dramatic improvement in the performance by suppressing surface waves,
leakage and spurious transmission. FF is one of the important controlling factors to yield wider
and distinct stopband that should be optimized to maintain a smoother transmission in the
passband. In the literature for circular patterned EBGS, the optimized FF of 0.25 [1] is considered.
Thickness of transmission lines, dielectric constant of used material, different shape of EBGS,
Etching area of EBGS and number of EBGS used are also important factors that control filtering

performance.

Periodic EBG structures are etched at the ground plane or over the substrate. The transmission
line can also be modified to form EBG characteristics without having any perturbation in the
ground plane[2]-[4]. This new idea can be extended to filter, antenna and other microwave
component and devices where the complexity of packaging is minimized.

3.2 Simple Microstrip Transmission line and its performance:

T-line is just a line with a defined length and width on the upper surface of the substrate which is
created by removing copper coating from the surface except the desired region. The figure is
shown below where the blue region is a typical T-line whose length is 100 mm and width is
2.2642 mm (calculated by PCAAD for 50Q microstrip T-line where dielectric constant of the

substrate is 2.45 and thickness is 31 mils).
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Figure 3.1: Geometry of a standard 50-ohm microstrip transmission line on a substrate
whose dielectric constant is 2.45 and thickness is 31 mils.

< S-Parameter Performance of a microstrip T-line:

S-Parameter performances are inspected from the plotted curves of the simulation by Zeland ie3d
where the curves of Si; (return loss) and Sy; (insertion loss) are only shown here. Stopband and
passband yield the frequency band width of insertion loss and return loss at -20 dB and -10 dB
respectively. The following graph is plotted by Grapher software by taking simulated data from
the Zeland ie3d.
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Figure 3.2: S-parameter performance of 50 Q T-line, length is 100 mm and width is 2.2642
mm.
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Within the range of 0-20GHz the signal has transmitted between two ports with negligible loss and
there is no stopband formed. The return loss performance of the ideal microstrip line over the
whole frequency range is also excellent and < - 10 dB. Since, there is no appreciable insertion loss
observed at the s-parameter performance of the T-line, therefore it characterizes an ideal

transmission line.

3.3 Microstrip Transmission Line over Uniform circular EBGS:

With the inclusion of EBGSs the dispersion characteristics of a transmission line change. At first a
microstrip transmission line with unperturbed ground plane is designed that does not provide any
stopband characteristics as shown in 3.2. Then the effect is observed on the dispersion
characteristics in the form of scattering parameters matrices versus frequency by perturbing the
ground plane with circular EBGSs. EBG structures are created by picking up copper by etching
process. A constant distance is maintained between the centers of consecutive EBGS which is
determined by Bragg’s law.

3.4 Necessary Designing equations:

In the EBG engineering it is a conventional rule to use Bragg’s condition to calculate the central
stopband frequency provided by EBGSs. Under this condition, inter-cell separation (known as
period) is approximately equal to half wavelength of the stopband central frequency. From the
inter-cell separation, the size of the EBG element is calculated on the basis of FF.

The center frequency of the stopband is calculated approximately with the following expression:
fo=c/ 20 (3.1)

Where,

fo = the center frequency of the stopband

A0= Wave length of electro magnetic wave in air.
¢ = the speed of light in free space

As explained by the theory of slow wave structure, the wave length of slow wave is less than the

wave length Lo. Relation between them are explained as
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Ag = ho/NEeff
Where,

Ag= Wave length of slow wave.

Eeff= Effective dielectric constant.

Inner element spacing is also an important factor that determines the space between the EBGS is
generally denoted by ‘a’.

From Bragg’s law we know,

a=Ag/2

And the Filling factor (FF) is determined by

FF=rI/a

Where,

= radius of circular EBGS.
For square shape EBGS
FF=b/a

Where,

b= side of square.

3.5 Optimum Filling Factor (FF) Analysis:

Filling Factor (FF) is a fractional quantity that is used to determine the size of the conventional
EBG structures for a particular unit cell to keep the center frequency at particular point. As the
center frequency is 10 GHz, calculated unit cell length is 10.43 mm which is also denoted by ‘a’.
The radius of the circular shaped EBG is determined by the formula FF=r/a.

From the above equation if FF is assumed to be 0.25 then calculated r=2.6075 mm.

3.5.1 FF Analysis for Circular shape EBGS:

Optimum value of FF for uniform circular shape EBGS is 0.25 reported by Itoh[ref]. For verifying
this statement S-parameter performances are observed for designs having seven EBGSs for FF
between 0.10 and 0.39. A typical designing diagram of the transmission line is shown below,
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Transmission Line

EBGS

Figure 3.3: Typical design of a seven circular shape EBGS.

< S-Parameter Performances analysis:

S-parameter performance for FF of 0.10, 0.13, 0.16, 0.19, 0.22, 0.25, 0.28, 0.31, 0.32, 0.34, 0.36
and 0.39 were studied. Substrate used was Taconic having dielectric constant of 2.45, height of 31
mils and the inner-element spacing (period) a = 10.4308 mm, which was calculated for the centre

frequency of 10GHz. They show following performances as the table describes

Table 3.1: Data table taken from above S-Parameters observed for Variation of Filling Factor.

-3dB
Stop band | Depth of Stop band | Maximum
Filling Pass band Cut-off
width (at center frequency, | Ripple Height
Factor (GH2z2) frequency
(GHz) 10 GHz) (dB)
(GH2z2)
0.10 8.9596 0 -1.9485 -0.2582 0
0.13 8.628 0 -6.9935 -0.4567 8.910395
0.16 8.97 0 -14.547 -1.0248 8.386008
0.19 7.04788 1.75065 -23.2454 -1.84914 8.06509
0.22 6.71332 3.23692 -31.7999 -0.912682 7.594288
0.25 6.84165 4.23386 -39.611 -1.476634 7.382862
0.28 5.07743 5.00741 -45.7696 -3.62662 6.881204
0.31 6.44955 5.61271 -47.6024 -4.97170 7.046781
0.32 7.193777 5.75909 -47.5164 -5.22859 7.046843
0.34 6.325917 6.01 -46.5875 -5.493526 7.007255
0.36 6.221654 6.14656 -45.220 -3.288139 5.807917
0.39 6.31773 6.17564 -43.0942 -3.849579 6.374698
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Following two curves are formed by using the data from the table which is necessary to find out
the optimum FF for getting better performances.
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Figure 3.4: (a) Stopband depth (at center frequency, 10 GHz) Vs Filling factor (b) Maximum ripple
height Vs Filling factor curve for circular EBGS.
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In graph (a) Stopband depth is maximum for FF=0.31 which is -47.6024 dB. On the other hand for
FF=0.25 stopband depth is. -39.611 dB which is also a very good depth. In graph (b) Maximum
ripple height for FF=0.31 is -4.9717 dB. It is comparatively very high can create noise on the
system. But from the graph we see for FF=0.25 the maximum ripple height is -1.4766 dB. This

ripple height is very good for smooth filtering.
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Figure 3.5: Return loss and Insertion loss Vs FF curve for (a) FF=0.25 (b) FF=0.31.
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From the graphs of 3.5 (a) & (b) it is observed that for FF=0.25 in passband the curve contains
fewer ripples than for FF=0.31.

So FF=0.25 gives better performance hence it is chosen as optimum value of FF by Prof.
T. Itoh [1].

3.5.2 FF Analysis for Square shape EBGS:

Square shapes are designed on the same substrate plate as it has been used earlier for circular
EBGS. For finding optimum value of FF for square shaped EBGS S-parameter performances are
observed for designs having seven EBGSs for FF between 0.25 and 0.54. The sides of square

EBGS is determined by equation b= FF*a.

A typical designing diagram of the transmission line is shown below,

a

AHHTHHHHHh

Ground Plane

SQUARE EBGS

Figure 3.6: Typical design using seven square shape EBGS.

< S-Parameter Performances analysis:

S-parameter performance for FF of 0.25, 0.28, 0.29, 0.30, 0.33, 0.36, 0.39, 0.42, 0.45, 0.48 and
0.54 were studied. Substrate used was Taconic having dielectric constant of 2.45, height of 31 mils
and the inner-element spacing (period) a = 10.4308 mm, which was calculated for the centre

frequency of 10GHz. They show following performances as the table describes
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Table 3.2: Data table taken from above S-Parameters observed for Variation of Filling
Factor of square shape.

Maximum
Filling Pass band Stop bandwidth Depth of Stopband (at
Ripple Height
Factor (GH2z2) (GH2z2) center frequency, 10 GHz)
(dB)
0.25 8.44481 0 -9.62524 -0.7473
0.29 8.20581 0 -16.0657 -1.26665
0.30 8.17642 0 -17.1761 -1.7238
0.33 7.9013 1.69054 -22.9836 -1.7586
0.36 7.5925 2.61875 -28.578 -1.69233
0.39 6.68489 3.46405 -33.1782 -0.98855
0.42 6.57842 4.0203 -37.3743 -0.65505
0.45 6.43231 4.42666 -41.9837 -1.47571
0.48 7.1909 4.84999 -45.1873 -4.12936
0.54 6.13752 5.52569 -48.7598 -4.777023

Again we got the following curve by using the data from the table which is necessary to find out
the optimum FF for getting better performances.
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Figure 3.7: (a) Stopband’s depth (at center frequency, 10 GHz) Vs Filling factor.
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Maximum ripple height{dB)

(b)
Figure 3.8: (b) Maximum ripple height Vs Filling factor curve for square shape EBGS.

From graph (a) it is observe that stopband depth rises approximately linearly with the rise of FF.
From graph (b) we find that FF=0.45 has a very suitable maximum ripple height compare to 0.48
& 0.54 that can give smooth filtering operation. Also from graph (a) it is seen that for FF= 0.45
the stopband depth is -41.9837 dB which is also a suitable depth.
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Figure 3.9: Return loss and Insertion loss Vs FF curve for (a) FF=0.45
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Figure 3.10: Return loss and Insertion loss Vs FF curve for (b) FF=0.54.

From the graphs of 3.9 (a) & 3.10 (b) it is observed that for FF=0.45, passband the curve contains
fewer ripples than for FF=0.54.

Here, for square shape EBGS FF=0.45 gives best performance. So 0.45 is the optimum value of
FF for square shape.

3.6 Comparison of 1-D and 2-D EBGS for Different Shape:

1D (one dimensional) EBG Patterns are those in which EBGS are only exist at the beneath of the
T-line in a single row. 2D (two dimensional) EBG structures are those in which two additional
parallel rows of same parameters will be etched at the ground plan along with the EBGS row that
is exactly bellow to the T-line. Now 2-D structures will be studied for comprising the performance

between them.
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3.6.1 Circular Shape:

Both 1D and 2D designs are made from the calculation of FF=0.25 for centre frequency 10 GHz.

Seven EBGS are used for one line and three lines also. The area of each circular EBGS

is = 21.36314  Here substrate thickness is 31 mils and dielectric constant is 2.45 and T-line is

standard 50 Q microstrip line. Inner element spacing and inner row spacing is 10.3408 mm.

<> 1D circular Design:

Transmission Line

Ground Plane

EBGS

Figure 3.11: 1D circular pattered EBGS etched beneath the T-line.

<> 2D circular Design:

TYYIYYIY
— o  m
0000000

Ground Plane

EBGS

Figure 3.12: 2D circular pattered EBGS.
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<$S-Parameter Performances:

S-Parameter performance graphs for both 1-D and 2-D EBG structures are shown below.
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Figure 3.13: S-Parameter performance graph for (a) 1D and (b) 2D circular shaped EBGS
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Table 3.3: Table shows comparison between 1D and 2D square shaped EBGS

10 dB | 20dB 20 dB 20 dB Stopband
Return Insertion | Insertion depth at | Maximum | -3 dB
Insertion
Dime Loss - | Loss - | Loss - centre Ripple Cut-off
FF Loss - Stop
nsion Bandwidth | Stopband | Stopband frequency | Height frequency
bandwidth
Passband Starting | Ending (GH2) of 10 GHz | (dB) (GHz)
z
(GHz) (GHz) (GHz) (dB)
1D |0.25 |6.84165 7.95014 | 12.1840 | 4.23386 -39.6110 | -1.47663 | 7.3828
2D |0.25 | 6.68696 7.93332 | 12.2268 | 4.29352 -39.3687 | -1.47815 | 7.3797

From the observation of the S-Parameter performances table, all the parameters - stopband depth,
10 dB pass band width, 20 dB stop band width, maximum ripple height and cut off frequency at -
3 dB are almost same for both 1D & 2D structure. So it can be said that 1-D and 2-D structures

shows same performance.

Therefore the decision can be made that only the EBGS that are etched just beneath of the ground
plane of microstrip transmission line have effect on travelling waves through it. So there is no
necessity to use 3 line EBGS.

3.6.2 Square shape:

Both 1D and 2D designs are made for square shape EBGS also. The value of FF used is 0.45
which is the optimum value for square shape EBGS as determined earlier. The centre frequency is
set to 10 GHz and seven EBGS is used for both one line and three lines. Here substrate thickness
is 31 mils and dielectric constant is 2.45 and T-line is standard 50 Q microstrip line. Inner element
spacing and inner row spacing is 10.3408 mm. The side of square is b=FF*a= 4.6935mm. Hence
the area of each square EBGS is b?= 22.0289 mm?.
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<1D square Design:

a

=)
4HHHHHHHHP

Ground Plane

SQUARE EBGS

Figure 3.14: 1D square pattered EBGS etched beneath the T-line.

<2D square Design:

a

-

= M KEEE N mm

H Ground Plane
SQUARE EBGS

Figure 3.15: 2D square pattered EBGS.

<S-Parameter Performances:

S-Parameter performance graphs for both 1-D and 2-D EBG structures are shown below.
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Figure 3.16: S-Parameter performance graph for (a) 1D and (b) 2D square shaped EBGS
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Table 3.4: Table shows comparison between 1D and 2D square shaped EBGS

10 dB
20dB 20dB Stopband
Return ) 20dB _ -3dB
Insertio | Insertion depth at | Maximum
Dim Loss - Insertion Cut-off
n Loss - | Loss - centre Ripple
ensi | FF Bandwi Loss - Stop ) frequenc
Stopband | Stopband _ frequency | Height
on dth _ bandwidth y
Starting | Ending of 10 GHz | (dB)
Passband (GHz) (GHz)
(GHz) | (GHz) (dB)
(GHz)
1D |045 |6.43231 |7.65061 | 12.0773 4.42666 -41.9837 | -1.47571 | 7.08901
2D |0.45 |6.43358 | 7.64749 | 12.07918 | 4.43169 -41.5388 | -1.49559 | 7.08594

From the observation of the S-Parameter performances table here also seen that all the parameters
are approximately same for 1-D and 2-D structures. Hence, it can be claim that there are no
effects of EBGS which are away from microstrip transmission line and disconnected from the
EBGS that lies beneath T-line that is electromagnetic field is only confined at the beneath of the

T-line.
3.7 Effects of numbers of EBGS on S-parameter performance:

Number of EBGS is very important factor to design a desired filter. Depending on the number of
EBGS Stop band depth increases and corresponding Pass band ripples height increases. Therefore
to get better performance trade off is to be done between Stop band depth and Pass band ripple
height. Here, all performances are observed for circular EBGS and FF=0.25, where substrate

thickness is 31 mil and g,=2.45.

Typical designs for different numbers of EBGS that are simulated shown below:

Transmission Line

Ground Plane
EBGS

(@)
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Transmission Line

Ground Plane

EBGS
(b)
a Transmission Line
Ground Plane
EBGS
(©)
a
Transmission Line
Ground Plane
EBGS
(d)
a Transmission Line
Ground Plane
EBGS
(e)

Figure 3.17: Microstrip Transmission line design using (a) One EBGS (b) Two EBGS (c)
Three EBGS (d) Four EBGS (e) Five EBGS
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Transmission Line

Ground Plane

EBGS
()
a Transmission Line
Ground Plane
EBGS
(9
a
Ground Plane
EBGS
(h)
a
Ground Plane
EBGS
(i)

Figure 3.18: Microstrip Transmission line design using (f) Six EBGS (g) Seven EBGS (h)
Eight EBGS (i) Nine EBGS.
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Following tables shows the results of those simulations.

Table 3.5: Table shows variation of S-parameter for various numbers of EBGS.

10dB 20dB
) Stopband’s Depth ) -3dB
Return Loss Insertion Loss Ripple
No. of ) ) (at center ) Cut-off
Bandwidth - Bandwidth — Height
EBGS frequency, 10 frequency
Pass band Stop band (dB)
GHz) (GHz)
(GH2) (GHz2)
1 3.9318921 0 -2.0555316 -2.57137874 0
2 5.495276 0 -8.4636297 -0.57800855 7.011121
3 6.4441152 0 -13.548199 -0.76480614 6.982943
4 6.9690977 1.46536 -21.785695 -1.26168437 7.142215
5 7.1619719 3.53278 -26.516837 -1.62698574 7.322794
6 7.3524829 3.92476 -34.981609 -2.64165017 7.377427
7 6.84165 4.23386 -39.611 -1.47663457 7.382862
8 6.8979294 4.34689 -50.321469 -3.1556716 7.529114
9 6.1842466 4.44687 -89.302437 -3.95911325 7.54224

In the above table an increase on depth is seen due to increase of number of EBGS. Stop
bandwidth, maximum ripple height at passband and no of ripples in passband is also increases
with the increase of no of EBGS. Ripples in passband create noise signals. So trade off should be
made between stopband depth and ripple heights.

We got the following curve by using the data from the table which is necessary to find out the
optimum no of EBGS for getting better performances.
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Figure 3.19: (a) Effect on Pass band and Stop band width due to variation of number
of EBGS, (b) Stopband depth (at center frequency, 10 GHz) Vs number of EBGS.
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Figure 3.20: (c) Maximum ripple height Vs number of EBGS.

These curves express that no desired stop band is formed bellow four EBGS for this particular
type of design, however the most important message of these curves is that insertion loss always
increases with the increase of the number of EBGS and it reaches to the deepest position for nine
EBGS ( figure (b)). With respect to ripple height design using seven EBGS is the most efficient
design.(figure (c)) and also for seven EBGS we got a good depth of -39.611 dB. But the highest
depth is -89.3024 dB which is found for nine EBGS.

<S-Parameter Performances of designs having seven and nine EBGS:

S-Parameter performance graphs for designs using seven and nine EBGS are shown below.
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Figure 3.21: S-Parameter performance graph for designs using (a) Seven (b) Nine EBGS.
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From the following S-Parameter performance graphs and data tables we can conclude that both
seven and nine could be the optimum number of EBGS for such type of designs.

3.8 Analysis of same Etching area of different shaped EBGS:

To observe the effects of s-parameter performances of different shapes of EBGS the following
designs of uniform 1D EBGS are simulated on Zeland ie3d.All the designs are made on the
substrate whose thickness is 31 mils and dielectric constant is 2.45 as well as at the beneath of
50Q microstrip T-line. All of them are of same etching area and the area is calculated from the
circular shaped EBGS whose FF is 0.25 and that is 21.36314 mm?. Number of EBGS used for all
the shapes were seven.

3.8.1 Designs:

<-Circular

Circular EBGS of this design are made from the equation FF = r/a, here FF = 0.25, a = 10.4308

mm (inner element spacing) and r is the radius of the circular EBGS (r= 2.6077 mm) for center

frequency 10 GHz.

Transmission Line

Ground Plane

EBGS

Figure 3.22: Circular shaped EBGS designed on 50 Q microstrip T-line on the substrate of
dielectric constant 2.45 and thickness 31 mils.
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<-Square

The area of the square shaped EBGS is maintained 21.36314 mm? as area the circular shape
EBGS. The arm of the square b is calculated from b®=21.36314 mm?which is 4.622 mm.

a

4HHTHHHHHP

Ground Plane

SQUARE EBGS

Figure 3.23: Square shaped EBGS designed on 50 © microstrip T-line on the substrate
of dielectric constant 2.45 and thickness 31mils.

< Triangular

Equilateral Triangle is another shape of EBGS that is inspected to observe the performance whose
_ : N3,
arm (e = 7.024mm) is calculated from the equatlon,Te =nar® =21.36314 mm2 to keep the area

as same as circular EBGS. Since, there is no defined option to draw triangle, hence the option of

drawing circular shape entity is used by choosing “Number of segments for circle” as 3; however,

for this we calculated the radius of the circle from  — % — 4.0553 mm -
3

T Ground Plane

TRIANGULAR EBGS

Figure 3.24: Equilateral triangular shaped EBGS designed on 50 Q microstrip T-line
on the substrate of dielectric constant 2.45 and thickness 31mils.
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<-Hexagonal

Hexagon is another type of EBGS that is also inspected to observe the performance to find out the
effect of same etching area for different shaped EBGS. Here, hexagon’s arm (t=4.967mm) is

ﬂtz — 2

_ zr? = 21 .36314
calculated from the equation 2 mm2 to keep the area as same as

circular EBGS. Like drawing equilateral triangle, this time “Number of segments for circle” is
chosen as 6 and the radius of the required circle is found by r = t.

a

ﬁ Ground Plane

HEXAGONAL EBGS

Figure 3.25: Hexagonal EBGS designed on 50 © microstrip T-line on the substrate of
dielectric constant 2.45 and thickness 31 mils.

3.8.2 Results:

S-parameters of above different shapes of EBGS are shown in this section. All the results here are
drawn by OriginPro 7.5 software with the data found by the simulation of the designs by Zeland
ie3d. Following results are to be closely observed to take a definite decision about the fact.

<-Circular

dB
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T T T T T T T
0 5 10 15 20

Frequency(GHz)
Figure 3.26: Simulated S-parameters performances of conventional circular shape EBGS.
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From the above S-parameter performance curve we inspect 20dB Insertion Loss band width is
4.23386 GHz and pass band at 10dB Return loss is 6.84165 GHz. The depth is found at center
frequency 10 GHz which is -39.611 dB and maximum ripple height is found -1.47663 dB.

< Square

dB

40

50 4

r r T r I r I
0 3 10 15 20

Frequency(GHz)

Figure 3.27: Simulated S-parameters performances of square shape EBGS.

In this figure, center frequency of Stopband is also occurred at 10 GHz. 10 dB Return Loss
Bandwidth is 6.425939 GHz , 20 dB Insertion Loss Bandwidth is 4.33309 GHz, stop band depth is
-40.7876 dB and maximum ripple height is found -1.41315 dB. The result is said to be similar to

the circular shape EBGS.
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< Triangular

dB

40

50 4

r r T r T r I
0 3 10 15 20

Frequency(GHz)

Figure 3.28: Simulated S-parameters performances of equilateral Triangular shaped EBGS.

Here almost the same results are also observed for the new equilateral triangular shaped EBGS.
The centre frequency is very much close to 10 GHz .The 10 dB Return Loss pass bandwidth and
20 dB Insertion Loss stop bandwidth are 6.43631 dB and 4.28072 dB respectively. Maximum
ripple height is found -1.4402 dB and the stop band depth is -41.1549 dB which is also very close

to circular and square shape EBGS.

78



<-Hexagonal
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Figure 3.29: Simulated S-parameters performances of Hexagonal shaped EBGS.

This performamce of regular Hexagonal EBGS once again shows almost same criteria of that for
Circular, Square and Equilateral Triangular shaped EBGS. Here, center frequency of Stopband is
also occurred at 10 GHz and the depth is almost similar to all other. 10 dB Return Loss Bandwidth
IS 6.65378 GHz and 20 dB Insertion Loss Bandwidth is 4.36847 GHz. Maximum ripple height is
found -1.44958 dB and the stop band depth is -40.19687 dB The result is said to be similar to the
circular shape EBGS.

The following table has accumulated all necessary data for observing the results closely.
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Table 3.6: Data table of S-parameter performances of different shaped of EBGS.

10dB 20dB Depth of q
-3dB
Return Loss | Insertion Loss Stopband Ripple
Shape of Cut-off
Bandwidth - Bandwidth - (at center Height
Design frequency
Pass band Stop band frequency, 10 (dB) (GH2)
z
(GH2) (GH2) GHz)
Circular 6.84165 4.23386 -39.611 -1.4766345 7.382862
Square 6.4259393 4.33309 -40.7876446 | -1.4131549 7.261042
Triangular 6.4363101 4.28072 -41.1549298 | -1.4402475 7.097884
Hexagonal 6.6537819 4.36847 -40.1968729 | -1.4495797 7.352437

The above table is clearly showing that the performances of various type (or shaped) of EBGS,
where Passand and Stopband width as well as depth of Stopband are very similar to each other.
Therefore, it can be said that irrespective shapes and designs the performances are remain almost

similar.

3.9 Analysis varying dielectric constant:

To realize the dependency of S-Parameter performance due to variation of dielectric constant this
study has been taken for dielectric constants of 1.5, 2.0, 2.45, 3.0, 3.5, 4.0, 5.0, 7.5, 10.0 and 12
for circular shaped EBGS. It is observed that Effective dielectric constant primarily depends on
the relative dielectric constant (Effective dielectric constant is calculated from PCAAD) and
various parameters of T-line and EBGS (i.e. width of the T-line, Spacing and radius of the circular
shape EBGS) for a particular specification (such as particular center frequency) are directly related
to the Effective dielectric constant. For each simulation the substrate thickness and center
frequency has been fixed to 31 mills and 10 GHz respectively.

<S-Parameter Performances analysis:

Bellow Table is showing results of s-parameter performances for various dielectric constants
where designs are implemented to keep the center frequency at 10 GHz and seven EBGSs are used
in all designs.
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Table 3.7: Data table of S-Parameter performance of designs of various dielectric Constants.

20 dB
10dB  Return Band Depth at
Insertion Loss
Dielectric | Loss Bandwidth Ripple Height | center frequency
Bandwidth —Stop
Constant — Pass band (dB) (10 GHz)
band
(GHz) (dB)
(GH2z2)
15 6.14077 4.58774 -3.2455 -43.3585
2 5.8996 4.28422 -3.6193 -41.9603
2.45 6.84165 4.23386 -1.476634 -39.611
3 7.66065 3.8999 -2.7082 -37.1729
3.5 6.85032 3.80979 -2.412090 -35.97537
4 7.83990 3.55062 -2.399014 -33.63798
5 7.72268 3.13029 -2.2684 -31.8534
7.5 8.16561 2.1252 -1.9122 -23.9605
10 8.17493 0.43492 -1.620649 -19.60810
12 8.38664 0 -1.063998 -17.39067

As the dielectric constant increases the radius of the circular EBGS decreases hence from the

Bragg’s condition inter-element spacing decreases to keep FF at 0.25mm.

— Stop Bandwidth
----- Passband Bandwidth

Frequency Bandwidth(GHz)

T — T T T 1 T T r 1
0 2 4 6 8 10 12 14

Dielectric Constant

(@)
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Figure 3.30: (a) Return loss and insertion loss curves due to variation of dielectric constants
of the substrate, (b) Stopband depth Vs Dielectric constant curve.
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Figure 3.31: (c) Maximum ripple height Vs dielectric constant curve.
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The graph (b) of above figure which is drawn from the data above of table, it is observed that
depth increases with the increase of dielectric constant. Also stop bandwidth decreases with the
increase of dielectric constant. From figure (c) the maximum ripple height is very suitable for
dielectric constant 2.45 which is -1.47663 and from figure (b) the stop band depth for 2.45 is -
39.611. If a trade off is made between maximum ripple height and stop band depth, 2.45 is the
most suitable dielectric constant. The choice of dielectric constant, verily, depends on the
preference of the designer and the availability of the substrate on the market.

3.10 Analysis varying thickness of Transmission line:

Variation of thickness analysis of the substrate is important as due to this variation, variation on
the width of the T-line is experienced if the dielectric constant is same. Using PCAAD we

calculated the width due to 50Q T-line, are given bellow —

Table 3.8: Table showing the relative widths for different thickness calculated by PCAAD.

Thickness (mil) Width (mm)
13 0.94892
15 1.09557
17 1.24164
19 1.38772
21 1.5338
23 1.67987
25 1.82595
27 1.97202
29 2.1181
31 2.26418
33 2.39242
35 2.55633
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<S-Parameter Performances analysis:

The S-parameters are closely inspected and the data of corresponding performances of the various
T-lines designed using the thickness mentioned on the above table are added in the bellow table.

Table 3.9: Data taken from S-Parameters of circular EBGS based designs that have variety
of Substrate thickness.

20 dB Insertion
Substrate 10dB  Return Maximum Ripple
Loss Bandwidth
thickness | Loss Bandwidth — Band Depth Height
—Stop band
(mils) Pass band (GHz) (dB)
(GH2z2)
13 5.120367 6.86322 -54.98592 -2.825234
15 6.156025 6.53194 -54.71630 -2.617693
17 6.112868 6.1989 -53.41525 -2.294595
19 5.283870 5.9066 -51.97928 -2.234661
21 7.05036 5.61313 -49.7645 -4.26739
23 6.44289 5.33213 -47.8864 -4.43464
25 6.39289 5.04483 -45.8199 -3.95255
27 7.18643 4.80 -43.6443 -3.66652
29 7.31188 4.52918 -41.5067 -3.79666
31 6.84165 4.23388 -39.6111 -1.47663
33 6.70626 4.03192 -37.3685 -3.09348
35 7.68223 3.78714 -35.3985 -2.88092

From the above table we got the following graph that expresses the effect of change of substrate
thickness.
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Figure 3.32: (a) Pass band Vs Substrate thickness (b) Stop bandwidth Vs Substrate thickness

85



230 -

35 4

A0 4

45

A0 4

Stopband Depth (dB)

55

-60 T T T T T T T
10 15 20 25 30 35

Substrate Thickness (mils)
(c)

-1.0 4
-1.5 4
-2.0 4
2.5 4
-3.0 4

-3.5 1

Maximum Ripple Height{dB)

4.0 4

4.5 1

10 15 20 25 30 35
Substrate Thickness(mils)

(d)

Figure 3.33: (c) Stopband depth Vs substrate thickness (d) Maximum ripple height curve Vs
Substrate thickness.

From figure (b) it is seen that stop bandwidth decreases linearly with the increase of substrate thickness.
Also stopband depth decreases with the increase of substrate thickness (figure (c)). Observing figure (d) we

find that ripple height is minimum for 31 mils. So31 mils gives better performance.
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Chapter 4: Study and Analysis of binomially
distributed non-uniform EBGS

4.1 Introduction:

EBG structures are realized by defecting the ground plane by etching or by drilling the substrate.
The dispersion characteristics are found to be sensitive on the shape of the EBG elements, the
lattice structures, the height and the value of the dielectric constant of the substrate, the number of
EBG elements, the stopband frequency and the filling factor (FF) that is defined to be the
volumetric ratio of one EBG element to one unit cell. V.Radisic et proposed a 2-D uniform
circular patterned PBG to yield wider and distinct stopband under the constrained of optimized
value of FF = 0.25[1]. Beyond this value ripples height in the passband is significant. Very
recently the non-uniform distribution of EBGs[5] have been proposed to vyield better
performances where they have used FF beyond the value of optimized FF reported in the
literature. Y.Qian et al investigated the role of shape of the PBG elements and the grid structures
on the performances [6]. In this chapter we are investigating the s-parameter performances of a
microstrip transmission line where the ground plane has been perturbed by Binomially distributed
EBGs at transmission band. At transmission band we have investigated the microstrip line at
frequency of 10 GHz to see the performance.

4.2 Binomial distribution:

In probability  theory and statistics, the binomial distributionis the discrete  probability
distribution of the number of successes in a sequence of independent yes/no experiments, each of
which yields success with probability. Such a success/failure experiment is also called a Bernoulli
experiment or Bernoulli trial; when n = 1, the binomial distribution is a Bernoulli distribution. The
binomial distribution is the basis for the popular binomial test of statistical significance.

The binomial distribution is frequently used to model the number of successes in a sample of
size n drawn with replacement from a population of size N. If the sampling is carried out without
replacement, the draws are not independent and so the resulting distribution is a hyper geometric
distribution, not a binomial one. However, for N much larger than n, the binomial distribution is a

good approximation, and widely used.
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4.3 Pascal's triangle:

In mathematics, Pascal's triangle is a triangular array of the binomial coefficients in triangle. It is
named after the French mathematician, Blaise Pascal in much of the Western world, although
other mathematicians studied it centuries before him in India, Greece, Iran, China, Germany, and

Italy.

1
1 1
1 2 1
1 3 3 1
146 41
1510 10 5 1

Figure 4.1: Pascal’s triangle.

The rows of Pascal's triangle are conventionally enumerated starting with row n = 0 at the top. The
entries in each row are numbered from the left beginning with k =0 and are usually staggered
relative to the numbers in the adjacent rows. A simple construction of the triangle proceeds in the
following manner. On row 0, write only the number 1. Then, to construct the elements of
following rows, add the number directly above and to the left with the number directly above and
to the right to find the new value. If either the number to the right or left is not present, substitute a
zero in its place. For example, the first number in the first row is 0 + 1 = 1, whereas the numbers 1
and 3 in the third row are added to produce the number 4 in the fourth row.

This construction is related to the binomial coefficients by Pascal's rule, which says that if

(x+y)" = i (E) x"ry®

Fe=0 4.1

Then,

()-6)+(5)

For any nonnegative integer n and any integer k between 0 and n.
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Pascal's triangle has higher dimensional generalizations. The three-dimensional version is
called Pascal's pyramid or Pascal's tetrahedron, while the general versions are called Pascal's

simplices.

4.4 Coefficients calculation for radius of EBGS
Coefficient calculation for radius of un-uniform EBGS is done by use of Pascal’s triangle.

Pascal's rule also gives rise to Pascal's triangle:

0: 1

1 1 1

2 1 2 1

3 1 3 3 1

4 1 4 6 4 1

5 1 5 10 10 5 1
6 1 6 15 20 15 6 1

Following two steps are followed in coefficient calculation,

Step 1:

Here if N no of EBGS is used in designing the filter, level N-1 is taken as reference. For example,

if there is five EBGS in the design, level 4 is taken as reference as it contains five numbers.

Level 4 contains numbers, 1, 4, 6, 4, and 1 respectively.
Step 2:

Then the numbers are divided by the central number. For even number of EBGS there will be two
same numbers in the center. In this case the central number is 6.

So by dividing by 6 we got: 0.16667, 0.6667, 1, 0.6667, and 0.16667 respectively.

These are the desired coefficient. Observing these coefficients we find that the EBGS at center is

the largest. As EBGS moves away from the center, their radius decreases.
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4.5 Analysis for Odd Number of EBGS

To observe the effect of binomially distributed odd number of EBGS we studied seven and nine
EBGS assisted transmission line. We simulated designs for various FF and found different results.
Results shows that binomially distributed odd numbered EBGS assisted transmission lines are
good for low pass filter.

45.1 Seven EBGS

S-parameters of FF of 0.3, 0.35, 0.4, 0.45 and 0.5 where the substrate is Taconic having dielectric
constant of 2.45, height of 31 mils and the inner-element spacing (period) a = 10.4308 mm were
simulated. We calculated the coefficients as described in section 4.4. The coefficients for seven
EBGS are 0.05, 0.30, 0.75, 1.00, 0.75, 0.30 and 0.05 respectively. A typical geometry of design is

shown bellow,

Transmission Line

BINOMIALLY Ground Plane
DISTRIBUTED EBGS

Figure 4.2: Geometry of binomially distributed seven EBGS assisted transmission line.
By inspecting the S-parameter performances table 4.1 is made.

Table 4.1: Variation of performances due to the variation of filling factor for seven EBGS.

Stop band Depth of Stop Maximum -3 dB Cut-off

Filling Pass band

width band (at center Ripple Height frequency
Factor (GH2)

(GHz) frequency,10 GHz) (dB) (GHz)
0.30 6.21874 0 -14.5358 -0.44303 6.9490
0.35 6.08948 0.3803 -19.0919 -0.63533 6.6250
0.40 6.02933 3.1049 -225774 -0.93847 6.49624
0.45 6.08781 3.6335 -25.1491 -1.26988 6.49217
0.50 6.25220 3.6788 -26.3126 -1.72019 6.64671
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From the above data table it is seen that for seven EBGS depth increases with the increase of FF
and bellow FF=0.35 there is no -20 dB stopband. In this case FF=0.50 gives best result.

—511
----- 521

dB

-50 4

T T T T T T T T
0 5 10 15 20

Frequency(GHz)
Figure 4.3: S-Parameter performance graph for FF=0.50

Here it is observed that the s-parameter characteristics curve shows low pass characteristics

instead of band stop characteristics.

45.2 Nine EBGS

S-parameter characteristics for FF=0.5 where the substrate was Taconic having dielectric constant
of 2.45, height of 31 mils and the inner-element spacing (period) a = 10.4308 mm were simulated.
We calculated the coefficients as described in section 4.4. The coefficients for nine EBGS are
0.0143, 0.1143, 0.40, 0.80, 1.00, 0.80, 0.40, 0.1143 and 0.0143 respectively. A typical geometry of

design is shown bellow,

Transmission Line

1

Ground Plane

BINOMIALLY
DISTRIBUTED EBGS

Figure 4.4: Geometry of binomially distributed nine EBGS assisted transmission line.
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<S-Parameter performance:

The graph bellow shows the s-parameter of the above design.

10 4

220 4

dB

_30 4

_40 -

250 4

T T T T T T T T
0 5 10 15 20

Frequency(GHz)
Figure 4.5: S-Parameter performance graph for FF=0.50
From the above S-parameter performance we inspect 20dB Insertion Loss stop band width is

4.2670 GHz and passband is 6.5757 GHz. The depth at the center frequency of 10 GHz is -31.049
dB. This curve also shows low pass characteristics.

4.6 Analysis for Even Number of EBGS:

To observe the effect of binomially distributed even number of EBGS we studied eight and ten
EBGS assisted transmission line. We simulated designs for various FF and found different results.
Results shows that binomially distributed even numbered EBGS assisted transmission lines are

also good for low pass filter.

4.6.1 Eight EBGS:

S-parameters of FF of 0.35, 0.4 and 0.5 where the substrate was Taconic having dielectric
constant of 2.45, height of 31 mils and the inner-element spacing (period) a = 10.4308 mm were

simulated. We calculated the coefficients as described in section 4.4. The coefficients for eight
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EBGS are 0.0286, 0.20, 0.60, 1.00, 1.00, 0.60, 0.20 and 0.0286 respectively. A typical geometry
of design is shown bellow,

a Transmission Line

BINOMIALLY Ground Plane
DISTRIBUTED EBGS

Figure 4.6: Geometry of binomially distributed eight EBGS assisted transmission line.

By inspecting the S-parameter performances of simulated designs table 4.2 is made.

Table 4.2: Variation of performances due to the variation of filling factor for eight EBGS.

-3dB
Stop band | Depth of Stop band Maximum
Filling Pass band Cut-off
width (at center frequency, | Ripple Height
Factor (GHz) frequency
(GHz) 10 GHz) (dB)
(GHz)
0.35 6.23065 2.82419 -24.52928 -0.760321 6.710493
0.40 6.27455 3.8211 -28.4266 -1.121310 6.639394
0.50 6.79710 3.66898 -30.44479 -2.05165 6.991505

From the above data table it is seen that for eight EBGS, FF=0.50 gives best result.
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Figure 4.7: S-Parameter performance graph for FF=0.50

Here the curve shows the shape of low pass filter but the depth and other parameters are not

sufficient enough to be a good low pass filter.

4.6.2 Ten EBGS:

S-parameters of FF of 0.4, 0.45 and 0.5 where the substrate was Taconic having dielectric constant
of 2.45, height of 31 mils and the inner-element spacing (period) a = 10.4308 mm were simulated.
We calculated the coefficients as described in section 4.4. The coefficients for ten EBGS are
0.00794, 0.07, 0.286, 0.67, 1.00, 1.00, 0.67, 0.286, 0.07 and 0.00794 respectively. A typical
geometry of design is shown bellow,

a Transmission Line

Ground Plane

BINOMIALLY
DISTRIBUTED EBGS

Figure 4.8: Geometry of binomially distributed ten EBGS assisted transmission line.
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By inspecting the S-parameter performances of simulated designs table 4.3 is made.

Table 4.3: Variation of performances due to the variation of filling factor for ten EBGS.

-3dB
Stop band | Depth of Stop band Maximum
Filling Pass band Cut-off
width (at center frequency, | Ripple Height
Factor (GH2z2) frequency
(GHz) 10 GHz) (dB)
(GH2z2)
0.40 6.99151 451627 -35.3894 -1.55583 6.78188
0.45 6.56243 4.50892 -35.1383 -1.53842 6.77759
0.50 6.95403 417373 -35.0487 -2.04603 7.07460

From the above data table it is seen that for ten EBGS, FF=0.45 gives best result.

dB

_40 -

50 4

—— 511
----- 521

T T T
10 15

Frequency(GHz)

Figure 4.9: S-Parameter performance graph for FF=0.45

Here the depth is -35.1383 dB and stopband width is 4.50892 GHz. From the curve it is seen that
after passing the center frequency of 10GHz the insertion loss curve rises to -10 dB but again falls
down. Here passband is 6.5624295 GHz. So we can say this will block all the frequencies that
exceed the passband. Though it passes some frequencies over 12.5 GHz, we can consider those

negligible.
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4.7 Some modified Designs and Their Performances:

We also simulated and studied some other modified non-uniform designs. Previously we
calculated the coefficients using binomial distribution. In this case we used some random and
modified coefficients and studied s-parameter performance. We found some good low pass

filtering performance for some modified non-uniform design.
4.7.1 Designs:

Following designs contains non-uniform EBGS. Standard 50Q microstrip T-line and the substrate
of 31 mils thick and dielectric constant of 2.45 are used for all the designs in this section. Inner
element spacing is a=10.43 mm and circular shape EBGS are used in designs where radius are
calculated by some random pattern.

<Design 1:

In the following design eight EBGS is used and the Filling factor is 0.45. Coefficients of radius are
chosen 0.25, 0.50, 0.75, 1, 1, 0.75, 0.50 and 0.25 respectively.

For FF=0.45,
Radius is r=FF*a = 0.45*10.43 = 4.6935 mm

So after multiplying by our coefficients the radius of our non-uniform modified design becomes
1.1734, 2.3468, 3.5201, 4.6935, 4.6935, 3.5201, 2.3468 and 1.1734 mm respectively. Typical
geometry of the design is given bellow,

a Transmission Line

0.25 0.5 0.75 1 1 0.75 0.5 0.25

Ground Plane

Figure 4.10: Non-Uniform design using eight EBGS having coefficients of radius 0.25, 0.50,
0.75,1, 1, 0.75, 0.50 and 0.25 respectively for FF=0
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<Design 2:

In the following design eight EBGS is used and the Filling factor is 0.50. Coefficients of radius are
chosen 0.25, 0.50, 0.75, 1, 1, 0.75, 0.50 and 0.25 respectively.

For FF=0.50,
Radius is r=FF*a = 0.50*10.43 = 5.215 mm

So after multiplying by our coefficients the radius of our non-uniform modified design becomes
1.3038, 2.6075, 3.9911, 5.215, 5.215, 3.9911, 2.6075 and 1.3038 mm respectively. Typical
geometry of the design is given bellow,

Transmission Line a

0.25 0.5 0.75 1 1 0.75 0.5 0.25

Ground Plane

Figure 4.11: Non-Uniform design using eight EBGS having coefficients of radius 0.25, 0.50,
0.75,1,1,0.75, 0.50 and 0.25 respectively for FF=0.50.

<Design 3:

In the following design ten EBGS is used and the Filling factor is 0.50. Coefficients of radius are
chosen 0.20, 0.40, 0.60, 0.80, 1, 1, 0.80, 0.60, 0.40 and 0.20 respectively.

For FF=0.50,
Radius is r=FF*a = 0.50*10.43 = 5.215 mm

So after multiplying by our coefficients the radius of our non-uniform modified design becomes
1.043, 2.086, 3.129, 4.172, 5.215, 5.215, 4.172, 3.129, 2.086 and 1.043 mm respectively. Typical

geometry of the design is given bellow,
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a Transmission Line

0.20 0.40 0.60 0.80 0.80 0.60 0.40 0.20

Ground Plane

Figure 4.12: Non-Uniform design using ten EBGS having coefficients of radius 0.20, 0.40,
0.60, 0.80, 1, 1, 0.80, 0.60, 0.40 and 0.20 respectively for FF=0.50.

<Design 4:

In the following design ten EBGS is used and the Filling factor is 0.45. Coefficients of radius are
chosen 0.20, 0.40, 0.60, 0.80, 1, 1, 0.80, 0.60, 0.40 and 0.20 respectively.

For FF=0.45,
Radius is r=FF*a = 0.50*10.43 = 4.6935 mm

So after multiplying by our coefficients the radius of our non-uniform modified design becomes
0.9387, 1.8774, 2.8161, 3.7548, 4.6935, 4.6935, 3.7548, 2.8161, 1.8774 and 0.9387 mm

respectively. Typical geometry of the design is given bellow,

Transmission Line a

0.20 0.40 0.60 0.40 0.20

0.80 0.80 0.60

Ground Plane

Figure 4.13: Non-Uniform design using ten EBGS having coefficients of radius 0.20, 0.40,
0.60, 0.80, 1, 1, 0.80, 0.60, 0.40 and 0.20 respectively for FF=0.45.
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<Design 5:

The following design is made by modifying the design of binomially distributed ten EBGS
assisted transmission line where the coefficients were 0.00793, 0.0724, 0.286, 0.67, 1, 1, 0.67,
0.286, 0.0724 and 0.00793 respectively. But for our design we used coefficients 0.0724, 0.286,
0.67,1,1,1, 1, 0.67,0.286 and 0.0724 respectively.

For FF=0.45,

Radius is r=FF*a = 0.50*10.43 = 4.6935 mm

So after multiplying by our coefficients the radius of our non-uniform modified design becomes
0.3353, 1.341, 3.129, 4.6935, 4.6935, 4.6935, 4.6935, 3.129, 1.341 and 0.3353 mm respectively.

Typical geometry of the design is given bellow,

a Transmission Line

0.0714 0.0714

0.286 0.67 1 1 1 1 0.67 0.286

Ground Plane

Figure 4.14: Non-Uniform design using ten EBGS having coefficients of radius 0.0724, 0.286,
0.67,1,1,1,1,0.67,0.286 and 0.0724 respectively for FF=0.45.
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4.7.2 Results:

S-parameter performance curves for above designs are shown bellow.

<Design 1:

10 4

220 4

dB

230 4

40 -

50 4
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0 5 10 15 20

Frequency(GHz)
Figure 4.15: S-parameter performance of modified design 1.
From the above performance it is clearly seen that the depth at center frequency (10 GHz) is -
44,5717 dB, passband width is 6.8645 GHz. The ripple height -1.4672 dB and -3dB cut off

frequency is 6.9654 GHz. This gives very sharp cut off. It is also seen that there are only one

ripple in the passband that is very good for smooth filtering operation.
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<Design 2:
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Figure 4.16: S-parameter performance of modified design 2.

Analyzing the above performance graph we found that the depth at center frequency (10 GHz) is
-45.4627dB, passband width is 6.1730143 GHz. Maximum ripple height is -2.0085 dB which is
reasonably good. -3dB cut off frequency is 7.275095 GHz which gives very sharp cut off also. So
we can conclude that the design is suitable for low pass filtering.
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<Design 3:
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Figure 4.17: S-parameter performance of modified design 3.

The s-parameter performance of design 3 shows similar characteristics as design 2. Both have 2
ripples in similar positions .The ripple heights values are not same but very close which are -
2.00848848 dB and -2.29658849 dB for design 2 and design 3 respectively. The depth at center
frequency is -54.0309 dB and -3dB cut off frequency is 7.326287 GHz. The passband width is
7.4002 GHz. The shape shows low pass characteristics.
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<Design 4:

dB

RO 4

-70

T T T T T T T
0 5 10 15 20
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Figure 4.18: S-parameter performance of modified design 4.

Analyzing the s-parameter performance of design 4 we found that it shows similar characteristics
to that of design 1. It also has only one ripple in the passband and ripple height is numerically very
close. The depth at center frequency is greater than that which we got for design 1 is -52.3349 dB
and passband width is 6.9405 GHz. -3 dB cut off frequency is 7.0588 GHz. So design 4 gives

better performance than design 1.
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<Design 5:
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Figure 4.19: S-parameter performance of modified design 5.

From the above performance it is clearly seen that the depth at center frequency (10 GHz) is
-48.3778 dB, passband width is 7.0642887 GHz. The ripple height -2.8097 dB and -3dB cut off
frequency is 7.071737 GHz. Hence we can say that the performance curve reflects a very good low

pass filtering performance.

4.8 Conclusions:

Microstrip transmission lines over binomially distributed EBGs have been designed and
investigated theoretically. We investigated the s-parameter performances in terms of 10 dB
RLBW, 20 dB rejection bandwidth and ripple height in the passband. We found wider stopband
for even numbered EBGs that we can compare with LPF. Also simulating our modified designs
we found relatively ripple free passband and sharp cut off. A modified design tends to show low

pass filtering performance more than band stop performance.
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Chapter 5 : Study of Dumbbell shape EBGS

5.1 Introduction:

The uniplanar compact EBG (UC-EBG) structure has been used for few applications [8]. UC-PBG
structure has been applied to conventional LPF that improves the filter performance [1]. Low and
high impedance transmission line sections have realized the LPF. The UC-EBG structure has been
used in the ground plane of the filter. This structure is complex in nature. Next the researcher
appeared with dumbbell shaped EBGS [8] where regular EBGS are connected with narrower slots
in the ground plane. The frequency of operation can be changed with the dumbbell shaped EBGS
dimensions. The dumbbell shaped EBGS can also be used to realize LPF [8]. Two designs for
LPF having T-junction stub as well as cross-junction opened stub in conjunction with dumbbell
shaped EGS is used in the ground plane. Dumbbell shaped EGS has been modeled with the
lumped parameters. L. Garde et al [9] proposed non-uniform ring patterned dumbbell shaped
dumbbell shaped EGS to design LPF as EBGS with non-uniform distribution is proposed [12].
They have used dumbbell shaped EBGS in the ground plane of a conventional LPF. The
conventional LPF is implemented with transmission line obtained by the Richard’s transformation
that yields different transmission with different impedances (High-Low impedance sections). H-W
Liu etal. [10] Proposed a LPF with multilayer fractal EBGS. A two-level fractal EBG plane has
replaced the ground plane. In the intermediate plate EBGS have different shapes as the top layer is
made of 3rd-order Sierpinski gaskets and the bottom layer is made of 1st-order Sierpinski carpets.
Significant ripples appear in the passband. Although the LPF performance reported in [13] and
[10] produces wide stopband yet the designs need to take care of both the bottom and top layouts
that may be contrast to high-level applications.

The new model of dumbbell shaped EBGS provides a perturbed surface as ground plane of
standard 50-ohm transmission line that yields the performance of LPF. It provides smoother
passband and wider stopband. Only the perturbed ground plane needs to be taken care of.

In this chapter the evolution of dumbbell shaped EBGS of square, circular and triangular patterned
reported. Various designs are also depicted on the basis of parametric studies i.e. narrow area
effect, total area effect, effect for change in shape. Non-uniform binomially distributed dumbbell
shaped EBGS is also studied. At the last part, some designs are made that gives good low pass

filtering performance.
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5.2 Theory of Dumbbell shape EBGS:

In the previous chapter, for conventional EBGS the center frequency of the stopband is
approximately calculated by well-known formula of Bragg’s condition. Using this formula, the
period for any stopband frequency can be determined. The theory of dumbbell shaped EBGS is
different from that. Here the dimensions of the dumbbell shaped slot (unit cell) control the current
paths on the ground plane hence the equivalent inductance and capacitance of the ground. Fig. 5.1
shows the unit cell of a dumbbell shaped EBGS. It is composed of two larger slots connected by a
narrow vertical slot. The larger slot is a square patterned EBG element. On the other hand

narrower vertical slot is a rectangular patterned EBG element.

j—r_>|:| _;:Width
armI M
length

arm

Figure 5.1: Geometry of a unit cell of a dumbbell shape EBGS. The arm length of a larger
square patterned slot is ‘b’. The vertical slot is a rectangular patterned slot with wxg
dimension; w is known as width and g is known as gap in the open literature.

The unit cell is etched in the ground plane of a standard 50-ohm transmission line. In order to
investigate the frequency characteristics of the unit EBGS cell, few structures having different ‘b’
and ‘g’ are simulated and not only square patterned larger slot but also rectangular, circular and
triangular patterned dumbbell shaped EBGS are also simulated.

The lumped LC equivalent model can be expressed as [9]:

C-= “c |: 1 ] (51)
Zogl w2 _w2
0 "¢
1
L=—, (5.2)
Ar foC
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Where fo is the frequency of the attenuation pole, w¢ is the angular cutoff frequency, Z, is the
characteristic impedance of the line, and 9 is the admittance value of the Butterworth low pass

filter response.
The equivalent circuit of dumbbell shaped EBGS unit cell is shown in Fig. 5.2.

________ y
T e
Zy | I

Figure 5.2: The equivalent circuit of dumbbell shaped DGS unit.

5.3 Performance comparison of Dumbbell shaped and regular shaped EBGS

for same area:

In chapter 3 it is seen that same etching area plays a vital rule of designing EBGS of various
design. Also different regular shapes like square, circular, triangular and hexagonal having same
etching area shows same characteristics. Therefore, in this chapter the effect of same etching area
is also studied for dumbbell shape EBGS as well as regular shapes EBGS to compare the

difference of characteristics.

5.3.1 Designs. Type (A)

All designs are made with reference to the area of circular EBGS having FF=0.30. The area is
30.7582 mm>.

< Designs. A (i) Regular Circular

This design has circular EBGS of radius 3.129 and inner element spacing is 10.43mm. The T-line
is standard 50Q microstrip line. The design is made on the substrate of 31 mils thick whose

dielectric constant is 2.45. Seven numbers of EBGS was used.
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Transmission Line

Ground Plane

Unit Circular EBGS

L— = 3.129 mm

Figure 5.3: Geometry of regular circular shape EBGS assisted microstrip t-line and a unit
cell.

<-Designs. A(ii) Regular Square
This design has square EBGS of arm 5.546 mm and inner element spacing is 10.43mm. The T-line

is standard 50Q microstrip line. The design is made on the substrate of 31 mils thick whose

dielectric constant is 2.45. Seven numbers of EBGS was used.

Transmission Line

_MMMMMML

Ground Plane

Unit Square EBGS

D

b=5.546 mm

Figure 5.4: Geometry of regular square shape EBGS assisted microstrip t-line and a unit
cell.

<-Designs. A(iii) Circular dumbbell shape

This design has two equal circular shaped bigger slots of radius 2.2089 mm and the rectangular
narrow slots of dimensions 0.5mm*0.2mm (length * width) thus the total area becomes
30.7582mm? and inner element spacing is 10.4308mm. The T-line is standard 50Q microstrip line.
The design is made on the substrate of 31 mils thick whose dielectric constant is 2.45.
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Transmission Line

Ground Plane

A single EBGS unit

2.2089 mm j—

0.2 mm
o ©

0.5 mm

Figure 5.5: Typical design of circular patterned dumbbell shaped EBGS with two circular
shaped bigger slots (radius= 2.2089 mm) and narrow slots of 0.5 mm* 0.2mm (length*width).
<-Designs. A(iv) Square dumbbell shape

This design has two equal square shaped bigger slots of arm 3.9152 mm and the rectangular
narrow slots of dimensions 0.5mm*0.2mm (length * width) thus the total area becomes
30.7582mm? and inner element spacing is 10.4308mm. The T-line is standard 50Q microstrip line.

The design is made on the substrate of 31 mils thick whose dielectric constant is 2.45.

Transmission Line

AL B B B E

Ground Plane

A single EBGS unit X

3.9152 mm?

Figure 5.6: Typical design of square patterned dumbbell shaped EBGS with two square
shaped bigger slots (Arm= 3.9152 mm) and narrow slots of 0.5 mm* 0.2mm (length*width).
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5.3.2 Results Type (A)

All results of the Designs Type A are shown bellow.

<Results. A(i) Regular Circular

dB

40 -

50 4

B0 4

0 2 4 6 8 10 12 14 16 18 20 22
Frequency(GHz)

Figure 5.7: S-parameter performance of regular circular shaped EBGS of total area
30.7582mm?,

From the above s-parameter performance graph it is found that the stopband starts from 7.4797
GHz and ends at 12.9182 GHz forming a stopband width of 5.43856 GHz. -3dB cut off frequency
is observed as 7.035 GHz. Few ripples are seen on the graph and maximum ripple height is
measured as -1.0742 dB, passband width of 4.9789 GHz is observed at -10 dB.
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<Results. A(ii) Regular square

dB

A0 -

50 4

N+ 7T 7T T T T T

0 2 4 6 8 10 12 14 16 18 20 22
Frequency(GHz)

Figure 5.8: S-parameter performance of regular square shaped EBGS of total area
30.7582mm?,

This performance also shows similar kind performance as Design. A(i). The performance
parameters are observed as follows - stopband starts from 12.6408 GHz forming stopband width
of 5.4391 GHz, 3 dB cut off frequency = 6.8 GHz, passband width = 6.154 GHz and ripple height

=-2.395 dB which is similar to the above performance.
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<Results. A(iii) Circular dumbbell shape

dB

230 4
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Frequency(GHz)

Figure 5.9: S-parameter performance of circular dumbbell shaped EBGS of total area
30.7582mm?,

From the above s-parameter performance of circular dumbbell shape design it is observed that the
stopband starts at 5.8164 GHz and ends at 10.8654 GHz forming a stopband width of 5.04902 GHz. -3
dB cut off frequency = 5.1849 GHz, passband width = 5.162 GHz and ripple height = --1.92878
dB. Comparing with previous two designs here a shift in the starting and ending of stopband is
observed but the stopband width was nearly the same. The shift in central depth is also seen for
this design. At 20 GHz the insertion loss curve just cross a 20dB and after reaching -16.4448 dB

again it decreases and goes bellow 20 dB.
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<Results. A(iv) Square dumbbell shape

— 511
N
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Figure 5.10: S-parameter performance of square dumbbell shaped EBGS of total area
30.7582mm?

This performance also shows similar kind performance as Design. A(iii). Stopband starts at
5.9912GHz and ends at 11.2062 GHz forming a stopband width of 5.215 GHz where stopband is
measured with the reference of -20 dB insertion loss. -3 dB cut off frequency = 5.3734 GHz, passband
width = 4.4953 GHz and ripple height = -2.0309 dB. At 20 GHz the insertion loss curve just cross

a little the 20dB line and again it decreases.

It can be said that regular circular and square shape designs shows similar result. On the hand,

both dumbbell shape designs show same type of performance.

5.3.3 Designs. Type (B)

All designs are made with reference to the area of circular EBGS having FF=0.35. The area is
41.8653 mm®,

< Designs. B (i) Regular Circular

This design has circular EBGS of radius 3.6505 and inner element spacing is 10.43mm. The T-line
is standard 50Q microstrip line. The design is made on the substrate of 31 mils thick whose

dielectric constant is 2.45. Seven numbers of EBGS was used.
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Transmission Line

Ground Plane

Unit Circular EBGS

r=3.6505 mm

Figure 5.11: A typical geometry of regular circular shape EBGS assisted microstrip t-line
and a unit cell.

<-Designs. B(ii) Regular Square
This design has square EBGS of arm 6.4703 mm and inner element spacing is 10.43mm. The T-

line is standard 50Q microstrip line. The design is made on the substrate of 31 mils thick whose

dielectric constant is 2.45. Seven numbers of EBGS was used.

Transmission Line

_MMMMMML

Ground Plane

Unit Square EBGS

]

b=6.4703 mm

Figure 5.12: A typical geometry of regular square shape EBGS assisted microstrip t-line and
a unit cell.

<-Designs. B(iii) Circular dumbbell shape

This design has two equal circular shaped bigger slots of radius 2.5782mm and the rectangular
narrow slots of dimensions 0.5mm*0.2mm (length * width) thus the total area becomes
41.7653mm? and inner element spacing is 10.4308mm. The T-line is standard 50Q microstrip line.
The design is made on the substrate of 31 mils thick whose dielectric constant is 2.45.
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Transmission Line

Ground Plane

A
3

3y

0.2 mm
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0.5mm

2.5782 mm

Figure 5.13: Typical design of circular patterned dumbbell shaped EBGS with two circular
shaped bigger slots (radius= 2.5782 mm) and narrow slots of 0.5 mm* 0.2mm (length*width).

<-Designs. B(iv) Regular dumbbell shape

This design has two equal square shaped bigger slots of arm 4.5698 mm and the rectangular
narrow slots of dimensions 0.5mm*0.2mm (length * width) thus the total area becomes
41.8653mm? and inner element spacing is 10.4308mm. The T-line is standard 50Q microstrip line.
The design is made on the substrate of 31 mils thick whose dielectric constant is 2.45.

Transmission Line

S E R B R BN

Ground Plane

3

A single EBGS unit mﬁ %FO-Z mm

N

3.9152 mm?

1=0.5mm

Figure 5.14: Typical design of square patterned dumbbell shaped EBGS with two square
shaped bigger slots (Arm = 4.5698 mm) and narrow slots of 0.5 mm* 0.2mm (length*width).
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5.3.4 Results Type (B)

All results of the Designs Type B are shown bellow.

<-Results. B(i) Regular circular
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Figure 5.15: S-parameter performance of regular circular shaped EBGS of total area
41.8653mm?>,

From the above graph stopband starts from 7.2648 GHz ends at 13.2984 GHz giving a stopband
width of 6.0337 GHz. 3dB cut off frequency is observed as 6.391 GHz. Few ripples are seen on
the graph and ripple height is measured as -3.3952 dB, passband width of 5.3213 GHz is observed
at 10 dB. Depth at 10 GHz is -50.941 dB.
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<-Results. B(ii) Regular square
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Figure 5.16: S-parameter performance of regular square shaped EBGS of total area

41.8653mm>.

In this figure, the performance looks like similar to the above performance. However, performance

parameters are observed as follows - stopband starts from 6.8874 GHz and ends at 12.98 GHz
giving a bandwidth of 6.0925 GHz.- 3dB cut off frequency = 6.095 GHz, passband width = 5.112
GHz and ripple height is observed as -2.886 dB. Depth at 10 GHz was -46.812 dB.
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<Results. B(iii) Circular dumbbell shape
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Figure 5.17: S-parameter performance of circular dumbbell shaped EBGS of total area
41.8653mm?°,

S-parameter performance of circular patterned dumbbell shaped EBGS has shown performance
like low pass filter (LPF) and here performance parameters are observed as follows - stopband
starts from 5.251 GHz, 3dB cut off frequency = 4.766 GHz, passband width = 4.096 GHz and
ripple height is observed as - 1.5 dB. Depth at 10 GHz is observed -41.333 dB. However, at the
stopband region too much ups and downs of Insertion Loss curve are present; but it remains
bellow 20dB. On the other hand Return Loss curve at that region shows quite good performance —

remains above -5dB all the time.
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<Results. B(iv) Square dumbbell shape
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Figure 5.18: S-parameter performance of square dumbbell shaped EBGS of total area
41.8653mm?>.

In this figure, the performance looks like similar to the above performance. In this case too graph
shows low pass filtering (LPF) performance. Also, in the stopband region Return Loss curve
shows better performance. However, performance data are as follows - stopband starts from 5.475
GHz, 3dB cut off frequency = 5.267 GHz, passband width = 4.887 GHz and ripple height is -
2.556 dB. Depth at 10 GHz is observed -42.45190 dB. Studying the results of Designs type (B) it
is found that both circular and square pattern dumbbell shape shows similar performance and for
dumbbell shape designs there is a shift in the starting of stopband formation. It is also observed

that dumbbell shape designs shows low pass filtering performance.

5.4 Designs with different dimensions of narrow slot:

In this section, circular and square pattern dumbbell shape designs are made and simulated where
the dimension of narrow slot varied but the bigger (circular or square) slot kept constant. Standard
50Q microstrip T-line and the substrate of 31 mils thick and dielectric constant of 2.45 are used

for all the designs in this section.
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5.4.1 Circular dumbbell shape designs :

All circular pattern dumbbell shape designs made in this section have two bigger slots and a
narrow slot in between them. Etch bigger slot has area of 21.3599 mm? which is the area for a
regular circular shape EBGS having FF=0.25. Centre frequency is 10 GHz which gives the inner
element spacing 10.43 and radius of etch bigger slot is 2.6075 mm. Seven numbers of EBGS units

is used in all those designs.

<Design 1

The following design has two circular shaped bigger slots of radius 2.6075 mm and the length and
width of the rectangular narrow slots are 0.5 mm and 0.7mm respectively, thus the total area
becomes 43.0698mm? and inner element spacing is 10.43mm. The T-line is standard 50Q
microstrip line. The design is made on the substrate of 31 mils thick whose dielectric constant is
2.45.

Transmission Line

Ground Plane

>
2.6075 mm ~ > I w=0.7 mm
A single EBGS unit -
1=0.5mm

Figure 5.19: Typical design of circular patterned dumbbell shaped EBGS with two circular
shaped bigger slots (radius=2.6075 mm) and narrow slots of 0.5 mm* 0.7 mm (length*width).

<Design 2

The following design also has two circular shaped bigger slots of radius 2.6075 mm but in this
design the length and width of the rectangular narrow slots are 0.5 mm and 0.2 mm respectively.
The total area thus becomes 41.8198 mm? The inner element spacing is 10.43mm and the T-line
is standard 50Q microstrip line. The design is made on the substrate of 31 mils thick whose

dielectric constant is 2.45.
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Transmission Line

Ground Plane

™

¥
2.6075 mm — > |:| w=0.2 mm

A single EBGS unit
1=0.5mm

Figure 5.20: Typical design of circular patterned dumbbell shaped EBGS with two circular
shaped bigger slots (radius=2.6075 mm) and narrow slots of 0.5 mm* 0.2 mm (length*width).

<Design 3
In this design, the two circular shaped bigger slots has radius of 2.6075 mm. Its narrow slot is

square shape having sides of 1 mm. In this case, the total area is 43.7198mm? and inner element
spacing is 10.43mm. The T-line is standard 50Q microstrip line. The design is made on the

substrate of 31 mils thick whose dielectric constant is 2.45.

Transmission Line

Ground Plane

2.6075 mm E é : _t
5
A single EBGS unit Q

Figure 5.21: Typical design of circular patterned dumbbell shaped EBGS with two circular
shaped bigger slots (radius=2.6075 mm) and narrow slots of 1 mm* 1 mm (length*width).

Arm=1 mm
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5.4.2 Circular dumbbell shape results:

The results of the designs made in section 5.4.1 are presented below:

<Design 1
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Figure 5.22: S-parameter performance of circular pattern dumbbell shaped EBGS with
narrow slot’s dimension of 0.5 mm*0.7 mm(length* width).

From the above graph it is seen that the stopband starts from 4.9706 GHz and ends at 18.9195
GHz, thus it gives a wide stopband of width 13.9489 GHz. 3dB cut off frequency is observed as
4.7067 GHz. Few ripples are seen on the graph and ripple height is measured as -1.2582 dB,
passband width of 3.9476 GHz is observed at 10 dB return loss line.
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<Design 2
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Figure 5.23: S-parameter performance of circular pattern dumbbell shaped EBGS with
narrow slot’s dimension of 0.5 mm*0.2 mm (length* width).

S-parameter performance of circular patterned dumbbell shaped EBGS has shown performance
like low pass filter (LPF) and here performance parameters are observed as follows - stopband
starts from 5.217 GHz, 3dB cut off frequency = 5.014 GHz, passband width = 4.0515 GHz and
ripple height is observed as - -2.4375. However, at the stopband region remains bellow 20dB
which is necessary to have low pass filtering performance. On the other hand Return Loss curve at
that region shows quite good performance — remains above -5dB all the time.
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<>Design 3:
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Figure 5.24: S-parameter performance of circular pattern dumbbell shaped EBGS with
narrow slot’s dimension of 1 mm*1 mm(length* width).

In this figure, the performance looks like similar to the above performance and at stopband region
Insertion Loss curve shows better performance than that. However, performance parameters are
observed as follows - stopband starts from 4.965 GHz, 3dB cut off frequency = 4.691 GHz,
passband width = 3.961 GHz and ripple height is observed as -1.3827 dB.

Studying the above circular pattern dumbell shape designs it can be said that the designs with

smaller dimensions of narrow slots gives better low pass filtering performance.

5.4.3 Square dumbbell shape designs

All square pattern dumbbell shape designs made in this section have two bigger slots and a narrow
slot in between them. Etch bigger slot has area of 22.0289 mm? which is the area for a regular
circular shape EBGS having FF=0.45. Centre frequency is 10 GHz which gives the inner element
spacing 10.43 and arm of etch bigger slot is 4.6935 mm. Seven numbers of EBGS units is used in

all those designs.
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<Design 1

The following design has two square shaped bigger slots of arm 4.6935 mm and the length and
width of the rectangular narrow slots are 0.5 mm and 0.7mm respectively, thus the total area
becomes 44.4078 mm? and inner element spacing is 10.43mm. The T-line is standard 50Q
microstrip line. The design is made on the substrate of 31 mils thick whose dielectric constant is
2.45.

Transmission Line

S BB BB B N

Ground Plane

A single EBGS unit - PD ﬂ=0_7 mm
b=4.6935 mmL
1
1=0.5mm

Figure 5.25: Typical design of square patterned dumbbell shaped EBGS with two square
shaped bigger slots (Arm = 4.6935 mm) and narrow slots of 0.5 mm* 0.7 mm (length*width).

<Design 2
The following design also has two square shaped bigger slots of arm 4.6935 mm but in this design

the length and width of the rectangular narrow slots are 0.5 mm and 0.2 mm respectively. The total
area thus becomes 44.1578 mm?. The inner element spacing is 10.43mm and the T-line is standard
50Q microstrip line. The design is made on the substrate of 31 mils thick whose dielectric constant

is 2.45.

Transmission Line

Ground Plane

A single EBGS unit

3
= | _w=02mm

1=0.5mm

1

b=4.6935 mm?

Figure 5.26: Typical design of square patterned dumbbell shaped EBGS with two square
shaped bigger slots (Arm = 4.6935 mm) and narrow slots of 0.5 mm* 0.2 mm (length*width).
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<Design 3

In this design, the two circular shaped bigger slots has arm of 4.6935 mm. Its narrow slot is square
shape having sides of 1 mm. In this case, the total area is 45.0578 mm? and inner element spacing
is 10.43mm. The T-line is standard 50Q microstrip line. The design is made on the substrate of 31
mils thick whose dielectric constant is 2.45.

Transmission Line

BB BN

Ground Plane

[T | ! side=tmm
A single EBGS unit L

b=4.6935 mm

Figure 5.27: Typical design of square patterned dumbbell shaped EBGS with two square
shaped bigger slots (Arm = 4.6935 mm) and narrow slots of 1 mm* 1 mm (length*width).
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5.4.4 Square dumbbell shape results:

The results of the designs made in section 5.4.3 are presented below:

<Design 1

nNr——TT7rT T T T T T
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Figure 5.28: S-parameter performance of square pattern dumbbell shaped EBGS with
narrow slot’s dimension of 0.5 mm*0.7 mm(length* width).

From the above graph it is seen that the stopband starts from 5.0247 GHz and ends at 19.178 GHz,
thus it gives a wide stopband of width 14.1533 GHz. 3dB cut off frequency is observed as 4.7971
GHz. Few ripples are seen on the graph and ripple height is measured as -2.5187 dB, passband
width of 3.8957 GHz is observed at 10 dB return loss line. Depth at 10 GHz is -36.1848 dB.
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<Design 2
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Figure 5.29: S-parameter performance of square pattern dumbbell shaped EBGS with
narrow slot’s dimension of 0.5 mm*0.2 mm(length* width).

Analyzing the above s-parameter performance graph it is found that, stopband starts from 5.0986

GHz and stop bandwidth is 12.676 GHz. 3dB cut off frequency is observed as 4.6244 GHz. Few
ripples are seen on the graph and ripple height is measured -2.67dB, passband width of 4.7055
GHz is observed at 10 dB. At 17.77 GHz the insertion loss curve just cross a little the 20dB line

and again it decreases.
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<> Design 3:
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Figure 5.30: S-parameter performance of square pattern dumbbell shaped EBGS with
narrow slot’s dimension of 1 mm*1 mm(length* width).

This performance also shown similar kind performance like Design 1 and here the performance
parameters are observed as follows - stopband starts from 5.4154 GHz, 3 dB cut off frequency =
4.888 GHz, passband width = 4.822340657 GHz and ripple height = -2.51 dB (almost similar to

the performance of design 1.

Studying the above square pattern dumbell shape designs it can be said that the designs with same
length but smaller width of narrow slots gives better low pass filtering performance.

5.5 Performance analysis of same total area but different narrow slots

Circular and square pattern dumbbell shape designs are made and are described in two different
sections- 5.5.1 and 5.5.3 respectively. All the designs contain seven numbers of dumbbell shaped

EBGS unit. Inner element spacing is considered 10.43 mm.
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5.5.1 Circular dumbbell shape designs

In this section, all designs have same area but the dimensions of bigger circular shapes as well as
the narrow slots are different. The total area of all unit EBGS is 21.3599 mm?.  In this section the
dimensions of narrow slots are assumed and the radius of the bigger circular slots is calculated
accordingly to make the area same. Standard 50Q microstrip T-line and the substrate of 31 mils

thick and dielectric constant of 2.45 are used for all the designs in this section.

<Design 1

The design has total area of 21.3599 mm?. The length and width of narrow slots are 1.5 mm and
1.2 mm respectively. Thus the area of narrow slot is 1.8 mm?. Remaining area for bigger circular
slots is 19.5599 mm?. A single slot has area of 9.77995 mm?. The radius of bigger slot is 1.764

mm.

Transmission Line

Ground Plane

A single EBGS unit

kN

1.2 mm

]

1.5 mm

r=1.764 mm

Figure 5.31: Typical design of circular patterned dumbbell shaped EBGS with two circular
shaped bigger slots (radius=1.764 mm) and narrow slots of 1.5 mm* 1.2 mm (length*width).

<Design 2

In this design, total area is also 21.3599 mm?. The length and width of narrow slots are 1 mm and
0.7 mm respectively. Thus the area of narrow slot is .7 mm® Remaining area for bigger circular
slots is 20.6599 mm?®. A single slot has area of 10.32995 mm?. The radius of bigger slot is 1.81

mm.
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Transmission Line

Ground Plane

A single EBGS unit
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r=181 mm 0.7 mm

] |

1 mm

Figure 5.32: Typical design of circular patterned dumbbell shaped EBGS with two circular
shaped bigger slots (radius=1.81 mm) and narrow slots of 1 mm* .7 mm (length*width).

<Design 3

The length and width of narrow slots are assumed .5 mm and 0.2 mm respectively thus the area of
a narrow slot is 0.1 mm? Considering the area 21.3599 mm? the radius of the bigger slots is
calculated. The remaining area for bigger slots is 21.2599 mm?. A single slot has area of 10.62995

mm?. The radius of bigger slot is 1.84 mm.

Transmission Line

Ground Plane

A single EBGS unit

'

r=1.84 mm 0.2 mm

-

0.5 mm

Figure 5.33: Typical design of circular patterned dumbbell shaped EBGS with two circular
shaped bigger slots (radius=2.6075 mm) and narrow slots of .5 mm* .2 mm (length*width).

131



5.5.2 Circular dumbbell shape results

The results of the designs made in section 5.5.1 are presented below:

<Design 1
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Figure 5.34: S-parameter performance of circular pattern dumbbell shaped EBGS with
narrow slot’s dimension of 1.5 mm*1.2 mm(length* width).

In the above S-parameter performance a quite small but well defined stopband performance is
seen. Stopband started at 6.34 GHz and ended at 10.597 GHz; therefore, the stop band width
became 4.257 GHz and passband width is 6.0314 GHz as well as 3dB cut off frequency is
observed at 6.039 GHz. However, stopband ripple height is very small too in this result and it is

only -1.357 dB; but some passband ripples are present above 10dB.
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<Design 2
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Figure 5.35: S-parameter performance of circular pattern dumbbell shaped EBGS with
narrow slot’s dimension of 1 mm*0.7 mm(length* width).

The s-parameter performance is very much similar to the previous one. In this case stopband
started at 6.3738 GHz and ended at 10.5863 GHz; therefore, the stop band width became 4.2124
GHz (nearly same compared to the above performance) and passband width is 6.1629 GHz as
well as 3dB cut off frequency is observed at 6.048 GHz. Therefore, smaller stopband and larger

passband are found as well as cut off frequency is large and -3.1847 dB ripple height is observed.
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<> Design 3:

dB

40 4

A0 4

B0 4

R o e e I E e s e e e S LI s p |

0 2 4 6 8 10 12 14 16 18 20 22
Frequency(GHz)

Figure 5.36: S-parameter performance of circular pattern dumbbell shaped EBGS with
narrow slot’s dimension of 0.5 mm*0.2 mm(length* width).

This is also like the above performance. However, the stopband width is : 10.6495 - 6.5178 =
4.1316 GHz and passband width is 5.6076 GHz . 3dB cut off frequency is 6.035 GHz. However,
though passband ripples are present; stopband ripple height is small which is -1.5134 dB.

Therefore analyzing all the above s-parameter performance of this section it can be said that for

equal total area, change in dimension of narrow slot cause little difference in performance.

5.5.3 Square dumbbell shape designs

In this section, all designs have same area but the dimensions of bigger circular shapes as well as
the narrow slots are different. The total area of all unit EBGS is 21.3599 mm?. In this section the
dimensions of narrow slots are assumed and the arm of the bigger square slots is calculated
accordingly to make the area same. Standard 50Q microstrip T-line and the substrate of 31 mils

thick and dielectric constant of 2.45 are used for all the designs in this section.
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<Design 1

The design has total area of 21.3599 mm?. The side of the square narrow slot is 1.5 mm. Thus the
area of narrow slot is 2.25 mm® Remaining area for bigger circular slots is 19.1099 mm?. A
single slot has area of 9.55495 mm?. The arm of bigger slot is 3.091 mm.

Transmission Line

BB B R BN

Ground Plane

A single EBGS unit

‘ ‘_»D ﬂrm= 1.5 mm

Arm= 3.091 mm

Figure 5.37: Typical design of square patterned dumbbell shaped EBGS with two square
shaped bigger slots (Arm = 3.091 mm) and narrow slots of 1.5 mm* 1.5 mm (length*width).

<Design 2

In this design, total area is also 21.3599 mm?. The side of the square narrow slot is 1 mm. Thus
the area of narrow slot is 1 mm® Remaining area for bigger circular slots is 20.3599 mm?. A
single slot has area of 10.17995 mm?. The arm of bigger slot is 3.1906 mm.

Transmission Line

L EBLEBERER BN

Ground Plane

[T | { side=tmm
A single EBGS unit L

Arm=3.1906 mm

Figure 5.38: Typical design of square patterned dumbbell shaped EBGS with two square
shaped bigger slots (Arm = 3.1906 mm) and narrow slots of 1 mm* 1 mm (length*width).
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<Design 3

The length and width of rectangular narrow slots are assumed 1.5 mm and 1 mm respectively thus
the area of a narrow slot is 1.5 mm? Considering the area 21.3599 mm? the arm of the bigger slots
is calculated. The remaining area for bigger slots is 19.8599 mm?. A single slot has area of

9.92995 mm?. The arm of bigger slot is 3.1512 mm.

Transmission Line

S BB R B n

Ground Plane

L] _ijv:l mm
My

1=1.5mm

A single EBGS unit

D

Arm=3.1512 mm

Figure 5.39: Typical design of square patterned dumbbell shaped EBGS with two square
shaped bigger slots (Arm = 3.1512 mm) and narrow slots of 1.5 mm* 1 mm (length*width).

5.5.4 Square dumbbell shape results

The results of the designs made in section 5.5.3 are presented below:
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<Design 1
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Figure 5.40: S-parameter performance of square pattern dumbbell shaped EBGS with
narrow slot’s dimension of 1.5 mm*1.5 mm (length* width).

S-parameter performance of square patterned dumbbell shaped EBGS has shown performance like
stop band filter and here performance parameters are observed as follows - stopband starts from
6.3012 GHz and ends at 10.6089 GHz forming a narrow stopband of width 4.30768 GHz. 3dB cut
off frequency = 6.019 GHz, passband width = 5.3763 GHz and ripple height is observed as -1.344
dB.
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<Design 2
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Figure 5.41: S-parameter performance of square pattern dumbbell shaped EBGS with
narrow slot’s dimension of 1 mm*1 mm(length* width).

The s-parameter performance is very much similar to the previous one. In this case stopband
started at 6.3438 GHz and ended at 10.596 GHz; therefore, the stop band width became 4.252
GHz (nearly same compared to the above performance) and passband width is 6.0654 GHz as
well as 3dB cut off frequency is observed at 6.0416 GHz. Therefore, smaller stopband and larger

passband are found as well as cut off frequency is large and -3.426 dB ripple height is observed.
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<>Design 3:
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Figure 5.42: S-parameter performance of square pattern dumbbell shaped EBGS with
narrow slot’s dimension of 1.5 mm*1 mm(length* width).

This is also like the above performance. However, the stopband width is : 10.722- 6.4644=
4.25712 GHz and passband width is 5.5876 GHz. 3dB cut off frequency is 6.0347 GHz. However,
though passband ripples are present; stopband ripple height is small which is -1.3502 dB.

Therefore analyzing all the above s-parameter performance of this section it can be said that for
equal total area, change in dimension of narrow slot cause little difference in performance for

square pattern dumbbell shape designs also.

5.6 Performance comparison for same area and same narrow slots having
different shapes

In this section, dumbbell shape designs are made and simulated where the areas and dimensions of
narrow slots kept constant. Three different shapes- circular, square and triangular pattern dumbbell
EBGS are designed. Three different value of total area is used in the three sections- 5.6.1 Designs
(a), 5.6.3 Designs (b) and 5.6.5 Designs (c). Standard 50Q microstrip T-line and the substrate of
31 mils thick and dielectric constant of 2.45 are used for all the designs in this section.
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5.6.1 Designs (a)

In this section total area is considered 45.0574 mm?. For all shapes seven number of EBGS unit is

used and inner element spacing is considered 10.43 mm.

<>Design a-1 : Square dumbbell shape

In this design, the side of square narrow slot is 1 mm. There are two same square shape bigger
slot of arm 4.6935 mm. Thus the total area becomes 45.0574 mm?.

Transmission Line

LB BB BB R

Ground Plane

Arm= 4.6935mm |

Figure 5.43: Typical design of square patterned dumbbell shaped EBGS with two square
shaped bigger slots (Arm = 4.6935 mm) and narrow slots of 1 mm* 1 mm (length*width).

\ \_»D ﬂrm=1mm

<Design a-2 : Circular dumbbell shape

In this design, the side of square narrow slot is also 1 mm. There are two same circular shape
bigger slots of 2.648 mm. Thus the total area becomes 45.0574 mm?.

Transmission Line

Ground Plane

r=2.648mm _L
D Arm=1 mm

Figure 5.44: Typical design of circular patterned dumbbell shaped EBGS with two circular
shaped bigger slots (radius= 2.648 mm) and narrow slots of 1 mm* 1 mm (length*width).
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<Design a-3: Triangular dumbbell shape
In this design, the side of square narrow slot is also 1 mm. There are two same triangular shape

bigger slots of 7.13257 mm. In Zealand ie3d, triangle drawn by setting sides=3 of a circle.
Therefore the radius of the circle is 4.118mm. Thus the total area becomes 45.0574 mm?.

Transmission Line

Ground Plane

: — > Arm=1n 4.118mm
D m mm .

Figure 5.45: Typical design of triangular patterned dumbbell shaped EBGS with two
equilateral triangular shaped bigger slots (Arm = 7.1326 mm) and narrow slots of 1 mm* 1
mm (length*width).

5.6.2 Results

<>Design a-1 : Square dumbbell shape
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Figure 5.46: S-parameter performance of square pattern dumbbell shaped EBGS with total
area of 45.0574 mm?®.
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The s-parameter of the above graph shows performance of low pass filter(LPF). The insertion loss
curve did not crossed 20 dB after the starting of the stop band up to our simulated range. Here the
performance parameters are observed as follows - stopband starts from 5.0247 GHz, 3 dB cut off
frequency = 4.7971 GHz, passband width = 3.896 GHz and ripple height = -2.8781 .

<Design a-2 : Circular dumbbell shape
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Figure 5.47: S-parameter performance of circular pattern dumbbell shaped EBGS with total
area of 45.0574 mm?.

This performance also shown similar kind performance like square patterned dumbbell shape
EBGS. Stopband starts from 4.8728 GHz and 3dB cut off frequency is observed as 4.3882 GHz.
Passband width of 3.8631 GHz is observed at 10 dB return loss line. The insertion loss curve did
not crossed 20 dB after the starting of the stop band up to our simulated range. Therefore, the
curve shows a good low pass performance. Though passband ripples are present; stopband ripple
height is small which is - 2.5831 dB.
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<Design a-3: Triangular dumbbell shape
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Figure 5.48: S-parameter performance of triangular pattern dumbbell shaped EBGS with
total area of 45.0574 mm?Z.

Again S-parameter performance of triangular patterned dumbbell shape EBGS has shown similar
performance like square and circular patterned dumbbell shape EBGS of the same etching area
and narrow slot. Here the performance parameters are observed as follows - stopband starts from
5.155 GHz, 3 dB cut off frequency = 4.628 GHz, passband width = 4.518 GHz and ripple height =
-2.7582 dB (assume to be similar to the above performances).

Therefore from the study of same area and same narrow slot for square, circular and triangular

pattern dumbbell shape designs, it is found that all shapes shows same performance.

5.6.3 Designs (b)

In this section total area is considered 21.3599 mm?. For all shapes seven number of EBGS unit is
used and inner element spacing is considered 10.43 mm.

<>Design b-1 : Square dumbbell shape

In this design, the side of square narrow slot is 1 mm. Remaining area for bigger slots is 20.3599
mm?. A single bigger slot has area of 10.17995 mm? so the arm is 3.1906 mm.
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Transmission
Line

...

Ground Plane

Arm=3.1906 mm |

Figure 5.49: Typical design of square patterned dumbbell shaped EBGS with two square
shaped bigger slots (Arm =3.1906 mm) and narrow slots of 1 mm* 1 mm (length*width).

\ ‘_»D ﬂrm=1mm

<Design b-2 : Circular dumbbell shape

In this design, the side of square narrow slot is 1 mm. Remaining area for bigger slots is 20.3599
mm?. A single bigger slot has area of 10.17995 mm? so the radius of bigger circular slot is 1.8mm.

Transmission Line

Ground Plane

r=1.8mm _L
D Arm=1 mm

Figure 5.50: Typical design of circular patterned dumbbell shaped EBGS with two circular
shaped bigger slots (radius= 1.8 mm) and narrow slots of 1 mm* 1 mm (length*width).

<>Design b-3: Triangular dumbbell shape

In this design, the side of square narrow slot is also 1 mm. There are two same triangular shape
bigger slot of 4.8486 mm. In Zealand ie3d, triangle drawn by setting sides=3 of a circle.
Therefore the radius of the circle is 2.7994 mm . Thus the total area becomes 21.3599 mm?.
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Transmission Line

Ground Plane

—_— 2.7994mm
—» D Arm=1 mm ;
— (——)

Figure 5.51: Typical design of triangular patterned dumbbell shaped EBGS with two
equilateral triangular shaped bigger slots (Arm = 4.8486 mm) and narrow slots of 1 mm* 1

mm (length*width).

5.6.4 Results (b)

<>Design b-1 : Square dumbbell shape
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Figure 5.52: S-parameter performance of square pattern dumbbell shaped EBGS with total
area of 21.3599 mm?®.

S-parameter performance of square patterned dumbbell shaped EBGS has shown performance like
stop band filter. In this case stopband started at 6.3438 GHz and ended at 10.596 GHz; therefore,
the stop band width became 4.252 GHz and passband width is 6.0654 GHz as well as 3dB cut off
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frequency is observed at 6.0416 GHz. Therefore, smaller stopband and larger passband are found
as well as cut off frequency is large and -3.426 dB ripple height is observed.

<Design b-2 : Circular dumbbell shape
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Figure 5.53: S-parameter performance of circular pattern dumbbell shaped EBGS with total
area of 21.3599 mm?®.

The s-parameter performance is very much similar to the previous one. . In this case stopband
started at 6.2277 GHz and ended at 10.4262 GHz; therefore, the stop band width became 4.198
GHz (nearly same compared to the above performance) and passband width is 5.4399 GHz as
well as 3dB cut off frequency is observed at 5.7371 GHz. The maximum ripple height is observed
-1.4701 dB.
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<Design b-3: Triangular dumbbell shape
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Figure 5.54: S-parameter performance of triangular pattern dumbbell shaped EBGS with
total area of 21.3599 mm?.

Again S-parameter performance of triangular patterned dumbbell shape EBGS has shown similar
performance like square and circular patterned dumbbell shape EBGS of the same etching area
and narrow slot. Here the performance parameters are observed as follows - stopband starts from
6.454 GHz and ends at 10.615 GHz forming a narrow stopband of width 4.1612 GHz (also nearly
same compared to the above performances). 3 dB cut off frequency = 6.044 GHz, passband width
= 5.5305 GHz and ripple height = - -3.4861 dB (assume to be similar to the above performance).

From the study of same area and same narrow slot ,for the designs of this sections also the finding

is the same that is all shapes shows same performance.

5.6.5 Designs (c)

In this section total area is also considered 21.3599 mm? but the dimension of narrow slot is
different in this case. For all shapes seven number of EBGS unit is used and inner element

spacing is considered 10.43 mm.
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<>Design c-1 : Square dumbbell shape

In this design, the length and width of narrow slot is 1.5 mm and 1 mm respectively. Remaining
area for bigger slots is 19.8599 mm?. A single bigger slot has area of 9.92995 mm?. so the arm is
3.1906 mm.

Transmission Line

BB BB B B

Ground Plane

Arm=3.1906 mm |

Figure 5.55: Typical design of square patterned dumbbell shaped EBGS with two square
shaped bigger slots (Arm = 3.1511 mm) and narrow slots of 1.5 mm* 1 mm (length*width).

I=1.5mm

<Design c-2 : Circular dumbbell shape

In this design, the length and width of narrow slot is 1.5 mm and 1 mm respectively. Remaining
area for bigger slots is 19.8599 mm? A single bigger slot has area of 9.92995 mm?. Thus the

radius of the circular bigger slot is 1.7779 mm.

Transmission Line

Ground Plane

r=1.7779 m

— v W=1mm

—

I=1.5mm

Figure 5.56: Typical design of circular patterned dumbbell shaped EBGS with two circular
shaped bigger slots (radius= 1.7779 mm) and narrow slots of 1.5 mm* 1 mm (length*width).
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<>Design ¢c-3: Triangular dumbbell shape

In this design, the length and width of narrow slot is also 1.5 mm and 1 mm respectively.
Remaining area for bigger slots is 19.8599 mm?. A single bigger slot has area of 9.92995 mm?.
There are two same triangular shape bigger slot of arm 4.7887 mm. In Zealand ie3d, triangle
drawn by setting sides=3 of a circle. Therefore the radius of the circle is 2.7648 mm. Thus the total

area becomes 21.3599 mm?>.

Transmission Line

|

Ground Plane

A 2.7648 mm
> v W= 1mm ;

4.7887 mm

[=1.5mm

Figure 5.57: Typical design of triangular patterned dumbbell shaped EBGS with two
equilateral triangular shaped bigger slots (Arm = 4.7887 mm) and narrow slots of 1.5 mm* 1
mm (length*width).
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5.6.6 Results (c)

<>Design c-1 : Square dumbbell shape
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Figure 5.58: S-parameter performance of square pattern dumbbell shaped EBGS with total
area of 21.3599 mm2.

The above S-parameter performance shows a narrow stopband performance.However, the
stopband width is : 10.722- 6.4644= 4.25712 GHz and passband width is 5.5876 GHz. 3dB cut off
frequency is 6.0347 GHz.Though passband ripples are present; stopband ripple height is small
which is -1.3502 dB.
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<Design c-2 : Circular dumbbell shape
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Figure 5.59: S-parameter performance of circular pattern dumbbell shaped EBGS with total
area of 21.3599 mm?®.

The s-parameter performance is very much similar to the previous one. In this case stopband
started at 6.366 GHz and ended at 10.598 GHz; therefore, the stop band width became 4.23167
GHz (nearly same compared to the above performance) and passband width is 6.0612 GHz as
well as 3dB cut off frequency is observed at 6.043 GHz. Ripple height is observed as -3.6162 dB.
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<Design c-3: Triangular dumbbell shape
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Figure 5.60: S-parameter performance of triangular pattern dumbbell shaped EBGS with
total area of 21.3599 mm?.

Once again S-parameter performance of triangular patterned dumbbell shape EBGS has shown
similar performance like square and circular patterned dumbbell shape EBGS of the same etching
area and narrow slot. Here the performance parameters are observed as follows - stopband starts
from 6.603 GHz and ends at 10.8419 GHz forming a narrow stopband of width 4.239 GHz (also
nearly same compared to the above performances). 3 dB cut off frequency = 5.896 GHz, passband
width = 5.689 GHz and ripple height = -1.468 dB (assume to be similar to the above

performance).

Also analyzing the performances of the designs of this section it can be said that same area and

same dimension of narrow slots shows same performance for different shapes.
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5.7 Binomially distributed non-uniform dumbbell shape designs

In chapter four it is seen that binomially distributed EBGS assisted transmission line gives
relatively ripple free passband and wider stopband. Earlier in this chapter various dumbbell shape
designs are studied and found that dumbbell shape designs gives better low pass filtering
performance and many of them can be stated as perfect low pass filter. Almost all the above
designs contain ripples. To achieve relatively ripple free passband binomially distributed dumbbell

shape designs are made.

5.7.1 Circular dumbbell shape designs

Non- uniform binomially distributed circular pattern dumbbell shape designs are made in this
section. The circular bigger slots are binomially distributed keeping the dimensions of narrow
slots constants for all the designs made in this section. To calculate radius of circular bigger slots a
method was followed which is stated in chapter four, section 4.4. Standard 50Q microstrip T-line
and the substrate of 31 mils thick and dielectric constant of 2.45 are used for all the designs in this
section. The inner element spacing used is 10.43 mm.

<Design 1

Circular pattern dumbbell shape nine EBGS elements are used in this design where total area of
central element is made equal to the regular circular design having FF=0.50. Regular circular
EBGS having FF=0.50 has area of 85.43966 mm? The length and width of rectangular narrow
slots are 1 mm and .7 mm respectively which are constant for all EBGS elements. The bigger
circular slots are binomially distributed where the coefficients of radius are calculated from
binomial distribution. The coefficients for nine EBGS are 0.0143, 0.1143, 0.40, 0.80, 1.00, 0.80,
0.40, 0.1143 and 0.0143 respectively. The radius of bigger circular slot of central EBGS unit is
calculated which is 3.6877 mm. Thus the radiuses of the bigger circular slots are 0.0472 mm,
0.4215 mm, 1.475 mm, 2.95 mm, 3.6877mm, 2.95mm, 1.475 mm 0.4215 mm and 0.0472 mm

respectively. A typical geometry of design is shown bellow,

153



Transmission Line

Ground Plane

_— D I w=0.7 mm

[=1 mm

Figure 5.61: Typical design of binomially distributed non-uniform circular patterned
dumbbell shaped EBGS having nine EBGS unit with constant narrow slots of 1 mm* 0.7 mm
(length*width).

<Design 2

In this design, circular pattern dumbbell shape ten EBGS elements are used where total area of
central element is made equal to the regular circular design having FF=0.45. Regular circular
EBGS having FF=0.45 has area of 69.20596 mm?. The length and width of rectangular narrow
slots are 1 mm and .7 mm respectively which are constant for all EBGS elements. The bigger
circular slots are binomially distributed where the coefficients of radius are calculated from
binomial distribution. The coefficients for ten EBGS are 0.00794, 0.07, 0.286, 0.67, 1.00, 1.00,
0.67, 0.286, 0.07 and 0.00794 respectively. The radius of bigger circular slot of central EBGS unit
is calculated which is 3.3188 mm. Thus the radiuses of the bigger circular slots are 0.02635 mm,
0.23232 mm, 0.9492 mm, 2.2236 mm, 3.3188 mm, 3.3188 mm, 2.2236 mm, 0.9492 mm, 0.23232

mm and 0.02635 mm respectively. A typical geometry of design is shown bellow,
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Transmission Line

Ground Plane

— D _:;_ w=0.7 mm

I=1 mm

Figure 5.62: Typical design of binomially distributed non-uniform circular patterned
dumbbell shaped EBGS having ten EBGS unit with constant narrow slots of 1 mm* 0.7 mm
(length*width).

<Design 3

Ten EBGS elements are used in this design where the total area of central element is made equal
to the regular circular design having FF=0.50. Regular circular EBGS having FF=0.50 has area of
85.4397 mm?. The length and width of rectangular narrow slots are 1 mm and .7 mm respectively
which are constant for all EBGS elements. The bigger circular slots are binomially distributed
where the coefficients of radius are calculated from binomial distribution. The coefficients for ten
EBGS are 0.00794, 0.07, 0.286, 0.67, 1.00, 1.00, 0.67, 0.286, 0.07 and 0.00794 respectively. The
radius of bigger circular slot of central EBGS unit is calculated which is 3.6876 mm. Thus the
radiuses of the bigger circular slots are 0.02928 mm, 0.2581mm, 1.0546 mm, 2.4707 mm, 3.6876
mm, 3.6876 mm, 2.4707 mm, 1.0546 mm, 0.2581 mm and 0.02928 mm respectively. A typical
geometry of design is shown bellow,
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Transmission Line

Ground Plane
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Figure 5.63: Typical design of binomially distributed non-uniform circular patterned
dumbbell shaped EBGS having ten EBGS unit with constant narrow slots of 1 mm* 0.7 mm
(length*width).

5.7.2 Circular dumbbell shape results:

S-parameter performance of the designs made in section 5.7.1 are shown and analyzed in this

section.

<Design 1
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Figure 5.64: S-parameter performance of binomially distributed circular pattern dumbbell
shaped EBGS having nine EGBS unit containing constant narrow slots of dimensions 1mm *
.7 mm (length * width) where the total area of the central EBGS is 85.43966 mm2.
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The s-parameter of the above graph shows performance of likely to be a low pass filter(LPF). At
around 10.8 GHz the insertion loss curve just cross a little the 20 dB line and again it decreases..
Here the performance parameters are observed as follows - stopband starts from 4.81 GHz, 3 dB
cut off frequency = 3.911 GHz, passband width = 3.573 GHz. There is only one ripple with
negligible height is present in the passband and which is measured as -0.7733 dB.

<Design 2
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Figure 5.65: S-parameter performance of binomially distributed circular pattern dumbbell
shaped EBGS having ten EGBS unit containing constant narrow slots of dimensions 1mm *
.7 mm (length * width) where the total area of the central EBGS is 69.20596 mmZ.

In this figure, the performance looks like similar to the above performance. In this case also the
number of ripple in the passband is only one; but in the stopband region Return Loss curve shows
better performance. However, performance data are as follows - stopband starts from 4.994 GHz,
3dB cut off frequency = 4.1204 GHz, passband width = 3.898 GHz. The height of the ripple is
negligible which is -0.5419 dB. Though insertion loss curve touches the 20dB line, it can be
assumed as LPF.
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<Design 3
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Figure 5.66: S-parameter performance of binomially distributed circular pattern dumbbell
shaped EBGS having ten EGBS unit containing constant narrow slots of dimensions 1mm *
.7 mm (length * width) where the total area of the central EBGS is 85.43966 mm?-.

S-parameter performance of the above graph has shown performance like low pass filter (LPF)
and here performance parameters are observed as follows - stopband starts from 4.5793 GHz, 3dB
cut off frequency = 3.8284 GHz, passband width = 3.6033 GHz. In this case also ripple height is
very small and observed as -0.8167 dB. However, at the stopband region too much ups and downs
of Insertion Loss curve are present; but it remains bellow 20dB. On the other hand Return Loss
curve at that region shows quite good performance — remains above -5dB all the time.

Therefore studying the performances of binomially distributed circular pattern dumbbell shape
designs it is found that the designs have considerably less ripples and good low pass filtering

performance.

5.7.3 Square dumbbell shape designs

In this section, non- uniform binomially distributed square pattern dumbbell shape designs are

made. The square bigger slots are binomially distributed keeping the dimensions of narrow slots

constants for all the designs made in this section. To calculate arm of square bigger slots the arm

of central square bigger slot is multiplied with the coefficient of binomial distribution which is
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stated in chapter four, section 4.4. Standard 50Q microstrip T-line and the substrate of 31 mils
thick and dielectric constant of 2.45 are used for all the designs in this section. The inner element
spacing used is 10.43 mm.

<Design 1

Square pattern dumbbell shape nine EBGS elements are used in this design where total area of
central element is made equal to the regular circular design having FF=0.50. Regular circular
EBGS having FF=0.50 has area of 85.43966 mm?®. The side of square narrow slot is 1mm which is
constant for all EBGS elements. The bigger square slots are binomially distributed where the
coefficients of arm of squares are calculated from binomial distribution. The coefficients for nine
EBGS are 0.0143, 0.1143, 0.40, 0.80, 1.00, 0.80, 0.40, 0.1143 and 0.0143 respectively. The arm of
bigger circular slot of central EBGS unit is calculated which is 6.4976 mm. Thus the arm of the
bigger circular slots are 0.08316 mm, 0.7426 mm, 2.599 mm, 5.198 mm, 6.4976, 5.198 mm, 2.599
mm 0.7426 mm and 0.08316 mm respectively. A typical geometry of design is shown bellow,

e e — —

[ B idos
Central EBGS unit ’ { side=t mm

b=6.4976 mm

Figure 5.67: Typical design of binomially distributed non-uniform square patterned
dumbbell shaped EBGS having nine EBGS unit with Constant Square narrow slots of side 1
mm.

<Design 2

In this design, square pattern dumbbell shape ten EBGS elements are used where total area of
central element is made equal to the regular circular design having FF=0.45. Regular circular
EBGS having FF=0.45 has area of 69.20596 mm2. The side of square narrow slot is 1mm which is
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constant for all EBGS elements. The bigger square slots are binomially distributed where the
coefficients of arm of squares are calculated from binomial distribution. The coefficients for ten
EBGS are 0.00794, 0.07, 0.286, 0.67, 1.00, 1.00, 0.67, 0.286, 0.07 and 0.00794 respectively. The
arm of bigger square slot of central EBGS unit is calculated which is 5.8398 mm. Thus the arm of
the bigger square slots are 0.0463 mm, 0.4087 mm, 1.6702 mm, 3.9126 mm, 5.8398 mm, 5.8398
mm, 3.9126 mm, 1.6702 mm, 0.4087 mm and 0.0463 mm respectively. A typical geometry of
design is shown bellow,

[] B aias
Central EBGS unit > | | side=tmm

b=5.8398 mm

Figure 5.68: Typical design of binomially distributed non-uniform square patterned
dumbbell shaped EBGS having ten EBGS unit with Constant Square narrow slots of side 1
mm.

<Design 3

Ten EBGS elements are used in this design where the total area of central element is made equal
to the regular circular design having FF=0.50. Regular circular EBGS having FF=0.50 has area of
85.4397 mm? The side of square narrow slot is 1mm which is constant for all EBGS elements.
The bigger square slots are binomially distributed where the coefficients of arm of squares are
calculated from binomial distribution. The coefficients for ten EBGS are 0.00794, 0.07, 0.286,
0.67, 1.00, 1.00, 0.67, 0.286, 0.07 and 0.00794 respectively. The arm of bigger square slot of
central EBGS unit is calculated which is 6.4976 mm. Thus the arm of the bigger square slots are
0.05159 mm, 0.4548 mm, 1.8583 mm, 4.35339 mm, 6.4976 mm, 6.4976mm, 4.35339 mm, 1.8583
mm, 0.4548 mm and 0.05159 mm respectively. A typical geometry of design is shown bellow,

160



-iqg_m—-ié-i-

| F aides
Central EBGS unit > lede 1 mm

b=6.4976 mm

Figure 5.69: Typical design of binomially distributed non-uniform square patterned
dumbbell shaped EBGS having ten EBGS unit with constant square narrow slots of side 1
mm.

5.7.4 Square dumbbell shape results:

S-parameter performance of the designs made in section 5.7.3 are shown and analyzed in this

section.

<Design 1
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Figure 5.70: S-parameter performance of binomially distributed square pattern dumbbell
shaped EBGS having nine EGBS unit containing constant narrow slots of dimensions 1mm *
1 mm (length * width) where the total area of the central EBGS is 85.43966 mm?-.
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The s-parameter of the above graph shows performance of low pass filter(LPF). At around 11.5
GHz in the stopband region there is a considerable ripple of height -16.64 dB in return loss curve
but the insertion loss curve remains bellow 20 dB. Here the performance parameters are observed
as follows - stopband starts from 4.91 GHz, 3 dB cut off frequency = 4.046 GHz, passbhand width
= 3.679 GHz. There is only one ripple with negligible height is present in the passband and which
is measured as -0.791 dB.

<Design 2
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Figure 5.71: S-parameter performance of binomially distributed square pattern dumbbell
shaped EBGS having ten EGBS unit containing constant narrow slots of dimensions 1mm *
1 mm (length * width) where the total area of the central EBGS is 69.20596 mm?Z.

In this figure, the performance looks similar to the above performance. In this case also the
number of ripple in the passband is only one; but in the stopband region Return Loss curve shows
better performance. However, performance data are as follows - stopband starts from 5.076 GHz,
3dB cut off frequency = 4.207 GHz, passband width = 3.965 GHz. The height of the ripple is
negligible which is -0.712 dB. Though insertion loss curve touches the 20dB line, it can be
assumed as LPF.
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<Design 3
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Figure 5.72: S-parameter performance of binomially distributed square pattern dumbbell
shaped EBGS having ten EGBS unit containing constant narrow slots of dimensions 1mm *1
mm (length * width) where the total area of the central EBGS is 85.43966 mm?X.

S-parameter performance of the above graph also has shown performance like low pass filter
(LPF) and here performance parameters are observed as follows - stopband starts from 4.6946
GHz, 3dB cut off frequency = 3.9177 GHz, passband width = 3.696 GHz. In this case also ripple
height is very small and observed as -0.8634 dB. However, at the stopband region too much ups
and downs of Insertion Loss curve are present; but it remains bellow 20dB. On the other hand
Return Loss curve at that region shows quite good performance — remains well above -6dB all the

time.

However, studying the performances of binomially distributed square pattern dumbbell shape
designs it is found that the designs also have considerably less ripples and good low pass filtering
performance. Therefore it can be said that the binomially distributed dumbbell shape designs gives

better low pass filtering performance with negligible ripple effect.
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5.8 Some Designs made to Achieve Low-pass Performance

Numerous irregular designs are made and simulated using Zealand ie3D EM simulation software
and some of them showed good low pass performance with lower cutoff and less ripples. In this
section three irregular designs and their performance will be described.

5.8.1 Designs

<Design 1

This design is a uniform irregular design where rectangular shape seven EBGS elements are used.
In this design the dimensions of rectangular slot is 4.6935 mm* 10.24 mm (length * width). The
inner element spacing is 10.43 mm and the design is made on standard 50 ohm transmission line.
Substrate thickness is 31 mils and dielectric constant is 2.45. A typical geometry of design is

shown bellow,

Transmission Line

e e ] ] ]

A
10.24 mm
Y
[~
4.6935 mm

Figure 5.73: Typical design of rectangular shaped uniform design.

<Design 2

This design is a non-uniform design where both the bigger slot and narrow slot is made non-
uniform. Bigger slots are square shaped and narrow slots are rectangular shaped. Coefficients for
bigger slots used are 0.25, 0.50, 0.75, 1.0, 0.75, 0.50 and 0.25 respectively and coefficients for
narrow slots are 1.0, 0.75, 0.50, 0.25, 0.25, 0.50, 0.75 and 1.0 respectively. The reference arm for
bigger slot is 5 mm and reference length of narrow slot is 5 mm. The inner element spacing is
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10.43 mm and the design is made on standard 50 ohm transmission line. Substrate thickness is 31
mils and dielectric constant is 2.45. A typical geometry of design is shown bellow,

Transmission Line

Ground Plane

Sides of Square Bigger Slots= 1.25 mm, 2.5 mm, 3.75 mm, 5.0 mm, 5.0 mm, 3.75 mm, 2.5 mm, 1.25 mm
Lengths of the narrow slots = 5 mm, 3.75 mm, 2.5 mm, 1.25 mm, 1.25 mm , 2.5 mm, 3.75 mm, 5.0 mm and

width is =1.5 mm

Figure 5.74: Typical design of non-uniform irregular design having square shaped EBGS.

<>Design 3

This design is also a non-uniform design where both the bigger slot and narrow slot is made non-
uniform. Bigger slots are circular shaped and narrow slots are rectangular shaped. Coefficients for
bigger slots used are 0.25, 0.50, 0.75, 1.0, 0.75, 0.50 and 0.25 respectively and coefficients for
narrow slots are 1.0, 0.75, 0.50, 0.25, 0.25, 0.50, 0.75 and 1.0 respectively. The reference radius
for bigger slot is 3.651 mm and reference length of narrow slot is 5 mm. The inner element
spacing is 10.43 mm and the design is made on standard 50 ohm transmission line. Substrate
thickness is 31 mils and dielectric constant is 2.45. A typical geometry of design is shown bellow,

Transmission Line

Ground Plane

Radiuses of Bigger Slots= 0.913 mm, 1.825 mm, 2.738 mm, 3.651 mm, 3.651 mm, 2.738 mm, 1.825 mm, 0.913 mm

Lengths of the narrow slots = 8 mm, 6 mm, 4 mm, 2 mm, 2 mm , 4 mm, 6 mm, 8 mm and width is 1.5 mm

Figure 5.75: Typical design of non-uniform irregular design having square shaped EBGS.
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5.8.2 Results

<Design 1
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Figure 5.76: S-parameter performance of design 1.

The s-parameter of the above graph shows performance of low pass filter (LPF). Here the
performance parameters are observed as follows - stopband starts from 5.6469 GHz, 3 dB cut off
frequency = 5.091 GHz, passband width = 4.39 GHz. There is only one ripple with negligible
height is present in the passband and which is measured as -2.9594 dB. Here, the insertion loss
curve remains bellow 20 dB after the stopband starts.
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<Design 2
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Figure 5.77: S-parameter performance of design 2.

The s-parameter of the above graph also shows performance of low pass filter (LPF). Here the
performance parameters are observed as follows - stopband starts from 5.282 GHz, 3 dB cut off
frequency = 4.402 GHz, passband width = 4.155 GHz. This design is more compact than the
previous design. There is only one ripple with negligible height is present in the passband and
which is measured as -0.598 dB. Here, the insertion loss curve remains bellow 20 dB after the
stopband starts. There is only one disadvantage that is a ripple of return loss in the stopband

region.
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<Design 3
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Figure 5.78: S-parameter performance of design 3.

The s-parameter of the above graph also shows performance of low pass filter (LPF) like previous
two designs. Here the performance parameters are observed as follows - stopband starts from
4569 GHz. 3 dB cut off frequency = 3.888 GHz which shows the most compact performance
compared to previous designs. Passband width is observed = 4.155 GHz. There is only one ripple
with negligible height is present in the passband and which is measured as -0.9565 dB. Here, the
insertion loss curve remains bellow 20 dB after the stopband starts and also the return loss curve in
the stopband region always remained under 5 dB. This can be stated as the best design of low pass
filter.

168



5.9: Conclusion

In this chapter too many good designs are proposed with good performance on the basis of
parametric studies. Some very simple designs are observed with great performance and some
compound and complex designs are newly introduced in this chapter too. Narrow and wider
stopband and low pass performances criterion analysis and effect of etching area on the
performance of dumbbell shaped designs are closely inspected and a contradiction of same etching
area is also shown here. A way of reducing passband ripples by binomially distributed non
uniform designs is mentioned with example as well as S-parameter performance is observed

through necessary designs.
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Chapter 6 : Verification, Conclusions and Future
Works

6.1 Verifications of simulated values

All the designs made and simulated in this thesis work using Zealand IE3D EM simulation
software. We were unable to experiment investigations practically because of unavailability of
required instruments. We designed an ideal transmission line and simulated it which showed us
exactly the same performance that an ideal transmission line shows in practical experiments
(section 3.2). It is proved that 1D and 2D designs produce the same performance and we also got
identical performance from 1D and 2D designs simulation (section 3.6). Also we got optimum
filling factor of 0.25 for circular shaped EBGS (section 3.5) which was previously reported by
Prof. T. Itoh [1]. All other investigations we did were theoretically explained. From the study we

can deduce that our simulated values were correct.

6.2 Conclusions

The work presented in this thesis was concerned with EBG assisted filters. At present EBG
engineering is a special area in microwave engineering. EBGSs are periodic in nature and found to
be very attractive in different microwave devices and components. EBG theories were reviewed to
understand the passband and stopband phenomena of EBGSs. The depth and width of the
stopband depends on few factors like FFs, number of elements, periods and substrate properties.
Uniform circular, square, rectangular, triangular and hexagonal patterned EBGSs was investigated
with variable number of EBG elements. The stopband-passband properties are reported by S-
parameters performances. Different shapes of the EBG elements and different lattice structures
were shown. Three rows of various uniform patterned EBGSs under the standard 50-ohm
transmission line were simulated. Comparing with the result of one row uniform circular EBGSs it
was found that three rows of uniform circular EBGSs and one row of uniform circular EBGSs
yield very identical S-parameters performances. Therefore, to clarify and understand the fact a
typical design with very narrow blank space at the beneath of T-line was simulated and found
reduction of stopband completely. So, only 1-D uniform EBGSs were used onward. Effect of same
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etching area for different patterned of uniform conventional EBGSs and some contradictory results
to that effects were described. Binomial distribution and its application in designing non-uniform
EBGSs is reported in chapter four. Using binomially distributed EBGS, relatively fewer ripples in
the passband was achieved.

Lots of new shapes and designs of dumbbell shaped EBGSs are introduced in chapter five. They
are described according to the fact of their S-parameter performances. Larger stopband and more
compact performance than conventional EBGSs was achieved. Binomially distributed dumbbell
shape designs were made and low pass performance having passband with relatively less ripple

was achieved.

6.3 Recommendation for Future Work:

In the whole research work, attention was paid to simulate all the structures by commercial EM
software Zeland IE3D. Investigations need to be justified experimentally by VNA and compared
with simulated results. VNA measured the return loss performance of the T-lines. The future work

can be mentioned in the following manner.

6.3.1 Results Validated By Theoretical Modeling

The EBGSs are actually complex geometries. Theoretical modeling is to be made for rectangular
EBGS (as the results vary with the length and width of rectangle) and dumbbell shaped EBGS.
Other complex designs like dual T-line designs need further research work to explain the behavior
theoretically as well as multiple T-lines need to be considered.

6.3.2 Development of Algorithm

Researching proper algorithms for designing dumbbell shaped EBGS is left for further work as
currently there is no such direct method of calculating correct parameters or correct size of
dumbbell shaped EBGS for designing a filter for a particular pre defined performance (i.e. for a
particular type of dual band performance how a dumbbell shaped EBGS can be chosen). All, in
this paper, are just observation of performance of a pre-designed dumbbell shaped EBGS.
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