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ABSTRACT

A novel cross shaped electromagnetic structure is developed that is characterized
by high surface impedance and which behaves as an Electromagnetic Band Gap
structure. Parametric studies have been performed to obtain design guidelines for the
EBG structure and it is then optimized for operation at C band. Three techniques,
including analytical and simulation techniques, have been employed to find and confirm
the band gap of the structure. The designed EBG has been employed for performance
enhancement in various applications. It has been employed for reducing the mutual
coupling between the elements of a 2x1 microstrip patch antenna array. The designed
EBG is also employed as reflector for dipole and slot antennas to reduce the profile and
increase in the gain of these antennas. All this work has been done using simulations on

Zeland’s IE3D simulation software.
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1. INTRODUCTION

1.1. Electromagnetic Band Gap Structures

In recent years a class of periodically loaded structures, commonly referred to as
electromagnetic band-gap (EBG) structures have been employed in a wide variety of
electromagnetic devices including compact waveguides and surface wave band-gap
structures. These Electromagnetic band gap (EBG) [1] materials provide frequency bands

(so-called band gaps or stop bands) in which waves cannot propagate in the materials.

Any electromagnetic disturbance that is excited in such a structure Will not propagate if
its frequency constituents lie within the stop band of the EBG structure. These EBG
materials are creating new possibilities for controlling and manipulating the flow of
electromagnetic waves. Within the EBG material, there is a range of frequencies where
propagating modes can be fully suppressed. This range of frequencies is known as the
EBG.

EBG materials can provide significant advantages for suppressing and directing radiation
when used in antennas. Many novel antennas based on EBG technology are already
finding useful applications. EBG substrates are used for reducing surface waves and

increasing radiation efficiency or to lower the profile of antenna design.

EBG structures have been integrated with patch antennas for enhanced performance due
to the band gap of surface-wave suppression [2]. They have also been used as ground

planes of spiral [3] and curl antennas [4] to achieve low profile designs.

The stop band of the EBG structures has also been applied to suppress leakage of guided-
wave structures, including conductor-backed coplanar waveguides (CB CPW’s) [5] and
striplines [6]. Furthermore, EBG structures can realize a magnetic surface at the stop band
frequency when using it as a planar reflector [7]. This property of EBG structures of
realizing a magnetic surface at the stop band frequency has been used in the waveguide
walls [8] to provide magnetic boundary conditions. A relatively uniform field distribution
along the cross section of the waveguide has been measured. Thus these EBG structures

find a wide range of applications in various electromagnetic devices.



1.2. Need for Electromagnetic Band Gap Structures

As we know that, a flat metal sheet is used in many antennas as a reflector, or ground
plane. The presence of a ground plane redirects half of the radiation into the opposite
direction, improving the antenna gain by 3dB and partially shielding objects on the other
side. But it has the unfortunate property of reversing the phase of reflected waves. If the
antenna is too close to the conductive surface, the phase of the impinging wave is
reversed upon reflection, resulting in destructive interference with the wave émitted in the
other direction. This is equivalent to saying that the image currents in the conductive
sheet cancel the currents in the antenna, resulting in poor radiation efficiency. Fig. 1.1
depicts an antenna in close proximity with a flat, conducting slab. The antenna is

effectively shorted out by the metal surface and negligible radiation is emitted.

Destructive
Interference

Fig. 1.1. An antenna lying flat against a ground plane

This prbblem is solved by including a one-quarter wavelength space between the
radiating element and the ground plane, as shown in Fig. 1.2. The total round trip phase
shift from the antenna, to the surface and back to the antenna, equals one complete cycle
and the waves add constructively. The antenna radiates efﬁciently, but the entire structure
requires a minimum thickness of A/4. This makes the overall profile large which is not

desired in many applications.

The solution to this problem can be done by using EBG structure as our ground plane and
utilizing its in phase reflection characteristics, we can obtain a low profile geometry
which will be helpful to various microstrip antennas application. We will be discussing

this property of EBG surfaces in detail in second chapter.
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Fig. 1.2. An antenna separated by /4 wavelength from the ground plane

Another property of metals is that they support surface waves. These are propagating
electromagnetic waves that are bound to the interface between metal and free spaée. They
are nothing more than the normal AC currents that occur on any electric conductor. If the
conductor is smooth and flat, the surface waves will not couple to external plane waves.

However, they will radiate if scattered by bends, or discontinuities.

If an antenna is placed near a metal sheet, such as a reflector, it will radiate plane waves
into free space, but it will also generate surface waves that propagate along the sheet. On
an infinitely large ground plane, the surface waves would be evident only as a slight
reduction in radiation efficiency. In reality, the ground plane is always finite in size and
these waves propagate until they reach an edge or corner. Any break in the continuous
translational symmetry of the smooth, flat surface allows the waves to radiate. The result
is a kind of multipath interference, illustrated in Fig. 1.3, which can be seen as ripples in
the far field radiation pattern. Moreover, if multiple antennas share the same ground

plane, surface currents can cause unwanted mutual coupling between them.

. As we also know that if we want our antenna to be compact in size, we can achieve it by
designing our circuit on high dielectric-constant substrates, which has an effect of
reducing the bandwidth that can be increased by increasing substrate thickness. However,
using thick substrates greatly decreases antenna efficiency due to significant surface-wave

losses.



Multipath

interference
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Fig. 1.3. Multipath interference due to surface waves on a ground plane

The problem of surface waves can be alleviated by loading the high permittivity substrate
with so-called electromagnetic band gap structure (EBG) and operating the EBG structure
in its forbidden frequency range where surface wave cannot propagate. Since surface
waves cannot propagate along the substrate, an increased amount of radiated power
couples to space waves and this mechanism has the effect of reshaping the antenna
pattern. Thus, the EBG structure has the possibility of integrating antennas on high

dielectric constant substrates without losing performance.

The problem of mutual coupling in array applications can also be solved by inserting the
EBG structure in between the array elements and utilizing its property of surface-wave
suppression, so that we can gfeatly reduce the unwanted mutual coupling between array

elements and interference with on-board systems.

In this work, we aim to develop an Electromagnetic Band Gap structure for application in

various printed antennas.

1.3. Literature survey

Two technologies have been mainly pursued thus far, to achieve microstrip antennas on
high-dielectric constant substrates with optimum performance. One is based on
micromachining technology [9] while the other makes use of the concept of
Electromagnetic band gap (EBG) substrates. In the first case, part of the substrate
underneath the radiating element is removed to realize a low effective dielectric-constant
environment for the antenna. In this way, power losses due to surface-wave excitation are

reduced, while coupling of radiated power to space waves is enhanced. The second



alternative is to use the EBG materials as these materials provide frequency bands (so
called stop band or band gap) inside which waves cannot propagate. Therefore, surface
waves will not be allowed to propagate along the substrate and, hence, an increased
amount of radiated power couples to space waves and this mechanism has the effect of

reshaping the antenna pattern.

Several configurations have been proposed in the literature to realize EBG substrates. The
first attempts were made by drilling a periodic pattern of holes in the substrate [2] as

shown in Fig. 1.4 or by etching a periodic pattern of circles in the ground plane [10],[11].

Fig. 1.4. Three dimensional view of the EBG surface formed by embedding air columns in a dielectric
substrate [2]

A woodpile EBG was investigated in [12], as a periodic structure capable of producing
complete transmission band-gap regions as shown in Fig. 1.5. In the design presented in
[12], only dielectric materials were used to obtain the band-gap structure and the wave
impedance contrast exists between the layers (o/1=V [e//g.]) that is responsible for the

rej ection level at the band-gap region.

Fig. 1.5. .Eight layer Dielectric Woodpile EBG structure (¢ material) [13]



In [13], a woodpile structure cofnposed of magneto-dielectric material was considered
which shows superior band-gap characteristics which is shown in Fig. 1.6. It was shown
that the magneto-dielectric woodpile not only exhibits band-gap rejection values much
higher than the ordinary dielectric woodpile, but also for the same physical dimensions, it
shows a rejection band at a much lower frequency. The higher rejection is a result of
higher effective impedance contrast between consecutive layers of the magneto-dielectric
woodpile structure (/M= [(Ho/Ee).(6s/ke)]). This is because here both the permittivity
and permeability are increasing the mismatch while in case of dielectric woodpile only
permittivity was responsible for the mismatch. These Magneto-dielectrics are also shown
to provide certain advantages when used as substrates for planar antennas. These
substrates are used to miniaturize antennas while maintaining a relatively high bandwidth
and efficiency. A resonator antenna made from a dielectric woodpile electromagnetic
band gap is described in [1], to obt?.in a highly directive radiation pattern and at the same

time, the antenna has the advantages of low height, low loss and low side lobes.
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Fig. 1.6. Eight layer Magneto-Dielectric Woodpile EBG structure (e-p material) [13]

A more effective and compact approach, which makes use of a triangular or square lattice
of metallic pads connected to ground with vias, has been recently proposed by
Sievenpiper [14] and applied in [15] to enhance the gain of a planar antenna as shown in
Fig. 1.7. The structures presented in [14] are the first realizations of planar compact

electromagnetic crystal with a complete stop band in the microwave range.



Fig. 1.7. Mushroom like EBG structure [14]

Subsequent research efforts have led to the realization of a uniplanar compact Photonic
band gap (UC-PBG) substrate [16] (Fig. 1.8) whose applications to planar slow-wave
structures and low-leakage conductor-backed coplanar waveguide have been recently
presented [16], [18].

Fig. 1.8. Layout of the UC-PBG unit cell [16]

Advantageous features of this crystal substrate include simple low-cost manufacturing (no
vias are necessary) and compatibility with standard monolithic microwave integrated
circuits (MMIC’s) fabrication technology. In 1999, R. Coccioli, F. R. Yang, K. P. Ma and
T. Itoh [19] used the uniplanar compact Electromagnetic band gap (UC-EBG) substrate
successfully to reduce surface-wave losses for an aperture-coupled fed patch antenna on a
* thick high dielectric-constant substrate. In [20], EBG surfaces are designed to act as an
AMC ground plane over a desired narrow frequency range, moreover, several different
design methodologies for multiband artificial magnetic conducting (AMC) surfaces has

been introduced.

Other favorable effects brought by surface-wave suppression are the reduction of
unwanted mutual coupling between array elements and interference with on-board
systems. In 2003, Y. Rahmat-Samii and F. Yang [21] analyzed a mushroom-like EBG
structure and demonstrated its band-gap feature of surface-wave suppression by
exhibiting the near field distributions of the electromagnetic waves. They inserted an
EBG structure between array elements to reduce the mutual coupling. As a result, a

significant amount of reduction in mutual coupling was noticed.



The band-gap features of EBG structures can be revealed in two ways: the suppression of
surface-wave propagation and the in-phase reflection coefficient. The feature of surface-
wave suppreésion helps to improve antenna’s performance such as increasing the antenna
gain and reducing back radiation [19], [21]. The in-phase reflection feature leads to low
profile antenna designs [22]-[24]. When plane waves normally illuminate an EBG
surface, the phase of the reflected field changes continuously from 180° to -180° with
frequency. It has been shown in [22]-[24] that one can replace a conventional perfect
electric conductor (PEC) ground plane with an EBG ground plane for a low profile wire

antenna design.

In [25], a compact and very low profile spiral curl antenna was designed using a small
EBG ground plane, to obtain a good circular polarization, with an overall height less than

2.5% of wavelength.

Various applications of the mushroom-like EBG structure were shown in [26] that include
the design of low profile circularly polarized curl antennas and its capability in
suppressing the surface wave in microstrip antennas. In 2003, M. Fallah-Rad and I. Shafai
[27], showed a significant amount of improvement in the gain and radiation pattern by
using a single layer of EBG around a patch antenna. In addition to this, it was also shown

that the back radiation due to the finite ground plane reduces significantly.

In [28], the same author proposed a more simplified form of EBG structure and studied its
effect on the impedance bandwidth, gain and cross-polarization level performance on an

aperture-coupled rectangular microstrip antenna.

In [29] and [30] a fork-like shaped electromagnetic-band gap (EBG) structure has been
investigated and a comparison has been carried out between this structure and the
conventional mushroom-like EBG structure, showing that the fork-like structure has an

extremely compact size.

In [31], a uni-directional ring slot antenna was achieved by backing them with an
electromagnetic band-gap surface, instead of the uniform conducting reflector, as using
the electromagnetic band-gap surface makes the overall antenna of low profile. At the
same time, it reduces the parallel-plate mode which was generated'in case of conducting

reflector resulting in an increase in the radiation efficiency.



1.4. Motivation and Scope

With the requirements of compact and high efficient antennas for modern applications,
the general method that is being used is to build the printed antennas on high dielectric
constant substrates which results in lower bandwidth. For increasing the bandwidth, we
generally increase the height of the antenna which increases the surface wave problem

and hence results in lower radiation efficiency.

By using an EBG structure in the antenna architecture and utilizing its property of
reducing surface waves, we can reduce size, weight and losses of the antennas. In this
dissertation, the design of a new EBG structure is being proposed which is shown in Fig.
1.9. The structure is a modification of a mushroom type structure. This proposed structure
provides more bandwidth because of two different resonant lengths in two directions.
Also this structure is more compact in the sense that its elements are closely interlocked

with each other.

- .V_i=

P Lx i

Fig. 1.9. Three elements of the proposed EBG structure



1.5. Problem Statement

(@) Design optimization of an Electromagnetic Band Gap structure at 5 GHz and to find
out the band gap of the proposed EBG structure.

(b) To study mutual coﬁpling effects between array elements without EBG isolation and
with EBG isolation.

(c) Effect of the proposed EBG surface on the radiation characteristics of a dipole
antenna.

(d) Effect of the proposed EBG surféce on the radiation characteristics of a microstrip

slot antenna.

1.6. Organization of the Dissertation

This thesis focuses on the development of a new EBG structure and its application to

printed antennas and arrays. The total work is organized in five chapters.

As has been seen the first chapter introduces the Electromagnetic band gap structures and
briefly discusses their properties, their benefits and applications. This chapter also
presents a discussion about the work that has already been carried out by researchers in

the Electromagnetic band gap community in recent years.

In second chapter, the design and parametric study of the EBG surface proposed in this
study is presented. Its working principle and its equivalent lumped circuit element is also

described there.

In third chapter, the mutual coupling of microstrip antennas are parametrically in-
vestigated, for both the E-plane and H-plane coupling directions, for different substrate
thickness and for various dielectric constants. A reduction in mutual coupling using EBG

structure between array elements is also shown.

The fourth chapter focusses on the reﬂection phase feature of EBG surfaces; when plane
waves normally illuminate an EBG structure, the phase of the reflected field changes
con'tinuo'usly from 180 to -180 versus frequency. As we know that dipole antennas do not
function effectively when positioned very closely and parallel above a PEC (perfect
electric conductor) ground plane due to the reverse image currents, which reduce the

radiation efficiency. This chapter shows the use of EBG structure as a ground plane for

10



wire antenna design to reduce the geometric profile as compared to the case when PEC is

used as a ground plane.

The fifth chapter deals with slot antennas where main drawback is that they are inherently
bi-directional radiators. One common technique to redirect the back radiation forward is
to place a conducting reflector at a fixed distance away from the antenna. This, however
increases the size of the antenna structure and, also, reduces the radiation efficiency. This
chapter describes a solution to this problem and shows how to achieve uni-directional slot
antenna elements by backing them with an electromagnetic band-gap surface, instead of

the uniform conducting reflector.

Finally, the last chapter of this dissertation gives the concluding remarks and the future

scope of the proposed EBG structure.

11



2. DESIGN AND PARAMETRIC STUDY OF THE
PROPOSED EBG STRUCTURE

By incorporating a special texture on a conductor, it is possible to alter its radio vfrequency
surface properties. In the limit, where the period of the surface textufe is much smaller
than the wavelength, the qualities of the structure can be summarized into a single
parameter, the surface impedance. This boundary condition defines the ratio of the
tangential electric field to the tangential magnetic field at the surface. In this chapter, we
first discuss the physics behind the EBG surfaces and then propose and study a new EBG
structure.

2.1. Working Principle of EBG structure

A cross section of a typical EBG structure is shown in Fig. 2.1. This EBG surface consists
of 4 parts, the bottom metal ground plane, the dielectric substrate, the top periodic patch
lattices and the vias inside the dielectric substrate which connect the bottom ground plane

and the top lattices.

Substrate (g;) Vias

Ground ;
plane~—, Ao L. 1y -

Fig. 2.1. Cross-section of aanlectromag'netic Band Gap surface

Since the patch lattice is small compared to the wavelength, the electromagnetic
properties can be described using lumped circuit elements -capacitors and inductors. The
gap between neighboring patch lattice provides the capacitance and the conducting path
of vias, which connect the bottom plane and the top patch lattice, provides the inductance.
Together, they behave as parallel resonant LC circuits. The capacitance C in this LC
model actually comes from the fringing electric field between adjacent metal patch
lattices and the inductance originates from current loops within the structure. The
electromagnetic properties of the surface can be reduced to an equivalent LC circuit,

shown in Fig. 2.2.

12
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Fig. 2.2. Equivalent circuit model for the high-impedance surface

The impedance of a parallel resonant LC circuit is given by,

JjoL

£ 1o M

It is inductive at low frequencies and capacitive at high frequencies. In a narrow band
around the LC resonance, the impedance is very high. In this frequency range, currents on
the surface radiate very efficiently and the structure suppresses the propagation of surface

waves. Thus over a certain frequency range, this structure shows Electromagnetic band

gap property.

This Electromagnetic band gap surface acts as a high impedance surface at resonant
frequency. The impedance crosses through infinity at the resonance frequency which is
given by
1
©, =—— @
JLC

In the frequency range where the surface impedance is very high, the tangential magnetic
field is small, even with a large electric field. Such a structure is sometimes described as a
“magnetic conductor”. This is a mathematical idea that is used in certain electromagnetic
problems, but does not exist in reality. Thus over a certain frequency range where this

EBG structure has high irhpedance, it can be regarded as a kind of magnetic conductor.

Because of this unusual boundary condition, the highéimpedance surface can function as a
unique new type of ground plane for low-profile antennas. For example, a simple dipole
lying flat against a high-impedance ground plane, shown in Fig. 2.3, is not shorted out as
it would be on an ordinary metal ground plane. The high-impedance surface reflects all of
the power just like a metal sheet, but it reflects in-phase, rather than out-of-phase,

allowing the radiating element to be directly adjacent to the surface. In other words, the

13



direction of the image currents results in constructive, rather than destructive interference,
allowing the antenna to radiate efficiently. Furthermore, in a forbidden frequency band,
the high-impedance ground plane does not support freely propagating surface currents,

resulting in an improved radiation pattern.

Im eﬁance b £
urface ““;3
o
wave 1
pr?:s > Constructive
shift Interference

Fig. 2.3. Dipole on a high-impedance ground plane

Thus from the above discussion we can point out the two unusual electro-magnetic

propertiés that Electromagnetic Band Gap structures exhibits:

1) It does not allow radio frequency electric currents to propagate along the surface, i.e.
it is an RF open, while being a dc short. |

2) It reflects electromagnetic radiation in-phase, rather than out-of-phase as a normal

metal surface does.
2.2. A Corrugated Surface approach to EBG

The Electromagnetic Band gap structures can also be understpod by examining a similar
structure, the corrugated surface. Corrugated surface is a metal slab, into which a series of
vertical slots have been cut, as depicted in Fig. 2.4. The slots are narrow, so that many of
them fit within one wavelength across the slab. Each slot can be regarded as a parallel-
plate transmission line, running down into the slab and shorted at the bottom. If the slots

are one-quarter wavelength deep, then the short circuit at the bottom end is transformed -

14



by the length of the slot into an open-circuit at the top end and the impedance at the top

surface is very high.

<<A

Fig. 24 A corrﬁgaéd metal slab
Thus the property of the EBG structures is similar to those of the corrugated slab. The
quarter-wavelength slots have simply been folded up into lumped elements — capacitors

and inductors — and distributed in two dimensions as shown in Fig. 2.5.

Fig. 2.5. Origin of the equivalent circuit elements
The resonance frequency is solely determined by the geometric and material parameters
of the stfucture. The relevant parameters are the slot gap widths and the radius and height
of the vias along with the permittivity and permeability of the substrate. This two layer
structure may be thought of as a modified ground plane.

2.3. Proposed EBG structure

The three dimensional view of the EBG structure that is being proposed in this work is
shown in Fig. 2.6. The top view is shown in Fig. 2.7. This EBG structure consists of 4
parts: the bottom metal ground plane, the dielectric substrate, the top periodic patch
lattices and the vias inside the dielectric substrate which connect the bottom ground plane

and the top lattices.

15
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2.4. Parametric study of the EBG surface

Parametric studies have been performed to obtain design guidelines for EBG ground
‘planes. The band gap of the proposed EBG surface is mainly determined by the following
parameters: patch width along x axis (L), patch width along y axis (Ly), gap width (g),
substrate permittivity (&) and substrate thickness (h), as can be seen in Fig. 2.8 and Fig.
2.9. In this section, the effects of these parameters are discussed one by one using
simulation on IE3D simulation software. Transmission coefficient (S»;) is being measured
between the two reference planes P1 and P2 to find out the band gap of the proposed
EBG surface.

P! Substrate (&) P2 vias

Ground
plane~—, 2}

Fig. 2.9. Three elements of EBG structure
a. Patch Width Effect

Patch width plays an important role in determining the frequency band. To study the
effect of the EBG patch width, other parameters such as the gap width, via diameter,

17



substrate permittivity and substrate thickness are kept as: g=0.5mm, d=0.8mm, &~10.5,
h=1.27mm, while we change the patch width.

L=3.5 mm, L =4.0 mm
—L =45 mm,L=5.0 mm
— L =6.0 mm, L =6.5 mm
0 . —L=7.5 mm, L =8.0 mm

ol /\/W\I
NWaw ALY/
N4
_4.,'/ /XL\ | |
L/ TN\~
A4S

3 4 5 6 7 8 ] 10

Freq(GHz)
Fig. 2.10. Band gap of the EBG structure versus patch width
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Fig. 2.10 shows the transmission coefficient (Sy1) versus frequency between the two
reference planes of the EBG surface with different patch widths. In this work, the band
gap has been defined to be the frequency band for which S,; is less than -30 dB. It can be
observed from Table 2.1 that when the patch size is increased, the frequency band shifis
downward and the band gap decreases.

Table 2.1. Band gap versus patch width
Patch Width ~ Frequency Range Band Gap

L,=3.5mm, Ly=4.0mm | 8.44-11.21 GHz 2.77 GHz

L,=4.5mm, Ly=5.0mm 5.99-8.30 GHz 2.31 GHz

=6.0mm, L,= 6.5mm 4.59-6.60 GHz 2.01 GHz -

L=7.5mm, Ly=8.0mm 3.87-5.72 GHz 1.84 GHz




b. Gap Width Effect

The gap width is the distance between adjacent patches. It controls the coupling of EBG

patch units. Variation of the gap width affects the frequency band of the EBG surface.

During this investigation, the patch width, via diameter, substrate permittivity and

substrate thickness are kept the same as: L,=6.0mm, Ly=6.5mm, d=0.8mm, &=10.5,

h=1.27mm. The gap width is increased from 0.25 to 1.0mm.
0 v f v T

——g=0.25 mm
—g=0.50 mm /

—oem | /[

S,,(dB)

" /

50 V ‘ ,/
4 . 5 ' 6 ' ' 7 ' 8
Freq(GHz)

Fig. 2.11. Band gap of the EBG structure versus gap width

Fig. 2.11 displays the transmission coefficient (Sy;) versus frequency between the two
reference planes for different gap widths. As can be seen from Table 2.2, as the gap width
increases, band gap increases. '

Table 2.2. Band gap versus gap width

Gap Width Frequency Range Band Gap
g=025mm 4.9-627 GHz 1.37 GHz
g = 0.50mm 4.6-6.59 GHz 1.99 GHz
g=0.75mm 452-671GHz | 2.19 GHz
g=1.0mm 453-6.82GHz | 2.29GHz

10



c. Substrate Permittivity Effect

Relative permittivity (g;) of the substrate is another effective parameter used to control the

frequency band. During this investigation, the patch width, gap width, via diameter and

substrate thickness is kept the same as: Ly=6.0mm, Ly=6.5mm, g=0.5mm, d=0.8mm,

h=1.27mm while its permittivity is changed from 4 to 10.
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Fig. 2.12. Band gap of the EBG structure versus substrate permittivity

The transmission coefficient (S2;) versus frequency between the two reference planes for
various permittivities is plotted in Fig. 2.12. It can be observed from Table 2.3 that as

substrate permittivity increases band gap position shifts downward.

Table 2.3. Band gap versus substrate permittivity

Substrate permittivity Frequency Range Band Gap
&=4 7.34-9.80 GHz 2.46 GHz

&§=6 5.77-8.33 GHz 2.55 GHz

&§=38 5.07-7.39 GHz 2.31 GHz
&=10 4.59-6.60 GHz 2.01 GHz




d. Substrate Thickness Effect

In the following simulations the patch width, gap width and substrate permittivity are the
same as, Ly=6.0mm, Ly=6.5mm, g=0.5mm, d=0.8mm, £~10.5. The substrate thickness is

changed from 0.9 mm to 1.5 mm.

-10 ——h=1.1mm

L o2
75@\ i) / [ 7 "

| &
7
S
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4 . S5 . 6 ' 7 . 8
Freq(GHz)
Fig. 2.13. Band gap of the EBG structure versus substrate thickness
The transmission coefficient (S;) gersus frequency between the two reference planes
with different substrate thicknesses is shown in Fig. 2.13. It can be observed from Table
2.4 that if the substrate thickness is increased, the band gap position shifts downward.

Table 2.4. Band gap versus substrate thickness

Substrate thickness Frequency Range Band Gap
h=0.9 mm 5.12-7.23 GHz 2.11 GHz
h=1.1 mm 4.85-6.88 GHz - 2.03 GHz
h=1.3mm 4.63-6.52 GHz 1.89 GHz
h=1.5mm 4.59-6.27 GHz 1.68 GHz
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e. Effect of the diameter of the Vias

The effect of the diameter of vias on the EBG surfaces properties was also investigated.
The diameter of the vias was varied from 0.4 mm to 1.0 mm, keeping all other parameters
as, Ly=6.0mm, L,~=6.5mm, g=0.5mm, e,=10.5 and h=1.27mm. It can be observed from
Table 2.5 that as diameter increases, there is a reduction in band gap as shown in Fig.
2.14.

———d=0.4 mm
-10 —d=0.6 mm
—d=0.8 mm

o /X‘ —d=1.0mm

I,

N7\ /)
4NN/,

NI S V/A .
_ 1

4 5 6 7 8
Freq(GHz)
Fig. 2.14. Band gap of the EBG structure versus via diameter

Table 2.5. Band gap versus Via diameter

Via diameter Frequency Range | Band Gap
d=0.4mm 4.09-6.45 GHz 2.35GHz
d=0.6mm 4.46-6.54 GHz 2.08 GHz
d=0.8mm 4.59-6.64 GHz 2.04 GHz
d=1.0mm 4.93-6.83 GHz 1.89 GHz
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2.5. Optimized Parameters of the proposed EBG structure

The optimized dimensions of the unit cell of proposed EBG structure for operation at 5
GHz are shown in Fig. 2.15. Fig. 2.16 shows the gap between the patches which is 0.5mm
in all directions. A Rogers/RT duroid 6010 has been used as a substrate. The specification
for this laminate is given in Table 2.6.

Table 2.6. Specification for the substrate

Parameters Values
& 5
Thickness { 1.27mm
Loss tangent (tan 6) 0.0023

.S mm  3mm 1.5mm

Fig. 2.15. EBG unit cell
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Fig. 2.16. Three elements of EBG

2.6. Band Gap determination method of the EBG structure

The following two methods have been.investigated for the determination of the band gap

of the proposed EBG structure. Also a new method is proposed for determining the band
gap of the EBG structure.

a) As has been discussed earlier, an EBG surface can be modeled as a corrugated

slab. This model can be used to study the properties of the proposed EBG surface.

The quarter-wavelength slots have simply been folded up into lumped elements ~

capacitors and inductors — and distributed in two dimensions.

Fig. 2.17. Side view of two unit cells of EBG

Thus, the sum of L and f should be equal to A/4, where X is the guided wavelength. For

the optimized dimension of the proposed geometry, the patch width is 6mm along X
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axis and 6.5mm along Y axis. So, L should be equal to 3mm or 3.25mm (half of patch -
width) and the thickness of the substrate on which EBG has been designed is 1.27mm
with & = 10.5. Therefore,
L=3or3.25 mm and t = 1.27mm.
SumofLandtis L+t=4.27or4.52mm
This implies A¢/4 = 4.27 or 4.52 mm and hence, A, = 17.08 or 18.08mm,

Therefore, free space wavelength 1 = 1,+/10.5=55.34 or 58.58mm

Thus, the theoretical calculated resonant frequency comes out to be 5.42 GHz or 5.12

GHz around which the structure should exhibit a stop band.

b) In second method, the simulated environment for the band gap determination of
EBG structures is shown in Fig. 2.18 [31] and this has been simulated on IE3D
simulation software. An EBG array of 3 x 5 elements has been used for the
determination of band gap as shown in Fig. 2.19. This EBG array consists of 3
rows and five columns of EBG with 3 elements of EBG in first column, 2
elements in second column, 3 elements in third column, 2 elements in fourth
column and 3 elements in the fifth column as shown in Fig. 2.19. This pattern is
being represented as [32323] henceforth. As shown, two holes are drilled into the
top conductor so that co-axial probes maiy be placed about 27.55 mm apart along
one of the main directions of periodicity. Two holes are also drilled into the
slotted part of the EBG surface so that long co-axial probes may be used to detect
the transmission coefficient. The outer conductor of the co-axial probe is
connected to the ground plane of the top substrate and the inner conductor goes
through the EBG surface and is connected to the solid ground plane of the EBG
surface. From this arrangement the transmission parameter Sy, can be measured. It
is seen from the simulated results that the stop band lies from 4.5 to 5.7 GHz,
(according to -30 dB criteria). The frequency where the stop band begins is seen
to be very close to the value determined by the corrugated model which was at
5.12 GHz of 5.42 GHz.
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Fig. 2.20. Band gap of the EBG structure using the configuration of Fig. 2.18
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A new method for determining the Bahd gap of EBG structures is shown in Fig. 2.21.
This has been simulated on the IE3D simulation software to find the band gap of the
proposed EBG surface. In this method, substrate of &, = 10.5 and thickness = 1.27 mm has
been used. An EBG array of 3 x 5 elements with its configuration of [32323] (Fig. 2.19)
has been used. Here, two coaxial feeds are used to calculate the band gap. The inner
conductor of the both the coaxial line is connected to the EBG patches and the outer
conductors are connected to the ground plane. In this way transmission coefficient can be
obtained and is shown in Fig. 2.22. Here also, we can see that the band gap exists from
4.5 GHz to 6.4 GHz (according to the -30dB criteria).

EBG patches

h=1.27mm
£=10.5

24 5mm

/.

Fig. 2.21. Band gap determination of EBG structure using direct feeding to EBG patches

Co-axial feed

s, (dB)

Freq(GHz)

Fig. 2.22. Band gap calculation graph using the setup shown in Fig, 2.21
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This result also matches with the previous two methods. Thus it can be concluded that for
the optimized dimensions as those mentioned in section 2.5, this EBG structure operates

between 4.5 GHz and 6.4 GHz. All its applications in the later chapters will be discussed
in this band gap only.
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3. MUTUAL COUPLING REDUCTION BETWEEN
ARRAY ELEMENTS USING EBG

Applications of microstrip antennas on high dielectric constant substrates are of special
interest due to their compact size and conformability with the monolithic microwave
integrated circuit (MMIC). However, the utilization of a high dielectric constant substrate
has some drawbacks. Among these is a narrower bandwidth and pronounced surface
wave excitation. The bandwidth can be increased using a thick substrate, but the
excitation of surface waves increases for a thick substrate. The géneration of surface
waves decreases the antenna efficiency and degrades the antenna pattern. Furthermore, it
increases the mutual coupling among the elements of an ahtenna array which causes scan
blindness in a scanning array. Several methods have been proposed to reduce the effects
of surface waves. One approach suggested is the synthesized substrate that lowers the

effective dielectric constant of the substrate either under or around the patch [32]-[34].

This chapter mainly concentrates on the surface-wave suppression effect of the EBG
structure and its application to reduce the mutual coupling of microstrip antennas in array

environment,

In this chapter, the mutual coupling of probe-fed microstrip patch antenna arrays is para-
metrically investigated, including both the E-and H-coupling directions, on different
substrate thickness and for various dielectric constants. In.both coupling directions,
increasing the substrate thickness will increase the mutual coupling. However, the effect
of the dielectric constant on mutual coupling is different at various. coupling directions. It
is found that for the E-plane coupled cases the mutual coupling is stronger on a high
permittivity substrate than that on a low permittivity substrate. In contrast, for the H-plane
coupled cases the mutual coupling is weaker on a high permittivity substrate than that on
a low permittivity substrate. This difference is due to surface waves propagating along the

E-plane direction.

To reduce the strong mutual coupling of the E-plane coupled microstrip antennas on a
thick and high permittivity substrate, the newly designed EBG structure is inserted
between antenna elements. When the EBG parameters are properly designed, the

pronounced surface waves are suppressed, resulting in a low mutual coupling. The utility
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of this EBG structure is potentially useful for a variety of array applications. Fig. 3.1

shows the model to calculate the mutual coupling of probe fed microstrip antennas.

M, M,
port1 pért-Z
t) (!
a by a, b,

Fig. 3.1. Model to calculate the mutual coupling of probe fed microstrip antennas.

3.1.  Mutual Coupling Comparison Of Various Microstrip Antenna
Arrays

Under this section, we will analyze the mutual coupling features of microstrip antennas at

different thicknesses and permittivities [35], [36]. Both the E-plane and H-plane

couplings are investigated and four patch antennas are compared as follows:

1. Patch antennas on a thin and low dielectric constant substrate: &, =2.17, h = 1 mm and
the patch size is 20.34 mm x 16.2 mm.

2. Patch antennas on a thick and low dielectric constant substrate: & = 2.17, h =2 mm
and the patch size is 19.7 mm x 15.8 mm.

3. Patch antennas on a thin and high dielectric constant substrate: ¢, = 10.5, h = 1 mm
and the patch size is 9.4mm x 7.4 mm.

4. Patch antennas on a thick and high dielectric constant substrate: &, = 10.5, h =2 mm

and the patch size is 9 mm x 6.2 mm.

For all the cases, patch antennas were made resonant at 4.86 GHz and the separation
between the patches was kept at 0.504 85 Grz, Where A4 g6 guz is the free space wavelength
at 4.86 GHz. The frequency 4.86 GHz lies within the band gap of our proposed EBG
structure (dimensions of the EBG structure have been taken to be the same as those
- mentioned in chapter 2). So in our next section we will show the capability of our EBG

structure in suppressing the surface wave at this particular frequency.

Fig. 3.2 shows the way to measure the mutual coupling between two antenna elements in
an array environment along the E-plane, as well as along the H-plane. The antennas M,‘
and My, respectively, are used as transmitting and receiving antennas and the scattering
parameters S;; and Sy; are measured. The entire structure has been simulated on IE3D

simulation software.
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Fig. 3.2. E-and H-plane coupled probe fed microstrip antennas.
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Fig. 3.3. Comparison of Sy, versus frequency (distance =0.5 A, g5 gn,) -for E-plane coupled microstrip
antennas on substrates of different permittivity and thickness.
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Fig. 3.4. Comparison of S, versus frequency (distance =0.5 A g5 cn.) for E-plane coupled microstrip
antennas on substrates of different permittivity and thickness.

The results of the E-plane coupled microstrip antennas are depicted in Fig. 3.3. and in
Fig. 3.4. Fig. 3.3 shows the return loss for the four cases considered. All the antennas
were designed to resonate around 4.86 GHz. The impedance bandwidths (according to
S11< -10 dB criterion) are 1.38% for the first case (g = 2.17, h = 1 mm), 3.01% for the
second case (g = 2.17, h = 2 mm), 0.78% for the third case (g = 10.5, h = 1 mm) and
1.91% for the last case (g; = 10.5, h = 2 mm). It can be observed that the bandwidth
increases with increasing thickness and decreases with increasing permittivity. It can be
observed that the bandwidth of case 4 is even larger than that of case 1, which means the
bandwidth of microstrip antennas on a high permittivity substrate can be recovered by

increasing the substrate thickness.

Fig. 3.4 presents the mutual coupling of the E-plane coupled microstrip antennas with a
0.50 X436 Gu, antenna distance. A4 g6 u, is the free space wavelength at the resonant
frequency 4.86 GHz. The first case (s, =2.17, h=1 mm) has the lowest mutual coupling
level, while the last case (g; = 10.5, h =2 mm) shows the strongest. This is because the
. microstrip antenna on a high permittivity and thick substrate activate the most severe
surface waves. It is observed that increasing the substrate thickness and permittivity will

increase the mutual coupling level. This is due to the reason that surface waves propagate
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along the X direction for E-plane coupled microstrip antennas and these surface waves
become more severe as we increase the substrate thickness and permittivity of the

substrate, resulting in a strong mutual coupling between the antenna elements.

In Fig. 3.5 and Fig. 3.6, the H-plane coupled microstrip antennas results are depicted. Fig.
3.5 shows the return Joss and Fig. 3.6 shows the mutual coupling versus frequency for a
0.50X4 3661 antenna distance. In contrast to the E-plane coupled results, the strongest
mutual coupling occurs for the second case (¢ = 2.17, h = 2 mm), which has a low
dielectric constant and a thick substrate thickness. The weakest mutual coupling happens
at the third case (g; = 10.5, h = 1 mm), which has a high dielectric constant and a thin
substrate thickness. It is observed that increasing the substrate thickness increases the

mutual coupling, while increasing the permittivity decreases it.

This is due to the reason, that the antennas on a low permittivity substrate for the H-plane
coupled microstrip antennas have a larger patch size and their fringing fields couple to
each other, resulting in a strong mutual coupling. However, for the antennas on a high
permittivity substrate, there is less coupling between their fringing fields due to its small
patch size. The surface waves which contribute to the strong mutual coupling of the E-
plane coupled case have less effect now because they do not propagate along the X
direction. It can be concluded from the above discussion that the mutual coupling
behavior of microstrip antennas is determined by both the directional surface waves and

antenna size.
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Fig. 3.5. Comparison of S,; versus frequency (distance =0.5 A, g5 cn.) for H-plane coupled microstrip
antennas on substrates of different permittivify and thickness
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Fig. 3.6. Comparison of S,, versus frequency (distance =0.5 ),z cn2) for H-plane coupled microstrip
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Fig. 3.7. Mutual coupling versus distance between the patches at 4.86 GHz for 9.4mm x 7 mm patches
on a 1.27mm thick substrate with a dielectric constant of 10.5

Fig. 3.7 shows the variation of mutual coupling with patch distance at the resonant
frequency of 4.86 GHz for both the E-plane as well as H-plane coupled microstrip
antennas for 9.4 mm x 7 mm patches on a 1.27 mm thick substrate with a dielectric
constant of 10.5. The mutual coupling decreases as the antenna distance increases for

both the E-plane as well as H-plane coupled microstrip antennas.

3.2. Mutual Coupling Reduction Using The EBG Structure

From the above comparison, it is found that the E-plane coupled microstrip antennas on a
thick and high permittivity substrate exhibit very strong mutual coupling due to the
pronounced surface waves. Fig. 3.8 shows the general three dimensional view of the EBG
structure integrated with microstrip antenna patches in array environment. Since the EBG
structure has the property to suppress surface waves in its band gap, three columns of
EBG pafches are inserted between the antennas to reduce the mutual coupling, as shown
in Fig. 3.9. The configuration of the EBG structure that has been used is [232] (section
2.6). In the first column 2 elements are their, in the second column 3 elements are their

and in the last (third) column again 2 elements are their.
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Fig. 3.8. General layout of the microstrip antennas separated by the proposed EBG structure for a
low mutual coupling

Fig. 3.9. Three column of EBG inserted between the microstrip patches

The results of mutual coupling in Fig. 3.10 are of the E-plane coupléd microstrip antennas
on a dielectric substrate with h=1.27 mm and &=10.5. The patch antennas are of size 9.4
mm x 7 mm with 0.50436 gu, distance between the patch elements of the microstrip
antennas. The size of the EBG unit cell is same as designed in the second chapter 2. It can
be seen from the Fig. that, without the EBG structure, the antennas show a strong mutual
coupling of 16.7 dB. By employing the three layers of EBG structure, mutual coupling is
greatly reduced to -23.01 dB. Thus a 6.31 dB mutual coupling reduction is observed at the

resonant frequency.
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Fig. 3.10. Microstrip antenna with and without the EBG structure

3.3. Effect of EBG cell matrix variation on mutual coupling

Under this section we will analyze five EBG configurations and their effects on mutual
coupling results in a two element array system. The antenna elements are fabricated on a
dielectric substrate with h=1.27 mm, £~10.5 and the patches are of size 9.4 mm x 7 mm
with 0.5A4386 grz distance between them. These elements are made to. resonate at 4.86
GHz. The five EBG configurations are:

A). EBG [2323] - This represents four column of EBG elements between the microstrip
antennas, where the first column has 2 elements, second column has 3 elements, third

column has a 2 elements and the fourth column has 3 elements as shown in Fig. 3.11.

T

I

et

Fig. 3.11Four columns of EBG [2323] are inserted between microstrip patches.



B). EBG [454] — This represents three column of EBG elements between the microstrip
antennas, where the first column has 4 elements, second column has 5 elements and the

third column has again 4 elements as shown in Fig. 3.12.

Fig. 3.12,Three columns of EBG [454] are inserted between microstrip patches

C). EBG [32323] — This represents five column of EBG elements between the microstrip
antennas, where the first column has 3 elements, second column has 2 elements, third
column has a 3 elements, fourth column has 2 elements and the fifth column has 3

elements as shown in Fig. 3.13.

Fig. 3.13. Five columns of EBG [32323] are inserted between microstrip patches

D). EBG [34343] — This represents five column of EBG elements between the microstrip
antennas, where the first column has 3 elements, second column has 4 elements, third
column has a 3 elements, fourth column has 4 elements and the fifth column has 3

elements as shown in Fig. 3.14.
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Fig. 3.14. Five columns of EBG [34343] are inserted between microstrip patches

E). EBG [54545] - This represents five column of EBG elements between the microstrip
antennas, where the first column has 5 elements, second column has 4 elements, third
column has a 5 elements, fourth column has 4 elements and the fifth column has 5

elements as shown in Fig. 3.15. The distance d between EBG and patches is 2 mm.

Fig. 3.15. Five columns of EBG [54545] are inserted between microstrip patches.

Fig. 3.16 shows the mutual coupling results for the two element array without the EBG
structure and with the different configuration of EBG structures. It is observed that all the
antennas resonate around 4.86 GHz. Although the existence of the EBG has some effects
on the input matches of the antennas, all the antennas still have better then -10 dB

matches.
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Fig. 3.16. Variation in Mutual coupling(S,,) with different layer of EBG(abcd) where number of
literals represent the number of columns and the values of the literals (a,b,c,d) represents the number
of elements of the unit cell in that columns .

Without the EBG structure, the antennas show a strong mutual coupling of 16.7 dB as
shown in Fig. 3.16. If the EBG structures are employed, the mutual coupling level
changes. The resonant frequency 4.86 GHz falls inside the EBG band gap so that the

surface waves are suppressed. As a result, the mutual coupling is greatly reduced. It can

be seen from Table 3.1 that as the number of EBG column increases, reduction in mutual

coupling increases, also by increasing the total number of elements in the EBG array,

further reduction in mutual coupling is seen to occur. Values of mutual coupling for

various EBG configuration is shown in Table 3.1.

Table 3.1. Effect of EBG cell matrix configuration on mutual coupling

Improvement in S,; over '
EBG configuration Mutual coupling S,; the case without the EBG

structure

EBG(2323) -28.83 12.13 dB
EBG(454) -26.07 9.37dB

EBG(32323) -29.08 12.38 dB
EBG(34343) -28.74 12.04 dB
EBG(54545) -30.13 13.43 dB
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Finally, it can be concluded that the proposed EBG structure can be utilized to reduce the
mutual coupling between array elements in the stop band from 4.5 GHz to 6.4 GHz.
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4. EFFECT OF THE PROPOSED- EBG SURFACE ON THE -
RADIATION CHARACTERISTICS OF A DIPOLE
ANTENNA

It is known that the reflection phase of an EBG surface varies continuously from 180° to -
180° versus frequency, not only 180° for a PEC surface or 0° for a PMC surface. This
reflection phase feature makes EBG surfaces unique. One potentially important
application of this surface is its usage in replacing the conventional perfect electric
conductor (PEC) ground plane with an EBG ground plane for a low profile wire antenna
design, which is desirable in many wireless communication systems. For this design, the
operational frequency band of an EBG structure is defined as the frequency region within
which a low profile wire antenna radiates efficiently, namely, having a good return loss

and radiation patterns [23].

This operational frequency region is the region where the EBG surface has a reflection
phase in the range 90°+ 45° and in this frequency band EBG surface don’t behave like the
PMC or PEC surface [23]. This quadratic reflection phase allows a low profile wire

antenna to obtain a good return loss.

4.1. Comparison of the PEC, Free Space and EBG Ground Planes

In wireless communications, it is desirable for antennas to be of low profile. The low
profile design usually refers to the antenna structures whose overall height is less than one
tenth of the wavelength at the operating frequency. In this section the PEC, Free Space
and EBG surfaces are each used as the ground plane to compare their capabilities for low

profile antenna designs.

Fig. 4.1 shows a dipole antenna over the EBG ground plane and Fig. 4.2 shows a dipole
antenna over a PEC ground plane. The side view for the EBG case is shown in Fig. 4.3
and the side view for the PEC case is shown in Fig. 4.4. The top view of the Dipole over

EBG structure is shown in Fig. 4.5.

For the case when the dipole is above the EBG surface, we keep the parameters of the
EBG surface fixed (dimensions of the EBG structure has been taken to be the same as
those mentioned in chapter 2) and then we continuously change the length of the dipole.

Now for different lengths, dipole will resonate at different frequencies. Because the
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reflection phase of the EBG surface changes with frequency, the return loss of the dipole
will also change. Thus, for a suitable reflection phase of the EBG surface, this dipole can
achieve a good return loss. In addition to observing the return lbss, we also observe the

radiation pattern of the dipole to evaluate the radiation efficiency.

Fig. 4.2. Dipole antenna over the PEC ground plane
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EBG structure

Fig. 4.3. Side view of the dipole antenna over the EBG ground plane

dipole

Air gap.
PEC

Fig. 4.4. Side view of the dipole antenna over the PEC ground plane

Fig. 4.5. Top view of the dipole antenna over the EBG ground plane

By continuously obsérving the return loss and the radiation pattern of the dipole for
various lengths, we found that at a frequency of 5.27 GHz we obtain a good return loss of
-29.85dB and at the same time the antenna exhibited an increased front-to-back ratio. For
this particular frequency, the length of the dipole is 0.453ks 27 and its radius 0.003As 27 GHzs
where As27 gz is the free space wavelength at 5.27 GHz. A finite ground plane with 1
27 Grz X 1 As27 ouz size is used in this analysis and the overall height of the dipole from
the bottom ground plane of the EBG structure is found to be 0.105As276nz. Here, the
height of the dipole over the top surface of the EBG ground plane is 0.083Xs27 gu. and the
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height of the EBG ground plane is 0.022)As527 gu,. This makes the overall height to be
0.105A527 e An EBG configuration of 76767 has been used as shown in Fig. 4.5. This
frequency of 5.27 GHz lies within the band gap and is close to the resonant frequency of
the EBG structure. So we get optimum performance for this particular frequency only.

In order to compare the performance of the dipole over the EBG ground plane and over
the PEC ground plane, we again place the dipole over a PEC ground plane keeping all the
parameters same (same height between dipole and PEC and same dipole length). Fig. 4.6
compares the return loss of a dipole antenna over a PEC, Free Space and EBG ground
plane. The input impedance is matched to a 50Q transmission line. With the PEC surface
as the ground plane, the return loss of the dipole is only -9.32dB. This is because the PEC
surface has an 180° reflection phase, so that the direction of the image current is opposite
to that of the original dipole. The reverse image current impedes the efficiency of the
radiation of the dipole, resulting in a very poor return loss. For the case when the dipole is
placed in Free Space, it has a return loss of -15.46dB.
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Fig. 4.6. Return Loss of the dipole antenna over the PEC, Free space and EBG ground planes.
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The best return loss of -29.85dB is achieved by the dipole antenna over the EBG ground
plane. From this comparison, it can be seen that the EBG surface is a good ground plane
candidate for a low profile wire antenna design. It has been observed that there is a shift
in .frequency, which is mainly because of the difference in the relative permittivity of the
medium as EBG structure is on a substrate of permittivity of 10.5. Because of this, the

resonant frequency shifts downwards.
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Fig. 4.7. Gain of the dipole antenna over the PEC, Free space and EBG ground planes.

Gain comparison has also been carried out for all the three cases for the same dimensions.
For the case when the dipole is above the EBG surface, a maximum gain of 8.15 dBi is
obtained at its resonant frequency of 5.27 GHz, while for the case when the dipole is
above the PEC plane, a maximum gain of 8.41 dBi is obtained at its resonant frequency of
5.42 GHz. When the dipole is in free space, a maximum gain of 1.5 dBi is obtained at its

resonant frequency of 5.5 GHz. Thus it can be seen that in terms of gain, both the EBG
case as well as PEC case offer the same advantage.
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Fig. 4.9. H-plane radiation pattern

Fig. 4.8 displays the E-plane and Fig. 4.9 displays H-plane patterns for the cases when the
dipole is placed above the EBG surface, above the PEC surface and in Free Space. As can

be seen from the figures, the back radiation has been considerably reduced when the



dipole antenna is above the EBG ground plane or when it is above the perfect electric
conductor. But the front-to-back ratio is better for the case of EBG as compared to PEC
case. For EBG case, the front-to-back ratio is 23.29 dB, while for the PEC case, the front-
to-back ratio is 17.96 dB. Thus, an improvement of 5 dB in front-to-back ratio is obtained
when we use EBG as compared to PEC. Also, the 3 dB beamwidth for the EBG case is
70° while for the PEC case it is 60° So it can be clearly seen that the EBG has the
advantage over the PEC in terms of 3 dB beamwidth as well as in terms of front-to-back
ratio and at the same time antenna height is greatly reduced for the EBG case as

compared to that in the PEC case.
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5. EFFECT OF EBG SURFACE ON THE RADIATION
CHARACTERISTICS OF A MICROSTRIP SLOT
ANTENNA o

e ——

Printed slot antennas have been extensively studied and offer a number of advantages due
to their low profile, low-cost, lightweight, ease of fabrication and ease of integration with
electronics. Their main drawback, however, is that they are inherently bi-directional

radiators, with the back radiation being undesirable.

One technique commonly employed to reduce the back-radiation is the addition of a
metallic reflector in order to redirect the back radiation forward. The main drawback in
this case is that the geometry of the antenna is now transformed into a parallel-plate
environment resulting in the excitation of the parallel-plate (dominant) transverse
electromagnetic (TEM) mode which drastically degrades the radiation efficiency as well
as the antenna patterns. In addition, the reflector must be placed a quarter-wavelength

away from the slot ground-plane for proper operation so that the reflected back radiation
incurs an additional phase of 360° and thus adds in phase with the forward directed
radiation.. However, because of the quarter wavelength distance, the resulting structure is

not low-profile at lower RF frequencies.

The back radiation can be reduced by backing the slot with an electromagnetic band gap
surface, instead of the uniform conducting reflector. '

&
Since the EBG structures exhibit stop bands, where electromagnetic wave propagation is

evanescent, any electromagnetic disturbance that is excited in such a structure will not
propagate if its frequency constituents lie within the stop band of the EBG structure.
Using the above concept it can be expected that if a slot antenna is designed to resonate in
the stop band of a properly designed EBG structure (i.e., with a band-gap), the parallel-
plate mode will become evanescent. Hence, in such an arrangement, the front-to-back
lobe ratio and the patterns should improve compared to the case of a simple conductor-

backed slot. A few recent research works have utilized such an approach [31].

In this chapter a rectangular-slot antenna with a resonance near the center of the EBG
surface stop band was chosen as the radiating element. The printed rectangular-slot was

placed 4 mm away from the EBG surface (distance from EBG ground) and this combined
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structure constituted the new uni-directional antenna. An additional advantage compared
to the standard conductor plane backing, is that the EBG surface can be placed close to

the slot antenna ( <<\/4 ) and hence, a low profile can be achieved.

5.1. Rectangular-siot antenna

The three dimensional view of the rectangular-slot antenna is shown in Fig. 5.1. The top

view of the same antenna is shown in Fig. 5.2 and the side view is shown in Fig. 5.3.

Slot in
: Ground plane

Microstrip
line feed

Lgnd

Fig. 5.2. Top view of the rectangular-slot antenna




Ground plane

Substrate

Microstri;ﬁ feed line
Fig. 5.3. Side view of the rectangular-slot antenna
Here, in order to achieve proper impedance match, tuning of slot width, slot length and
length of the open circuit stub has been carried out and the final optimized parameters for

the rectangular-slot antenna are:

Feed line width (Wms) ' 1.146 mm
Length of the open circuit stub (Liocs) _ 7.55 mm
Slot width (Wgior) 4.7 mm
Slot length (Lsiot) 25.4 mm
Ground plane width (Wena) ' ' 16 mm
Ground plane length (Lgna) 36 mm
Substrate thickness (h) 1.27 mm
Substrate permittivity (&) 105

For the above parameters, rectangular slot antenna resonates at 5.32 GHz as shown in Fig.
5.4, which lies within the band gap of the EBG surface. The bandwidth referred to the -10
dB return loss is found to be 8.43%.
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Fig. 5.4. Return loss of the slot antenna with EBG Reflector
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3.2. EBG backed Rectangular-slot antenna

The three dimensional view of the EBG backed rectangular slot antenna is shown in Fig.
3.5. Its front view is depicted in Fig. 5.6 and the top view of the lower substrate carrying
EBG structure over it is shown in Fig. 5.7. The rectangular slot antenna is backed by the

EBG surface with 2.73 mm air gap between the EBG and the antenna substrate.

Slot in
Ground plane

Upper

Substrate ) )
Microstrip

line feed
Air gap

Lower

Substrate Reflector

Upper substrate

Microstrip line feed
Air gap | ha

Lower substrate
with EBG

Fig. 5.6. Front view of the EBG backed rectangular-slot antenna
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Fig. 5.7. Top view of the lower substrate having EBG over it
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With the introduction of the EBG, an impedance mismatch is observed in the original slot

antenna configuration. In order to establish the impedance matching, tuning of the slot

antenna parameters is carried out. The tuned rectangular-slot antenna with its relevant

dimensions is shown below.

Feed line width (W)

Length of the open circuit stub (Locs)

Slot width (Wgior) |

Slot length (Lgjot)

Upper Ground plane width carrying slot (Wgng)
Upper Ground plane length carrying slot (Lgna)
Lower Ground plane width carrying EBG (W} _gnq)
Lower Ground plane length carrying EBG (Ly_gna)
EBG width (Wggg)

EBG length (Lgsg)

Air gap (h,)

1.146 mm
6.9 mm
3 mm
28.4 mm
16 mm
36 mm
28 mm
36 mm
26 mm
34.5 mm
2.73 mm

53



The antenna was simulated on the finite ground plane of size 28 x 36 mm and the EBG
surface of array size 5 x 4 with its configuration of 54545 is used as shown in Fig. 5.7.
The dimensions of the EBG structure used here are same as those mentioned in chapter 2.
The placement of the EBG surface relative to the antenna substrate is also shown in Fig.
5.5. The return loss of the EBG backed antenna exhibited a resonance at 5.44 GHz as
shown in Fig. 5.8. The bandwidth referred to the -10 dB return loss for the above antenna
is found to be 10.62%.

-
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Fig. 5.8. Return loss of the slot antenna over EBG surface

5.3. PEC backed rectangular-slot antenna

For the PEC backed rectangular slot antenna we need to place the reflector at a distance
of A/4 (13 mm) from the antenna. This makes the overall size of the antenna very large.
The three dimensional view of the reflector backed rectangular-slot antenna is shown in

Fig. 5.9. Its front view is shown in Fig. 5.10 and top view is shown in Fig. 5.11.
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Fig, 5.10. Front view of the Reflector backed rectangular-slot microstrip antenna.
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Fig. 5.11. Top view of the Reflector
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The tuned parameters for the PEC backed rectangular-slot antenna are shown below:

Feed line width (Wing) 1.146 mm
Length of the open circuit stub (Locs) 7.4 mm
Slot width (Wget) 4 4.3 mm
Slot length (Lsior) ' 28.4 mm
Upper.Ground plane width carrying slot (Wgna) 16 mm
Upper Ground plane ‘length carrying slot (Lgna) 36 mm
Lower Reflector width (Wg) - 43.68 mm
Lower Reflector length (LR) - 56.16 mm
Air gap (h,) 13 mm

The return loss of the antenna with the Reflector surface backing exhibits a resonance at
5.1 GHz and the bandwidth referred to the -10 dB return loss is 10.45%. Fig. 5.12 shows

simulated results of the return loss (S;;) for the Reflector-backed antenna.
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20 H " i . N L :
47 4.8 49 5.0 5.1 52 53 54
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Fig. 5.12. Return loss of the slot antenna over PEC reflector
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S.4. Comparison of the performance of the slot antenna

Fig. 5.13 compares the return loss for all the three cases and Fig. 5.14 compares the gain.
As can be seen that both reflector backed as well as EBG backed rectangular slot antenna
provides an increase in gain from 2.6 dBi (Reflector case) to 2.9dBi (EBG case) when

compared to the unbacked rectangular-slot antenna, which provides a gain of 5.01 dBi.

° T 1
—&— With EBG
[ —&— With Reflector )
s —— Without EBG and Reflector
g -10
o
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. ;A :
[ ] =
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20 : . * R .
48 5.0 52 54 56 58
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Fig. 5.13. Return Loss of the rectangular—slbt antenna with EBG backing, with reflector backing and
without EBG and reflector backing.
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Fig. 5.14. Gain of the rectangular-slot antenna with EBG backing, with reflector backing and without
EBG and reflector backing.
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5.5. Antenna Radiation Pattern Results and Discussion

The goal in this study is the achievement of a uni-directional rectangular slot antenna.
Since on a thin substrate, the slot radiates nearly equally on both sides so that the front-to-
back ratio is close to 0 dB. Fig. 5.15 shows the comparison of the radiation patterns for
the reference rectangular-slot antenna without EBG and PEC backing, with EBG backing
and with PEC backing. It is clearly seen that the radiated power is bi-directional for the
reference rectangular-slot antenna without EBG and PEC backing,

For the PEC backing antenna, it is seen that the front-to-back ratio is 13.75 dB. In
addition, ripples appear in the back-radiated pattern. This relatively low front-to-back
ratio is most likely due to radiation of the trapped parallel-platé mode which diffracts
from the edges of the plates. Suppression of this mode must be achieved in order to

increase the front-to-back ratio and smooth out the patterns.

Slot w/o EBG and PEC
0~ _ ——EBG
N —PEC

60

<20

15

120

Fig. 5.15. Radiation pattern comparison of the slot antenna without EBG backing, with Reﬂectm;
backing and with EBG backing

The radiation patterns of the EBG backed rectémgular—slot antenna are also depicted in
Fig. 5.15. As shown, the front-to-back ratio is 17.18 dB. These results constitute a
substantial improvement over the patterns of the PEC backed rectangular-slot antenna. In
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addition‘ to the considerably improved front-to-back ratig: compared to the quarter-
wavelength backed conducting plate geometry, the EBG backed antenna structure is
. much more compact as its total thickness is only 5.27 mm compared to 14.27 mm for the
quarter-wavelength geometry.

Table 5.1 compares the various parameter of the printed slot antenna for the three cases. It
can be seen that there is an improvement in the radiation efficiency for the case of EBG
as compared to PEC case. This is because the reflector backing supports the parallel plate
mode and power is lost in these modes which considerably reduces the radiation
efficiency while for the case of EBG backing, these modes are not allowed to propagaté
as they lie in the band gap of the EBG structure, Thus, no power loss takes place in EBG

case and this results in increase amount of radiation.

Table 5.1 Comparison of performance of slot antenna with different kind of reflectors

Radiation Resonant
Slot antenna S11
Efficiency frequency
Without EBG and 95.84 % 5.322 GHz | -14.742
ground plane
With ground plane 86.50 % 5.1 GHz -15.92
With EBG 91.92 % 544 GHz | -19.11
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CONCLUSION

In this work, the design of a electromagnetic band gap structure has been successfully
carried out to have a band gap at C band. The proposed structure can be used to reduce
the surface wave probagation‘ and as a reflector surface for different printed antennas.
Dependence of various performance parameters on the physical parameters of the
antenna has been studied. The simulated results of the EBG structure show a band gap
from 4.5 GHz to 6.4 GHz.

The presence and extent band gap has been confirmed using three techniques. The
theoretically calculated resonant frequency for the band gap structure is 5.12 GHz and
5.42 GHz corresponding to the two edge lengths of the cross shaped patch of the EBG

cell. The other two techniques confirm the band gap around this frequency.

Extending this work, the designed EBG has been configured for various antenna

applications to enhance their performance parameters.

In has been employed to reduce the mutual coupling between the elements of a 2x1
microstrip patch antenna array and is seen to have reduced the mutual coupling by 13 dB

with respect to the structure with no EBG surface.

In order to reduce the geometric profile and to increase the gain of an antenna, EBG
surface has been used as a reflector. The profile of the dipole antenna with the EBG
surface is seen to have reduced to 0.105A as compared to that of 0.25A for PEC case. This
is a significant reduction of 58% on the required profile of the antenna. The gain of the
dipole antenna with EBG surface is seen to increase from 1.5 dBi for a dipole without
reflector to 8 dBi. The front-to-back lobe ratio is also seen to improve by a factor of 5dB

as compared to the PEC case.

In another application, EBG surfaces have been employed with slot antenna structure.
The height of the slot antenna is seen to have reduced from 0.25X as is required when a
PEC is used as reflector to 0.095\. This is a significant reduction of 62% on the required
profile of the antenna. The gain of the slot antenna with EBG surface is seen to increase

from approximately 5.5 dBi for the slot antenna without any reflector to 8 dBi. The front-
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FUTURE SCOPE

\4

This EBG surface can also be used in other application such as in waveguide in
order to make the field distribution uniform along the cross section of the
waveguide,

Higher band gap EBG structures can be developed using multi layer structures.

This EBG structure can also be employed for the development of duplexer.

Second and higher order band gaps can be studied for their usefulness in different
applications.

This EBG structures can also be used with band pass filter to suppress higher order

modes.
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