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Abstract

This thesis is an investigation of two dimensional photonic bandgap structures (i.e.
PBG's) and their applications in microstrip antennas and transmission lines. The photonic
bandgap structures under study are ground plane PBG's and high impedance PBG's. The
ground plane PBG's consist of perforations in the ground plane of microstrip structures.
The perforations are placed in the ground plane of narrowband and wideband antennas as
well as microstrip transmission lines. The overall effect of the ground plane perforations
on the gain, bandwidth, resonant frequency and, the radiation pattern of the antennas are
studied. For narrowband microstrip antennas, the perforations are used to prevent the
excitation of the higher order modes while, for the ;;videband antennas the perforations are
used to increase the bandwidth of the antennas. In the case of the microstrip transmission
lines, the ground plane perforations are modified in order to create a wideband filter from
the transmission line structure. The effective epsilon values are then calculated using a
Matlab program for each filter structure. In addition to the ground plane PBG's, a second
type of PBG consisting of metal patches with shorting vias (i.e. High Impedance PBG) is
also investigated. The high impedance PBG is used in the design of the patch antennas
on different dielectric structures. The effect of the PBG on the gain, radiation pattern,
resonant frequency and, bandwidth of the antennas is studied. Each structure in the study
is simulated using the commercial software Ansoft Ensemble which, is based on the
method of moments (MoM). For seven cases the structures are fabricated and tested at
the Antenna Laboratory at the University of Manitoba. For the fabricated cases the

measured results are compared with the simulation data.
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Chapter 1

Introduction

1.1 Preface

Microstrips are printed circuits for very high frequency electronics and microwaves
[1]. Physically, any microstrip structure consists of a thin plate of low-loss insulating
material called the substrate covered with metal completely on one side (i.e. Ground
plane) and partly on the other side where the circuit or antenna patterns are printed [1].
The printed elements could be transmission lines, couplers, filters, antennas etc. The
Sstructures under study in this thesis are the microstrip transmission lines and microstrip
patch antennas.

The microstrip antenna is a type of open wave guiding structure consisting of a radiating
patch on one side of a dielectric substrate and a ground plane on the other side [2].
Microstrips are known for their advantages in terms of lightweight, low volume, low cost,
and compatibility with integrated circuits. These advantages make this antenna a very
useful candidate in applications such as mobile radio, satellite communications, radar,
biomedical radiators and feed elements in reflectors. The printed antennas come in many
shapes such as square, rectangular, circular, triangular, elliptical and more complex
geometry's as the radiating elements [1]. As one might expect, there are certain
disadvantages to these structures such as the narrow bandwidth, losses due to surface
waves, radiation from the surface waves, polarization impurities and, low power handling
capabilities. These have led to a new multidisciplinary field of study called the "Photonic

bandgap" structures (i.e. PBG's). These are periodic structures in 1, 2, or 3 dimensions



which can stop the propagation of electromagnetic waves in certain directions for certain
frequencies. PBG's are characterized by the type of symmetries, the dielectric contrast
between the constituent materials, and by the shape and period of the structure.

PBG's come in many shapes and forms such as holes drilled through the dielectric,
patterns etched in the ground plane of microstrips and, metallic patches placed around the
microstrip structures. It has been shown that by the use of PBG's in microstrips, one can
change their properties completely. For instance, the etching of holes underneath a
transmission line structure would create a filter with a stopband related to the size and
spacing of the etched patterns in the ground [3]. In the case of microstrip patch antennas,
the etchirig of holes can lead to prevention of excitation of higher order modes [4].
Without the use of PBG, this would typically be done using more than one feed element
which would make the design more complicated.

In addition, it has been reported that the use of PBG in patch antennas will improve the
antenna efficiency, reduce the sidelobe and backlobe radiation levels and, increase the
antenna gain by suppressing the surface waves [5-10].

Ground plane perforations have previously been used in microstrip transmission lines and
microstrip patch antennas. However, no information has been provided on the effective
dielectric constants of these structures in any publications.

In general, the use of PBG ground planes has not been fully explored and requires further
investigation to better understand the basic properties of these structures.

In the case of high impedance PBG's, the structures have only been tested on high
dielectric constant materials. However, they have not been used on materials with low

permittivities. In addition, there is a common belief that the PBG structures prevent the
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flow of surface waves and thereby increase the gain of the antenna. In this thesis this
property is further investigated. It is shown that, in contrast to the common belief, the
increase in the gain increase is due to a combination of different factors and not the
cancelation of the surface waves alone. Thus, by use of proper combination of

parameters, one can increase the gain of an antenna by as much as 3 to 4 times.

1.2 Thesis Objectives

The objective of this thesis is to study the properties of two different PBG structures
and their effects on the performance of microstrip patch antennas and microstrip
transmission lines. The effects of PBG on the bandwidth, gain, resonant frequency and
radiation patterns of different antennas are investigated. A new type of wide band filter
with very low isolation levels is designed using the ground plane PBG structure. In
addition, an increase in the effective epsilon of the filter structure is found by Matlab
simulations and experimentally. The effects of the ground plane perforations on
narrowband and wideband microstrip patch antennas are also investigated. For the
narrowband patch antennas, it is found that by using the right combination of ground
plane perforations (i.e. Holes or slots in the ground plane) a shift in the resonance of
higher order modes or prevention of the excitation of the higher modes can be achieved.
For the case of a wideband antenna, an increase in the bandwidth of the structure is
obtained using slots in the ground plane.

In addition to the ground plane PBG's, the properties of high impedance PBG structures

around microstrip antennas are also studied in detail. The bandgap of the structures on



different substrate materials are found by placing an incident wave on the PBG structure
and looking at the radar cross section (i.e. RCS) of the PBG. Once the bandgaps are
found, the PBG's are placed around patch antennas and their effects on the performance
of patch antennas are investigated. By selection of proper PBG structures, improvements
in the gain and radiation patterns of patch antennas on low dielectric constant materials
are achieved. Finally, seven different antennas with PBG structures are fabricated and
tested in the Antenna Laboratory at the University of Manitoba. The experimental results

are then compared with the simulations.

1.3 Thesis OQutline

This thesis is divided into several chapters. The first chapter covered the introduction
to microstrips and photonic bandgap structures along with the objectives of the thesis.
The second chapter covers the basic background theory on microstrip structures, namely
microstrip transmission lines and microstrip patch antennas. The basic formulas used in
the design of transmission lines and patch antennas are given. In addition, the basics of
photonic bandgap structures are explained and their applications in microstrips are
discussed. The third chapter covers the microstrip transmission lines with ground plane
perforations. The effects of perforations in the ground plane of transmission lines are
studied along with the effective permittivities of such structures.

Chapter four covers the microstrip patch antennas with ground plane perforations. The
effects of perforations in the ground plane of narrowband and wideband patch antennas

are studied. The ground perforations include a single hole, multiple holes and sloté in the



ground plane. The use of perforations in the ground to control the modes in patch
antennas are studied in detail.

Chapter five covers the high impedance photonic bandgap structures and their
applications in microstrip patch antennas. The basic properties of high impedance PBG's
are explained along with the technique used to measure the bandgap of the structures.
The structures are used in the design of microstrip patch antennas on different substrate
materials. The dielectric materials used have dielectric constants ranging from 1.0 to 9.8.
The properties of the PBG on each dielectric material along with the effects on the gain,
radiation patterns and the resonant frequency of the antennas are studied.

Chapter six covers the measurement results obtained from the fabricated antennas. The
measured data from the fabricated antennas are compared with the simulated data
obtained from the simulation software. Finally, chapter seven provides a conclusion on

the work done along with suggestions for future work.



Chapter 2

Background Theory

In this chapter, the basic background theory on microstrip patch antennas and
microstrip transmission lines are reviewed. The equations for calculating the resonant
frequency, input impedance, gain, effective epsilon and other parameters are discussed.
In addition, a summary of different two dimensional photonic bandgap structures and

their applications in microstrip circuits is given.

2.1 Microstrip Structures

This section is divided into two parts. The first part covers the microstrip transmission

lines and their properties while the second part covers the microstrip patch antennas.

2.1.1 Microstrip Transmission Lines

A transmission line is made of two or more conducting strips or wires along
which electrical signals propagate ideally without attenuation [1]. This is under the
condition that the conductor and the dielectric material used are lossless. The microstrip
transmission line is one of the most popular types of planar transmission lines primarily
because it can be fabricated by photolithographic processes, and is easily integrated with
other passive and active microwave devices [11]. The geometry of a microstrip tline is

shown in Fig. 2.1a. The structure in the figure consists of a transmission line of width W
on a substrate of permittivity s and thickness of d. As it can be seen from Fig. 2.1b, the

fields in a microstrip transmission line are not confined within the dielectric only. Some
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of the field lines are in the air region above the substrate. As a result, the dielectric
constant will be combination of the dielectric constant of air and that of the substrate.

This is called the effective permittivity and is given by [11];

+1 -1
€e=<€' )+(6, )(H_]le

-
5 5 7 & l<e, <€, (2.1)

RN Yi\.i TR RO ] RN R
— FE
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Fig. 2.1 Geometry of a transmission line (a) Top view
(b) Cross sectional view of the field lines

From equation 2.1 the effective dielectric constant can be found based on the substrate
thickness and width of the transmission line. Another important property of a microstrip

transmission line is its characteristic impedance. The characteristic impedance of a

transmission line is given by [11]:
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Given the dimensions of the microstrip line, its characteristic impedance can be

calculated from the above equations.
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Fig. 2.2 Geometry of a lossless transmission line connected to a load impedance Z,

Figure 2.2 shows a lossless transmission line of length / that is connected to a load
impedance Z;. The input impedance of the above transmission line is given by [11]:

[Z,+jZ tan B[]
=7 2.
Y Z,+jZ  tan B 1] (23)

Given the load impedance Z,, the characteristic impedance Z,, the wave number B and the
length of the transmission line /, one can find the input impedance from the above
equation. The input impedance is a very important parameter in the design of any
structure. Typically the input impedance should be 50 Q in order to get a perfect match

with other structures such as the source. In any other case a matching circuit would be



added to the input of the transmission line in order to get an input impedance that would
match the transmission line to the source or any other device that is connected at the
input.

From the input impedance one can find the reflection coefficient which is the ratio of the
reflected wave over the incident wave at the input. The reflection coefficient in terms of
the input impedance is given by [11]:

_ (Zi_Zo)
"~z .

where Z; is the input impedance of the line and Z, is the characteristic impedance of the
structure that is connected to the input of the transmission line. The reflection coefficient
has a maximum magnitude of one and a minimum of zero in the case of a perfectly

matched line.

2.1.2 Microstrip Patch Antennas

The microstrip patch antenna is a type of open wave guiding structure, which consists
of a radiating patch on one side of a dielectric and a ground plane on the other side [2].
Microstrip antennas come in many shapes such as rectangular, circular, elliptical,
triangular and many others. Linear and circular polarizations can be achieved by using a
single patch or multiple patches in the form of an array. In this section, the rectangular
microstrip patch antenna is discussed along with the necessary equations for the design of
the patch.
The geometry of a square microstrip patch antenna is shown in Fig. 2.3. This a patch

with length L and width W that is linearly polarized in the y direction. At the first



resonance, this structure behaves as a one dimensional resonator with a length equal to
half wavelength at the resonant frequency. Different types of feed structures are used in
microstrip antennas. The geometry in Fig. 2.3 shows a probe fed patch antenna. Other
feeding methods include transmission line feed and slot coupling feed. Each feeding
technique has it's own advantages and disadvantages and the selection of one will be

based on the design requirements of the antenna.

Fig. 2.3 Geometry of a rectangular microstrip patch antenna

Fig. 2.4 shows the side view of the patch antenna. The vertical lines are the electric field
underneath the patch. For a small height, the electric field under the patch is normal to

the patch. Due to the fringing of electric field at the patch edges, the length of the patch

is increased by 2AL. This is known as the effective length of the patch (L.= L + 24L).
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Fig. 2.4 Sideview of a patch antenna with the fringing fields

The increment (AL) can be found from [16]:

(e, + o.3><—V}’If—+ 0.264)]

AL=0412h - (2.5)
[(e,=0.258)(-+0.8)]

Next is the resonant frequency of a patch which is dependent on the effective permittivity

and the effective length of the patch as shown below [16].
C

(2(L+2AL)V(e,))

f= (2.6)

This is the frequency of the dominant mode that is excited by placing the feed along the
patch length. In addition to the dominant mode, there are other modes that are excited at

higher frequencies. The resonant frequency of these modes can be found from [16]:

C € ™) T
. (zﬂ@\/u ) +n7) | (2)

a
Each specific mode has it's own current distribution on the patch and hence it's own
radiation pattern. The excitation of higher order modes can be prevented by using

multiple feeds or by using PBG structures as will be shown in the following chapters.

As mentioned previously the electric field undemeath the patch is normal to the patch and
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different for each particular mode. The electric field underneath the patch is given by
[16]:

14 , .
E:=7fcos(mﬂ%)cos(nn%) (2.8)

where V, is the voltage applied between the patch and the ground plane. By using the
cavity model and aperture theory one can find the far field radiation equations of a patch
antenna [17].

Another important parameter of a microstrip patch antenna is it's bandwidth of operation.
The bandwidth of operation is typically defined as the range of frequencies for which
certain requirements are satisfied. For instance, for the reflection coefficient bandwidth is
usually defined as the range of frequencies for which the reflection coefficient is below
-10 dB. The bandwidth of a microstrip patch antenna can be expressed in terms of it's
quality factor and the voltage standing wave ratio. The quality factor is a figure of merit
that is representative of the antenna losses [12]. The quality factor is given by:

1 1 1 I i
= +——t—t— (2.9)
Qlol Qrad Qc Qn’ st

where the total quality factor is defined in terms of the radiation quality factor,
conduction quality factor, dielectric quality factor and surface waves quality factor. The
bandwidth of the antenna is defined by [12]:

(VSWR—1)

ST 7] (2:10)
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Finally, the directivity of a patch antenna is another important parameter to consider. The
directivity is given as the ratio of the radiation intensity in a given direction from the
antenna to the radiation intensity averaged over all directions.

D:%Tr—U) (2.11)

where U is the radiation intensity in a given direction. The maximum directivity can also

be found approximately by [12]:

41253
D=——" (2.12)
(©,40,,)

where @), and @y are the half power beamwidths in two orthogonal planes.

2.2 Photonic Bandgap Structures:

Photonic bandgap structures are periodic structures in 1, 2 or 3 dimensions that stop the
propagation of electromagnetic waves in certain directions for certain frequencies. These
structures come in many shapes and forms and their properties depend on the geometry,
type of symmetry, dimensions, and the constituent material. The use of PBGs range from
optical frequencies to microwave and millimeter wave applications. In optical region the
PBGs could be used to guide photons much like a waveguide in microwave frequencies.
In the microwave and millimeter wave region, the PBGs have been used in the design of
antennas, filters, waveguides, amplifiers, and phase shifters [5-10]. In this thesis we are
primarily interested in the applications of two dimensional PBGs in the design of

microstrip structures (i.e. Microstrip patch antennas and microstrip transmission lines).

In most cases, the PBGs have been used to "so-call" eliminate the propagation of the
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surface waves generated by the antenna, thereby reducing the negative effects associated
with them. Surface waves are present in many situations involving microstrip antennas.
They occur at the interface between the metal and free space and decay exponentially into
the surrounding materials [10]. Once surface waves are generated, they propagate until
they reach bends or discontinuities where they diffract and radiate into free space (Fig.
2.5). The radiation at the discontinuities, causes interference with the main radiation
from the antenna and can be seen in form of ripples in the pattern. By using PBGs, the
propagation of surfaces waves are prevented leading to higher gains and overall smoother

radiation patterns.

Radited Waves

o

R N
AT
MIhTntiit

Guided
Waves Edge
Diffraction

Fig. 2.5 Propagation of surface waves in a microstrip structure [1]
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The PBGs used in microstrip patch structures can be categorized into three main groups.
The first group are the dielectric PBGs in which the dielectric material used in the design
of an antenna has been modified by drilling holes in the substrate. The holes can be one,
two or three dimensional periodic patterns of different shapes, periodicity, and material.
The refractive index of the etched holes, and the shape and the period of the lattice will
define the electromagnetic properties of the dielectric. An example of a patch antenna
with a dielectric PBG is shown in Fig. 2.6. As it can be seen, the geometry consists of
circular columns of air with period d and diameter of 2r drilled through the dielectric.
Dielectric PBGs have been used in patch antennas to enhance the gain, reduce the

sidelobe and backlobe radiation levels and decrease the ripples in the overall pattern [5].

Many holes in the substrate

Cavily

\
Antenna patch

Fig. 2.6 Geometry of a patch antenna placed on a dielectric PBG
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Next are the ground plane PBGs which, consist of periodic patterns etched in the ground
plane of microstrip structures. The ground plane PBGs have mainly been used in
microstrip transmission lines to create filters with stopbands related to the period of the
PBG [3]. The geometry of two different types of ground plane PBGs are shown in Fig.
2.7a and 2.7b. The geometry in part (a) is a transmission line with circular holes etched
in the ground. The geometry of Fig. 2.7b is another PBG structure also referred to as a
Uniplanar Compact Photonic Bandgap (UC-PBG) structure which will be discussed later.
The period of the PBGs shown in Fig. 2.6 and Fig. 2.7 (i.e. a) are related to the center
frequency of the stopband of the filter by [3,7]:

c

) (2.13)

where &, is the effective permittivity of the structure. Therefore, by knowing the center
frequency of the stopband, the period of the structure can be calculated using equation
2.13. The bandwidth of the filter stopband is determined by other parameters, which are
different for both structures shown above. For the structure with circular holes in the
ground, the bandwidth of the stopband increases with the enlargement of the circular
holes. Ground plane perforations have also been used in the design of microstrip patch
antennas to prevent the excitation of higher order modes [4]. The geometry of a patch
antenna with a PBG ground plane is shown in Fig. 2.8. The use of ground plane

perforations will be studied in more detail in the next chapter.
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Fig. 2.7 (a) A ground plane PBG us
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Feed line

Fig. 2.8 Geometry of a patch antenna with PBG ground plane

The last type of PBG used in microstrip structures consists of metal patches placed on
top of the dielectric adjacent to the microstrips. The PBGs in this group can be
categorized in to two types. The first type contains metal patches that are joined to one
another with connecting branches (i.e. UC-PBG) as shown in Fig. 2.7(b). Each element
of the PBG lattices consists of square metal pads with four connecting branches. The
connecting branches introduce inductance's while the adjacent pads with gaps in between
introduce large capacitance's forming a distributed LC network [7]. There is a bandgap
associated with this structure where the propagation of the TM and TE surface waves are
prohibited. This bandgap would depend on the dimensions of the PBG and the type of
the substrate material used. UC-PBG structures have been used in the design of patch

antennas to improve the gain and the radiation pattern of the antenna [12-13].
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The second type of PBGs with metal patches behaves similarly to a UC-PBG except for
the fact that the patches are not connected to one another and instead they are shorted to

the ground plane using vias (Fig. 2.9).

d

—

IR Metal _ T
: i patches A L %

Vias

Fig 2.9 Geometry of the High Impedance PBG

The grounding vias in this case introduce inductance's while the adjacent patches create
capacitance's. If the period of surface texture is much smaller than the wavelength, the
structure can be described using an effective medium model and it's qualities can be
summarized into it's surface impedance [10]. The surface impedance of the metal surface
described here is characterized by an equivalent parallel resonant LC circuit given by:

(Jowl)

L=
(1-w”LC)

(2.14)

where the resonant frequency of such a circuit is given by:
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(2.15)

At the resonant frequency the surface impedance becomes very high and this is associated
with the band gap of the structure [10]. Looking at equation 2.15, one can control the
resonance of the structure by changing the capacitance and inductance values. The
capacitance can be controlled by changing the dimensions of the square patches and the
spacing between the adjacent patches while the inductance can be controlled by changing
the diameter and length of the vias. The inductance and capacitance values for a
particular structure can be solved for numerically using the proper simulation tools.

The above structure has been used in the design of microstrip patch antennas to improve
the gain and radiation patterns of the patch. This structure will be studied in more detail

in the following chapters.

2.3 Conclusion

This chapter covered the basics of microstrip transmission lines and microstrip patch
antennas. The fundamental formulas necessary for the design of microstrips such as the
input impedance, characteristic impedance, resonant frequency, and directivity were
given. Next, the basics of photonic bandgap structures were introduced. Different PBG
structures and their applications in microstrip transmission lines and microstrip patch
antennas were reviewed. It was explained that by the use of specific PBG structures in
the ground plane of microstrip transmission lines, a filter can be created with properties
related to the period and dimensions of the PBG. Additionally, the use of PBGs in
microstrip patch antennas increased the gain and efficiency of the patch and provided an

overall smoother radiation patterns.
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Chapter 3
Microstrip Transmission Lines with Ground Plane

Perforations

This chapter covers the microstrip transmission lines on perforated ground planes and
is divided into 3 sections. The first section covers the narrowband PBG filters and their
properties. The second section covers a new type of wideband PBG filter along with
simulation results. In the last section, the effective epsilon values for the filter structures

obtained from simulation and measurements are compared and discussed.

3.1 Narrowband PBG Filter

In the previous chapter it was mentioned that by replacing the ground plane of a
transmission line with a PBG structure, we can create a filter with a stopband center
frequency related to the period of the PBG. The period of the PBG is equal to half
wavelength at the center frequency of the stopband, Eq. 2.13. The geometry of Fig. 3.1
shows a transmission line of width W and length L that is placed on a PBG ground plane.
The holes in the ground plane have a radius r and a center to center spacing of a also
defined as the period of the structure. The stopband bandwidth of this filter is related to
the diameter of circular holes, the larger the hole diameter, the wider the stopband
bandwidth. The use of circular holes in the ground plane of a transmission line has been
previously investigated by Radisic and Qian [3]. However, their design makes use of 3

columns of circular holes. Since the fringing of the fields occurs in the vicinity of the
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transmission line, the use of 3 columns of holes becomes unnecessary as will be shown
later on.

In order to better understand the behavior of the structure in Fig. 3.1, simulations were
done using Ansoft Ensemble simulator which, is based on the method of moments
(MoM). All the filters in this chapter, simulated and fabricated, are designed on a

substrate material with a permittivity of 3.2 and a substrate thickness of 1.59 mm.

Holes in the

57 J/v eround /

Fig 3.1 Geometry of a PBG filter

In order to see the effects of hole diameter on the stopband bandwidth, a filter with a

length of 102 mm and width of 4 mm corresponding to a 50 Q line was simulated in
Ensemble. The period of the holes is 13 mm corresponding to a stopband center
frequency of 7.4 GHz and a total of 6 holes is used under the transmission line. The
transmission coefficient, i.e. S,i, of the filter for different hole diameters is shown in Fig.
3.2. As it can be seen from the S,, plots, the hole diameter has a significant effect on the

bandwidth of the filter. It should also be noted that the stopband of the filter repeats at an

22



integer multiples of the center stop frequency. In addition, there is a limit on the diameter

of holes before the filter properties are changed.
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Fig. 3.2 Plots of Sy vs. firequency for different hole diameters
L=102mm, W=4mm, h =159 mm, &= 3.2

Next, simulations were done in order to compare the effects of one and three columns of
holes in the ground. Fig. 3.3 shows the S, of a filter with one and three columns of
holes. For this case the diameter of the holes is 10 mm and the remaining dimensions are
the same as the filter in Fig. 3.2 . As it can be seen form Fig. 3.3, not much difference
exists between the two cases. Therefore, one column of holes would be sufficient enough
to create a filter out of the transmission line. In addition to the circular holes, other
geometry's were also tested for comparison. 10 mm x 10 mm square pattern of holes in
the ground plane were used and compared with 10 mm diameter circular holes. The Sai
for the square holes and the circular holes are plotted in Fig. 3.4. The S, of the two

structures are slightly shifted, and this is due to the fact that the square holes in the
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However, both structures

ground have a larger physical area than the circular holes.

provide a wide stopband at the desired frequency of 7.4 GHz.

Frequency in GHz

Fig. 3.3 Comparison of a filter with a single column and 3 columns of holes in the ground plane

(=
L] 1 <«
\ H
, '
H )
....... O R I
...................................... f.-.,“....-:,,.-... o
b
LY
fl.
¢
........................................... R
+ I./
H A,
N h Y
.
......................................... [T LT PRE I T
et
,
'
“ e Jw
: ; i o "
g : : 2@
- H v o = 1
S S s de ol d
.“ m 5w |
\ . : R .
. H H w W .
SERRRARES e Eeseesosens HE o[ & KO
4 , J HO » |
{4 ' ' ll
; : : ' H
' ' ' ]
W .......... ARREETERTES bomemmenaes 4 L R ~ e
H i i i -
o [= = = =
e o fd < h'd
ap ul Lzs

Frequency in GHz

Fig. 3.4 Comparison of a filter with 10 mm diameter circular holes and 10mm x 10 mm

square holes in the ground plane
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In order to verify the results obtained from Ensemble, the filter in Fig. 3.2 with circular
holes of diameter 11.6 mm was fabricated and tested. The resulting S, parameter
obtained from the network analyzer is compared to the data from Ensemble in Fig. 3.5.
The comparison of the plots shows good agreement between the fabricated filter and the
simulated results. The slight shift in the frequencies is due to the difference in the

dimensions of the fabricated filter and the simulated one. The accuracy of the fabricated

dimensions are +5% compared with the simulated dimensions.
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Fig. 3.5 8: comparison of the fabricated and simulated filters with dimensions: L=102 mm,
w=4 mm,r=3.2 h=1.59 mm, a=13 mm, d=11.6 mm

3.2 Wideband PBG Filter

The bandwidth of the filters shown so far are restricted to the dimensions of the holes.

Since, there is a certain limit on the size of the holes that can be placed in the ground,
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other configurations must be used to create filters with wider stopbands. This can be
achieved by using one column of hole with more than one period creating multiple
stopbands. If the stopbands are close to one another, a wide stopband or a narrowband
filter with superior performance can be created. The geometry of such a structure is

shown in Fig. 3.6.

Fig. 3.6 Ground plane view of the wideband filter

Using Ansoft Ensemble, few different wideband filters were simulated. For the first
wideband filter simulated al is 18 mm, and a2 is 13 mm corresponding to stopbands at
5.32 and 7.37 GHz. The S parameters for this filter are shown in Fig. 3.7.

It should be noted that the S, and the S,, shown in Fig. 3.7 are identical and therefore
only one of the curves is shown. For the filter in Fig. 3.6, the holes have a radius of 5.5
mm and a total of 9 holes is placed underneath the transmission line. Looking at Fig. 3.7,
it can be seen, the filter has a wide stopband. Whether port 1 or port 2 is used as the
feed, the filter will stop the transmission of EM waves between 3.55 and 9.3 GHz. In
addition, due to the overlap of the stopbands between 5 to 7 GHz, S, level of below -30

dB has been achieved.
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Fig. 3.7 S parameters of the simulated wideband filter

The above filter was also fabricated but the plots are not shown here. The S parameters

were in good agreement with the simulated results.
Another combination simulated had period a, = 10.5 mm and a, = 6.5 mm. For this filter

a really wide stopband from 7 to 17 GHz was obtained. However, at higher frequencies
the circular holes in the ground start resonating and this leads to radiation from the

structure. This can also be seen from the S parameters since the reflection from port 1 is

low and at the same time there is no power transmitted to port 2.

3.3 Effective Permittivity
An important parameter to consider in the study of PBG filters is the phase of the

transmission coefficient (S;). Based on the transmission line equations, a forward
traveling voltage on a line is given by [11] :
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Vi=Vie (3.1)

where f and z are the frequency and the distance along the line length. The phase is
determined by the frequency of operation, the distance along the length of the line, and &.
which, is the effective dielectric constant for a particular structure. For comparison, the
phase of S, for the fabricated filter in Fig. 3.5 and the phase of Sy, for the same structure
with the holes in the ground covered with copper tape (i.e. To cancel the filter effect) are
plotted in Fig. 3.8. Since we are interested in the passband of the filter, only the phase

change between 30 kHz and 6 GHz is shown in Fig. 3.8.
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Fig. 3.8 Measured S phase of the fabricated filter and the transmission line vs. Jfrequency

From the S;; phase plots of the transmission line, the phase change along the line is as

expected from equation 3.1. However, for the filter this change in phase as a function of
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frequency happens at a faster rate specifically between 4.3 and 5.5 GHz. Since everything
else is identical for both cases, the faster rate of change in phase can only be due to the
change of the effective epsilon in equation 3.1. The ratio of the phase change of the two
structures for a particular frequency range would provide us with the effective epsilon
ratios. These ratios are given in table 3.1 for different frequency ranges. In addition, the
simulated phase ratios are also given in table 3.2 for comparison with the measured

results.

Table 3.1. Filter and Transmission line Effective permittivity ratios obtained from the measured Sy phase

fi(GHz) f; (GHz) Af Adyiine Adrier Eritter/Ettine
2.7 4.29 1.59 321.7 337.93 1.1
4.5 5.46 0.96 196.57 309.11 2.47

Table 3.2. Filter and Transmission line Effective permittivity ratios obtained from the simulated S»; phase

f:(GHz) f2(GHz) Af Aduine Adsiner Eitter/ Entine
2.7 4.29 1.59 318.9 329.76 1.07
4.5 5.46 0.96 197 309.12 2.46

As it can be seen, the measured and simulated results are in good agreement. It is also
observed that between 4.5 and 5.46 GHz, the filter has an effective epsilon value 2.46
times higher than the transmission line. This means that the characteristic impedance of
the filter will be (1/\/2.46) smaller than the characteristic impedance of the transmission
line. In order to calculate the actual epsilon values for the filter, a Matlab program was
written in which the epsilon values are calculated from the reflection coefficient (Si)

parameter obtained from Ensemble. Knowing the reflection coefficient, and the
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impedance of ports 1 and 2 (Z,,,) of the structures, one can find the input impedance from

the following equation [11]:

(1+5,)
Zood =2 oy T 3.2
nput port ( 1 - Sl I) ( )
In addition, the input impedance can be found from:
Z,+Z tanh y!

inpr ™ (Z,+Z  tanh y!)
where Z, is the load impedance, ¥ is the propagation constant, and Z, is the characteristic
impedance of the line. Note that In equation 3.3 both the characteristic impedance and
the propagation constant are functions of the effective epsilon.

Therefore, by equating equations 3.2 & 3.3 one can solve for the effective epsilon. This
is done by using an iterative process in which the epsilon values are increased by small
increments and the input impedance in equation 3.3 is calculated for each increment and
compared with equation 3.2. Using this procedure, the characteristic impedance and the
effective permittivity values were computed for several frequencies for both the filter and

transmission line and are shown in tables 3.3 and 3.4 respectively.

Table 3.3. Characteristic impedance and permittivity values of the filter
obtained from the Matlab program

Frequency
Efilter ZD
(GHz)
3.476 2.54 48.96
*4,00 2.92 +i0.48 45.2 - j3.7
4.47 2.64 + j0.1 48 - j0.9
5.24 3.84 +j0.02 40 -jo.1
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The frequencies in tables 3.3 except at 4 GHz, are the frequencies where there is
minimum return loss (S;;). This can be seen in Fig. 3.5 where the Sy, is almost equal to
zero. At 4 GHz however, there is some reflection and the effect of the reflection can be
seen in the effective epsilon value. The effective epsilon in table 3.3 at 4 GHz has a large

imaginary part which is due to the reflection at the input.

Table 3.4. Characteristic impedance and permittivity values of the transmission
line obtained from the Matlab program

Frequency
(GHz) Buine Ze
3.476 ‘ 2.44+j0.02 50 - j0.2
*4.00 2.4000 50.37
4.47 2.40 + j0.02 50.37 - j0.2
5.24 2.38+j0.02 50.58 — j0.21

In both tables the same frequencies are used for comparison of the transmission line with
the filter. As it can be seen, the values of the effective epsilon of the filter in table 3.3 are
higher for all the frequencies particularly at 5.24 GHz which, is right before the stopband
of the filter. The same observations were made in regards to the effective epsilon values
of the wideband filter.

It should be noted that due to the roundoff process in the iteration technique used in the
program, there are errors associated with the effective permittivity values listed in tables
3.3 and 3.4. Overall however, an increase in the permittivity values of the filter is

observed.
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Another method of measurement of the effective epsilon investigated involved the use of
a probe to sample the S, phase along the transmission line and the filter. The probe was
used to take samples as it moved at small increments along the transmission line for
different frequencies. Looking at equation 3.1, the phase of the forward traveling wave
changes as a function of position (i.e. z) for a fixed frequency. Therefore, as the wave
travels along the transmission line it will go through a 360 degree phase shift
corresponding to one wavelength. Once the wavelength is obtained, the effective epsilon

can be calculated from:
€,=(—=) (3.4)

where, C is the speed of light and fis the frequency of operation. Using this procedure
the effective epsilon values for the fabricated narrowband and wideband filters were
calculated for a few different frequencies. However, for the narrowband filter, due to its
short length and multiple reflections from the holes in the ground, it was not possible to
obtain clear samples of the wavelengths. The samples taken from the wideband filter
were more clear. The effective permittivity values for both the filter and transmission
line (i.e. filter with the ground plane holes covered with copper tape) are shown in table
3.5. Looking at the data in table 3.5, the effective epsilon value for the filter at 3.7 GHz
is 2.98 while for the transmission line a value of 2.63 is obtained. Therefore, the
simulation results are now confirmed with experimental measurement. It should be noted
that the data shown in table 3.5 are approximate. There were many different sources of
error in the experiments some of which include the presence of noise from different

sources during the sampling process, the position of the probe with respect to the filter,
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and discrepancies in the fabricated dimensions of the filter.
Overall however, the measured data shows an increase in the epsilon value of the filter
right before the stopband of the filter at 3.7 GHz which, was confirmed by the software

previously.

Table 3.5 Effective epsilon values obtained from sampling of the wavelength
on the filter and transmission line

f(GHz) Eutine Eftter
3.00 2.70 2.60
3.20 2.55 2.44
3.50 2.55 2.39
*3.70 2.63 2.98

3.4 Conclusion

In this chapter microstrip transmission lines with ground plane perforations were
studied. It was shown that by etching holes in the ground plane of a transmission line,
different types of microstrip filters can be created. The holes etched in the ground had
different geometry's and dimensions. The effects of hole dimensions and period on the
performance of filters were studied in detail. It was shown that the filter stopband is
determined by the hole period while the stopband bandwidth is determined by the hole
size. In addition, by the use of PBG structures, with more than one period, a new

wideband filter was designed. The designed filter showed very low isolation levels ( S,

<-30 dB) due to the bandgap overlap. In order to verify the simulated data, one of the

filters was fabricated and tested and the measured data showed good agreement with the
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simulated results.

Finally, it was shown that by etching of holes in the ground plane of transmission lines,
the effective permittivity of the structures is increased. The effective permittivities were
calculated for different filters using a Matlab code. For the wideband filter, the effective
permittivity was calculated by measuring the wavelength on the surface of the filter. The
wavelength was measured using a probe that moved on the surface of the filter. The
measured permittivity of the filter showed an increase in value compared with that of a

simple transmission line.
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Chapter 4

Microstrip Patch Antennas with Ground Plane Perforations

In this chapter, the properties of microstrip patch antennas on perforated ground planes
are studied in detail. Different perforation types such as holes and slots are placed in the
ground planes of wideband and narrowband patch antennas. For each case, the effects of
the perforations on the resonant frequency, gain, and the bandwidth of the antennas are

investigated.

4.1 Narrowband Patch Antennas with Ground Plane Perforations

In this section, different ground plane perforations such as a single hole, multiple holes

and slots in the ground plane of different narrowband patch antennas are investi gated.

4.1.1 Narrowband patch antenna with a single hole in the ground

In the previous chapter it was found that by placing holes in the ground plane of a
microstrip transmission line, an increase in the effective epsilon can be achieved. As a
next step, the holes were placed in the ground plane of microstrip patch antennas to see
the effects on the resonant frequency and effective epsilon of the patch. The first case

that was simulated involved an antenna with the geometry shown in Fig. 4.1. The

antenna contains a square hole of dimensions (d x d) in the ground plane. A circular hole
underneath the patch was also simulated. However, this geometry is not shown here.

The patch antenna for all the cases has a length of 15 mm and width of 20 mm. The
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substrate has a relative permittivity of 3.2 and a thickness of 0.79 mm (1/32M).

/

Patch antenna

Hole in the ground

Tline feed

Fig. 4.1 Geometry of a patch antenna with a hole in the ground plane
L=15mmW=20mme=32h=079mm

For this antenna, the dimensions of the hole underneath the patch were changed and the
effects on the resonant frequency, — 10 dB bandwidth and, the gain were recorded. Plots
of the resonant frequency, bandwidth, and the gain vs. the holes area are shown in Fig.
4.2a-c for both a rectangular hole and circular hole. As it can be seen from Fig. 4.2a, the
resonant frequency of the patch drops as the area of the holes in the ground plane is
increased. The rate of change of frequency is different for the two hole structures, due to
different effective areas. Looking at equation 4.1, the resonant frequency of the patch is
defined in terms of the antenna length and the permittivity of dielectric material.

C

me (4.1)

Therefore, it is obvious that for a fixed length, a drop in the resonance is due to an

increase in the effective epsilon of the structure.
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Fig. 4.2 (a) Resonant frequency vs. hole area (b) -10 dB bandwidth vs. hole area
(c) Gainvs. hole area for the patch shown in Fig. 4.1
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In addition to the shift in the resonance, it was also observed that the -10 dB bandwidth of
the patch increases as the hole area in the ground is increased, Fig. 2-b. However, as one
might expect there is a significant drop in the gain for larger perforations, which is due to

the increase in back radiation levels.
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Fig. 4.3 (a) Resonant frequency vs. cavity area in cm’ (b) -10 dB bandwidth vs. cavity area in cm?
(c) Gain in dB vs. cavity area in cm’
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In order to prevent the back radiation, a cavity was placed underneath the antenna. By
placing the cavity under the antenna, the antenna gain increased as expected. However,
the bandwidth of the antenna reduced thereby canceling the effects of the hole in the
ground plane. The plots of resonant frequency, bandwidth and gain for two different
square hole dimensions (6 by 6 mm and 13 by 13 mm) as a function of the cavity area are

shown in Fig. 4.3a-c. The cavity height for all the cases is fixed at 3.175 mm.

4.1.2 Narrowband patch antenna with multiple holes in the ground:

For this section, the narrowband patch antenna with a photonic bandgap ground plane
(PBG ground) [4] was simulated in Ensemble. According to the authors in [4], the
photonic bandgap ground plane has the effect of suppressing the higher unwanted modes.

The geometry of this square patch with the dimensions is shown in Fig. 4.4.

250 mm

76 mm
200 mm
38 mm

@ 18 mm

R

v Pad

Feed line

Fig. 4.4 Narrowband PBG patch antenna
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The patch has a length and width of 76 mm. The substrate material for this antenna has a
dielectric constant of 4.8 and a thickness of 1.6 mm. The width of the transmission line
feed 1s 2.8 mm, corresponding to a 50 O line, and its length is 78 mm. The holes in the
ground have a center to center spacing of 38 mm which, correspond to a center stopband
frequency of 1.8 GHz [4]. The holes here have the same function as the holes placed
underneath the transmission line in the previous chapter. The reflection coefficient of this

antenna with and without the PBG are shown in Fig 4.5a and b, respectively.
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Fig. 4.5 (a) The reflection coefficient of the PBG antenna
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Fig. 4.5 (b) The reflection coefficient of the reference antenna

As it can be seen from the S;; plot of the reference patch, the dominant mode occurs
around 0.9 GHz, while the higher order modes around 1.8 and 2.1 GHz are excited as
well.  The reflection coefficient of the patch with the PBG ground plane shows
disappearance of the higher order modes around 1.8 GHz which is the stop band of the
PBG. These modes are still present however, their excitation is prevented by a
combination of different factors such as the geometry and the position of the PBG
structure as well as the finite ground plane size. In order to see the sensitivity of this
structure, the number of holes in the ground plane were changed and the S, for the two
different cases are shown in Fig. 4.6. For the first case, the hole underneath the
transmission line was removed but the remaining holes were present. This configuration
removed the higher order modes but other resonances occurring close to the dominant

mode.
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Fig.4.6 The reflection coefficient for different PBG patch antenna configurations

The second graph shows the S parameters for the patch with a single hole underneath the
transmission line feed and the adjacent two holes removed (Note that the holes
underneath the patch are still present). Once again the excitation of higher order modes
can be seen in the S, plot. Finally, to investigate the effect of the ground plane size on
the results, an infinite ground plane was used instead of a finite ground. The S, of the
patch with infinite ground is shown in Fig. 4.7. As it can be seen, by use of an infinite

ground plane, a second mode close to the dominant mode is excited.
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Fig. 4.7 Reflection coefficient of the PBG antenna with infinite ground plane

4.1.3 Narrowband patch antenna with slots in the ground:

The geometry of this antenna with the slots in the ground plane is shown in Fig. 4.8.
This patch has a length of 15 mm and a width of 20 mm. The dielectric material used is
the same as before with a permittivity of 3.2 and a thickness of 1/32". For this antenna, a
probe feed is used instead of a transmission line feed for all the simulations.

To see the effects of the slots in the ground plane, slots with different dimensions were
placed in different positions in the ground. For all the cases two slots were placed in the
ground to have a symmetric condition. Different parameters such as the the width of the
slots W, the distance from the center of the patch to the edge of the slots d and, the length
of the slots L were changed and the results on the resonant frequency were recorded for

each case. The reflection coefficients for a few different cases are shown in Fg4.9.
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Fig. 4.8 Geometry of the patch antenna with slots in the ground plane

The dominant mode for the reference patch with no slots in the ground occurs at 5.3 GHz.
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Fig. 4.9 The reflection coefficient for the reference patch and the patch
with slots in the ground along the v direction (Dimensions of the slots are in mm)
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For the patch with slots in the ground, there is no shift in the frequency of the dominant
mode at 5.3 GHz. However, there is a shift in the resonance of the next higher order
mode at 8.2 GHz. For the antenna with the slot length of 15 mm, a shift of 1 GHz in the
resonance of the unwanted mode is observed. The shift in frequency of the higher order
modes can be a useful tool in cases where the frequency of the dominant mode is close to
the unwanted higher order modes. As one might expect, there is a drop in the gain of the
antenna due to the back radiation from the slots. The use of the cavity could solve the
back radiation problems. However, this leads to other resonances created bythe cavity.

In addition to the slots along the y direction, the slots were also placed in the x direction
(placed along the width of the patch), but this created a shift in the resonance of the
dominant mode as well as excitation of other modes close to the dominant mode. An
example of this is shown in Fig. 4.10. Note that here d is the distance from the center of

the patch to the edge of the slot, located along the x direction.
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Fig. 4.10 The reflection coefficient for reference patch and the patch
with slots in the ground along the x direction (Dimensions of the slots are in mm)
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4.2 Wideband U-Slot Patch Antenna with Ground Plane Perforations

In order to see the results of ground plane perforations on wide band microstrip
antennas, the U-slot antenna that was designed by R. Bhalla and L. Shafai [15] was
simulated with slots in the ground plane of the patch. The geometry of the reference
antenna and the antenna with slots in the ground are shown in Fig. 4.11 and 4.12

respectively.

For this antenna, the slots were placed along the width of the patch as shown in Fi g 4.12.
Once again the parameters of the slots were changed and the effect on the S, was
recorded. The S, of the reference antenna along with the antenna with ground slots are
shown in Fig. 4.13. The reference antenna has a -10 dB bandwidth of 30%, while the
antenna with the slots of parameters d = 12 mm, L = 26 mm and %= 9 mm in the ground,

has an increased bandwidth of 37%.

Fig. 4.11 Geometry of the reference Uslot patch antenna, L =355, W=26,L, = 19.5, W, = 12,
t=21,F=15h=50a=42b=23 All dimensions in mm [15]
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Fig. 4.13 The reflection coefficient of the Uslot with and without the ground plane slots

To reduce the back radiation levels, a cavity was placed underneath the antenna.
However, this reduced the bandwidth of the patch significantly. The S, of the Uslot with

ground slots of dimensions d = 12 mm, L = 26 mm and W = 9 mm, with a cavity
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underneath the patch is shown in Fig. 4.14. Note that the height of the cavity is fixed at 2

mim.

—— cavity of 50 b 50 mm
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Fig. 4.14 The reflection coefficient of thé cavity backed Uslot with slots of dimensions of
d=12mm, L =26 mm and W= 9 mm in the ground plane

In addition to slots in the ground plane, a square hole was also placed underneath the
patch to see the effects on the resonance of the patch. In order to excite the patch using a
probe, a cavity had to be placed below the square hole. Since the probe passes through
The

the cavity, the structure of the cavity is changed by the parameters of the probe.

presence of the cavity caused a reduction in the bandwidth of the antenna and created a

third resonance close to the first two resonances of the patch.
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4.3 Conclusion

This chapter was a study of microstrip patch antennas with ground plane perforations.
Different types of perforations such as a single hole, multiple holes and slots were placed
in the ground plane of patch antennas. The perforations were used in the design of both
narrowband and wideband patch antennas. For the narrowband patch antennas, the use of
a single hole in the ground plane showed a decrease in the resonant frequency and an
increase in -10 dB bandwidth of the patch. The decrease in the resonant frequency can be
explained by an increase in the permittivity of the structure. The use of perforations in
the ground has the effect of decreasing the overall gain of the patch due to the increase in
the back radiation. The use of a cavity to reduce the back radiation canceled the effects of
the hole in the ground plane.

h; addition to a single hole, multiple holes were also used in the design of narrowband
patch antennas. It was found that by the use of multiple holes, the excitation of higher
order modes can be prevented. This was also accomplished by the use of slots in the
ground plane of a narrowband patch antenna. A shift in the resonance of higher order
modes was achieved by placing slots in the ground plane, along the length of the patch.

The slots in the ground plane were also used in a wideband U-slot patch antenna to
increase its -10 dB bandwidth. Once again, a reduction in the gain was observed due to

the back radiation from the slots in the ground plane.

49



Chapter 5

High Impedance PBG Structures

In this chapter, the properties of PBG structures consisting of metal patches with
shorting vias on different substrate materials are investigated. For each PBG structure,
Ansoft Ensemble is used to measure the radar cross section (RCS) of the TM waves vs.
frequency, due to a wave incident on the structure. Once the bandgap of the TM modes
for the PBG structures are found, the structures are then used in the design of microstrip
patch antennas operating at the bandgap of the frequency. The effects of the PBG on the
resonant frequency, gain and half power beamwidth of the antennas are investigated for

each substrate material.

5.1 High Impedance Photonic Bandgap Structures

The geometry of a high impedance PBG is shown in Fig. 5.1. This structure consists
of metal patches with shorting vias connecting the patches to the ground plane of the
structure. If the dimensions of the geometry in figure 5.1 are small compared to the
wavelength, the impedance of the structure can be modeled by an equivalent parallel
resonant LC circuit [10]. The inductance of this circuit is due to the vias while the
capacitance is due to the gap between the adjacent patches. As mentioned in chapter 2,
the surface impedance of this structure is characterized by [10]:

(jw L)

L=t
(1-w"LC)

(5.1)
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The resonant frequency of the LC circuit is given by:

(5.2)

At the resonant frequency the surface impedance becomes very high and this is associated

with the band gap of the structure [10].

Metal

patches T

Fig 5.1 Geometrv of the PBG structure

Since the resonant frequency is inversely proportional to the inductance and the
capacitance of the PBG, it can be controlled by the dimensions and spacing of the metal
patches as well as the length and diameter of the vias. In order to find the band gap of the
geometry in figure 5.1, Ansoft Ensemble was used to measure the RCS (i.e. reflection) vs.
frequency, due to an incident wave on the structure. Since the structure behaves as an
open circuit at its resonant frequency, one would expect reflection of the incident wave at

the resonance. For the PBG design, we are interested in the stopband of the TM surface
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wave which, propagates along the dielectric surface. The TM surface waves have no
cutoff frequency and decay exponentially away from the dielectric air interface [11]. The
presence of these surface waves is specially evident in structures with a high dielectric
constant and large thickness [1].

An example of the radar cross section of a TM mode for two different PBG structures, on
a substrate with a relative permittivity of 3.2 and a substrate thickness of 1.59 mm, is
shown in Fig. 5.2. The first case uses metal patches of dimensions 6 mm by 6 mm and
the second uses patches of dimension 8 mm by 8 mm. For both cases, the spacing
between the edges of the adjacent patches are 0.2 mm and the vias used have a radius of
0.6 mm. The radar cross sections (RCS) shown below are for the TM modes looking in

the same direction as the incident wave, i.e. the back scattering cross section.
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Fig. 5.2 Magnitude of RCS vs. frequency for the two different metal patch sizes on a substrate with
& = 3.2 and h = 1.59 mmm (wave incident horizontally)
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As it can be seen from Fig. 5.2, the RCS for the design with dimensions of 6 mm by 6
mm has peak reflections between 6.25 to 8.5 GHz and another between 10.25 to 14.75
GHz. As expected, the structure with metal patches of size 8 mm by 8 mm has peak
reflections occurring at lower frequencies due to the increase in capacitance of the
structure. For the 8 mm by 8 mm patch, the first reflection peak occurs between 4.75 to
6.25 GHz and second between 8 to 11.75 GHz. The same procedure can be applied to all
PBG structure on other dielectric materials to find the reflection of the TM waves as a

function of frequency.

5.2 High Impedance Structurés and their Applications in Microstrip
Patch Antennas
In order to better understand the behavior of PBG structures, different patch antennas
with various PBG structures on different dielectric materials were simulated in Ensemble.

The dielectric materials used had &, = 9.8, 3.2, 2.5, and 1. For each case the effects on the
resonant frequency, gain, and half power beamwidth of the antennas were studied. It
should be noted that, for all simulation results to be presented in this chapter, the loss
tangent used for the substrates were set to (0.0001) and therefore all the gain values are
for low loss substrates. Due to problems with the simulation software, the substrate

material with relative permittivity of 9.8 is covered in the last section of this chapter.

5.2.1 Patch Antennas on &, = 3.2 PBG Substrate

In this section, the properties of PBG patch antennas operating at two different
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frequencies are investigated. Since, the RCS of the PBG in Fi 2. 5.2, has a peak reflection
between 4.75 and 6.25 GHz, the first patch simulated was designed to operate at 5.6 GHz.
The patch is probe fed and has dimensions L = 14 mm, W = 20 mm, and h = 1.59 mm
(1/16"). The ground plane is finite for this patch and has dimensions 80 mm by 80 mm
(1.5X). The simulated radiation patterns in the E and H planes (¢ = 90 and ¢ = 0) are
shown in figure 5.3. As it can be seen from the gain plots, the co-polar E plane pattern is
wider than the co-polar H-plane pattern and has a dip at © = 0 which, is due to the size of
the finite ground plane. There is also a large amount of back radiation caused by the

diffraction from the finite ground plane edge, which will be shown later. The back

radiation levels reach as high as -5 dB at 6 = 100 degrees.
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Fig. 5.3 E and H plane patterns of the reference patch with L = 14 mm,
W=20mm, h=159mm, & =232 tan 5= 0.0001, at 5.6 GHz

54



The second patch antenna simulated has a length of 7 mm corresponding to a resonance at
10.95 GHz. The width of the patch is 12 mm and the ground plane size is 40 mm by 40
mm. The substrate height is the same as before at 1.59 mm. The radiation patterns for
this patch are shown in Fig. 5.4. Once again, a dip in the E plane co-polar pattern at 6 = 0

1s observed.
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Fig. 5.4 E and H plane patterns of the reference patch with L = 7 mm,
W=12mm, h=159mm, & = 3.2, tan 6= 0.0001, at 10.95 GH=

Next, the patch antennas with PBG structures were simulated and the effect of the PBG
on the resonant frequency, gain and half power beamdwidths were recorded. For each
antenna the PBG structures were placed around the patch as shown in Fig. 5.5. As it can
be seen from Fig. 5.5, only a single layer of metal patches was used around the microstrip

antenna. This provided the highest gain compared with a multilayered structure. Use of

55



multiple layers around the patch causes a drop in the gain thereby canceling the effect of
the PBG. In addition, there is a large increase in the cross-pole levels caused by the
vertical currents in the vias.

The use of the PBG structure around the patch has the effect of shifting the resonant
frequency of the patch, as well as reducing its -10 dB bandwidth. The change in the
resonant frequency can be adjusted by moving the PBG structure away from the antenna
and leaving a gap between the antenna and the shorted metal patches. However, the
reduction of the bandwidth is a negative effect of the PBG.

Since the two patch antennas discussed so far have different resonant frequencies, the
PBG structures used for each patch were different. For the antenna operating at 5.6 GHz,
the PBG has metal patches of dimensions 8 mm by 8 mm and spacing of 0.2 mm with the

RCS shown in Fig. 5.2.

Fig. 5.5 Geometry of the patch antenna with PBG structure and finite ground plane
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The use of the PBG around the patch caused the resonant frequency of the patch to be
shifted to 5.78 GHz, compared to 5.6 GHz of the reference patch antenna. Its -10 dB
bandwidth was also reduced significantly. The S parameters of this patch and the
reference patch will be shown in the next chapter for comparison with fabricated
antennas. The radiation patterns of this antenna are shown in Fig. 5.6. It can be seen that
the gain of the patch has increased to 9.6 dBi from 5.3 dBi at © = 0 and the radiation
pattern in the co-polar E-plane has improved significantly. Unlike the E-plane pattern of

the reference patch shown in Fig 5.3, the E plane co-polar pattern is narrower than the H-

plane co-polar pattern for the PBG patch antenna and the dip at 6 = 0 has disappeared.
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Fig. 5.6 E and H plane patterns of the PBG patch with L = 14 mm, W = 20 mm,
&=32,1an 5=0.0001, h=159mm X'=124mm, Y =83 mm at 5.78 GHz=
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The slight increase in the H-plane cross-pole levels of the PBG antenna can be adjusted
by moving the PBG structure away from the patch in the (x) direction without affecting
the over all gain. As mentioned previously, this increase in the H-plane cross-pole level

1s due to the vertical currents that are generated in the vias. The vertical currents have a

symmetric Ey associated with them, which adds to the cross-polar patterns of the patch.
By moving the PBG structure away in the y direction, the gain of the antenna drops and
the resonant frequency shifts down as expected.

In addition, to the increase in the gain of the antenna in Fig. 5.5, the back radiation levels

has dropped significantly to -14 dB compared with -5 dB at 6 = 100 degrees. For
comparison, the back radiations of both reference and PBG patch antenna are shown in
Fig. 5.7 a and b, respectively. The E-plane cross-polar pattern is negligible and can not
be seen in the back radiation plots due to it's value being less than -30 dBi. The resonant
frequency, half power beamwidth, and the gain of the reference, Fig. 5.3, and PBG

antennas, Fig. 5.5, are shown in Table 5.1 for comparison.
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Fig. 5.7 (a) Back radiation from the reference patch shown in Fi ig. 5.3
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Fig. 5.7 (b) Back radiation from the PBG patch shown in Fig. 5.6

Table 5.1 Comparison of the resonant frequency, gain, and half power beamwidth of the reference
and PBG patch antennas with L = 14 mm, W= 20 mm, & = 3.2 h=159mm

1 Gain at =0 | HPBW (E-plane) | HPBW (H-plane)
(GH7) (dB) (degrees) (degrees)
Reference
Antenna 5.6 5.3 131 73
PBG
Antenna 5.78 9.6 55.2 69.8

To see the effects of the PBG position on the performance of the antenna, the PBG

structure shown in Fig. 5.5 was moved away from the patch and the results on the

resonant frequency, gain and half power beamwidths as a function of distance Y’ and X'

were recorded. The results are shown in Table 5.2.
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Table 5.2 Resonant frequency, gain, and half power beamwidth for the patch antenna
with L = 14 mm,W=20mm, & = 3.2, h = 1.59 mm as a function of distance X and Y’

Distance | Distance 1 Gain at =0 | HPBW (E-plane) | HPBW (H-plane)
(Y) (X') (GH?z) (dB) (degrees) (degrees)
(mm) (mm)
8.3 12.4 5.78 9.6 52.8 73
12.3 16.4 5.64 8.87 60 74
16.3 20.4 5.6 7.64 79 78
20.3 24.4 5.56 5.56 142 82
5.45 4.82 146 66
243 28.4 5.61 4.9 142 71

From table 5.2, it is evident that by moving the PBG structure away from the patch
antenna, the half power beamwidth in the E-plane increases significantly and at one point
the E-plane and the H-plane patterns overlap. Since the half power beamwidths increase
there is a drop in the gain of the antenna. The resonant frequency of the antenna also
shifts down and eventually reaches the resonant frequency of the reference patch antenna
as expected.

In addition to the 8 mm by 8 mm PBG patch structure, the 6 mm by 6 mm PBG structure
was also placed around the antenna operating at 5.6 GHz. The RCS for the 6 mm by 6
mm PBG structure was shown in Fig. 5.2. This structure had a bandgap between 6.25 to
8.5 GHz and another between 10.25 to 14.75 GHz. However, at 5.6 GHz there was no
reflection of the TM wave and this was confirmed by the gain results of the antenna.
After placing the PBG around the patch, there was no change in the gain pattern of the

patch. In fact, the pattern was identical to that of the reference patch antenna with no
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PBG. To see the effects of the finite ground plane size on the radiation pattern of the
PBG patch, different ground plane sizes were simulated. The effects of the ground plane
size on microstrip patch antennas have been studied previously by S. Noghanian and L.
Shafai [32]. It has been shown that by changing the size of the ground plane one can
increase the gain of an antenna and control the beamwidth of the E and H plane patterns.
By choosing the proper size of ground plane, the E and H plane co-polar patterns can be
modified such that an overlap of the patterns is made possible [32]. However, for the
PBG patch antenna shown in Fig. 5.6, the size of the finite ground plane was not effective

in radiation patterns of the antenna. The antenna with PBG was placed on different finite

ground planes, and the ground plane size was varied between 0.5\ to 2A. The variation

of the ground plane size did not have much effect on the beamwidth of the E and H

planes, and very small variations in the antenna gain at © = 0 was noticed.

In addition to a finite ground plane, an infinite ground plane was also used in the
simulations. The use of PBG around the patch on an infinite ground plane did not
improve the radiation pattern of the patch.

Next, the second patch with dimensions of L=7 mm and W = 12 mm was simulated with
the PBG structure. However, since this patch operates at 10.95 GHz, the PBG structure
used had to be modified to create a stopband at the patch resonance. For this case a PBG
with metal patches of dimensions 4 mm by 4 mm and spacing of 0.2 mm was used. The
vias for this case are the same as before with a diameter of 1.2 mm. The RCS for this

structure is shown in Fig. 5.8.
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Fig. 5.8 Magnitude of RCS vs. frequency for the PBG on substrate with & =32
and h = 1.59 mm, (wave incident horizontally)

A few different PBG configurations were simulated with this antenna. For the first case,
the geometry shown in Fig. 5.5, was simulated. The reflection coefficient of the PBG
antenna showed a reduction in its -10 dB bandwidth, as well as a shift of the resonant
frequency to 11.8 GHz, from 10.95 GHz of the reference antenna. The radiation patterns
of this structure are shown in Fig. 5.9. Comparing these pattern to those shown in Fig.
5.4, it is observed that the gain has increased from 4 dBi to 8 dBi. In addition, the dip in
the E-plane co-polar pattern has disappeared. The back radiation has also dropped
significantly compared to that of the reference patch. Once again, the increase in the

cross-polar levels can be reduced by moving the PBG structure away from the patch in

the x direction, like the previous case.
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Fig. 5.9 E and H plane patterns of the PBG patch with L = 7 mm,W = 12 mm,
&=32,h=159mm X'=85mmY' =64mmat1l.8 GHz

Figure 5.10 shows another configuration which was simulated.
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Fig. 5.10 E and H plane patterns of the PBG patch with a single row of metallic patches,
L=7mmW=12mm, & =32 h=159mm, Y =64 mmat1].22GHz
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The configuration shown in Fig. 5.10 increased the gain even higher to 9 dB and reduced
the cross-pole to a lower level than the one shown in Fig. 5.9.

In addition to the 4 mm by 4 mm PBG structure used in the above antenna, the structure
with dimensions of 8 mm by 8 mm was also tested with the above antenna. Looking back
at the RCS of the 8 mm by 8 mm PBG structure, shown in Fig. 5.2, a second reflection
between 8 to 11.75 GHz is observed. Therefore, one could use this configuration to stop
the TM waves and hence improve the performance of the patch antenna operating in this
range. Using the 8 mm by 8 mm PBG, the antenna gain with the radiation pattern shown
in Fig. 5.4, increased to 8 dB and the dip in the E-plane pattern disappeared. The

resonant frequency of the patch in this case was not affected by the use of PBG. The gain

of this antenna is shown in Fig. 5.11.
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Fig. 5.11 E and H plane patterns of the patch with 8 mm by 8 mm PBG structure
L=7mmW=12mm, &=32h=159mm X =84 mmY =84 mmat1l.22GH:z
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The antennas shown in this section were fabricated and tested at the Antenna Laboratory
of the University of Manitoba. The measurement results of these antennas are shown in

the next chapter along with the reflection coefficients obtained from simulations.

5.2.2 Patch Antenna on ¢, =2.5 PBG Substrate

For this section, different patch antennas with PBG on a substrate with permittivity of
2.5 were simulated. The PBG used on this substrate had metal patches of dimensions 8
mm by 8 mm and spacing of 0.2 mm. The vias used were the same as before with a
diameter of 1.2 mm. The RCS for this particular PBG is shown in Fig. 5.12, and shows a

peak reflection between 5 to 7 GHz. Therefore, the patch is designed to operate in this
frequency range.
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Fig. 5.12 Magnitude of RCS vs. frequency for the PBG on a substrate with €. = 2.5
and h = 1.59 mm,(wave incident horizontally)
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The particular patch simulated with the above PBG has a length of 15.4 mm and a width
of 22 mm. The patch is probe fed and the substrate height is 1.59 mm. The S, for this
antenna 1s shown in Fig. 5.13. As it can be seen the patch resonance is at 5.77 GHz,

which is in the desired frequency range of the PBG structure.
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Fig 5.13 The S, for the reference patch with dimensions L = 15.4 mmW=22mm, g =2.5 h=159mm

The radiation patterns of this patch at 5.77 GHz are shown in Fig. 5.14. Once again a
wide E-plane co-polar pattern with a dip at 8 = 0 is observed.

Next, the PBG structure with RCS shown in Fig. 5.12 was placed around the patch
antenna. The PBG was placed at a distance X’ = 12.4 mm and Y’ = 8.3 mm. By placing
the PBG around the antenna, antenna resonance shifted to a higher frequency of 6.27 GHz

as shown in Fig. 5.15. Comparing the S;; of the PBG antenna to that of the reference

antenna shown, in Fig. 5.13, a reduction in the -10 dB bandwidth is noticed.
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Fig. 5.14 E and H plane patterns of the reference patch with
L=154mmW=22mm, &=25h=159mm
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Fig. 5.15 The S,, for the PBG patch with dimensions L = 15.4 mm, W= 22 mm
=25, h=159mm X'=124mm, Y =83 mm
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The radiation pattern of this antenna was also plotted and shown in Fig. 5.16. The
radiation pattern showed significant improvement in the gain at 8 = 0. The gain increased

from 5.77 dBi of the reference patch to 10.33 dBi. The E-plane co-polar pattern also

became narrower than the H-plane co-polar pattern and the amount of back radiation at 8
= 100 degrees dropped significantly from -5 dB to -16 dB. The backlobe radiation of the

PBG and reference patch antennas are compared in Fig. 5.17a and b respectively.
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Fig 5.16 E and H plane patterns of the PBG patch with
L=154mmW=22mm, =25 h=159mm X'=124mm, Y’ =83 mm

The resonant frequency, gain, and half power beamwidths of the reference patch and the

PBG patch antennas are given in Table 5.3 for comparison.
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Fig. 5.17 (a) Back radiation from the reference patch shown in Fig. 5.14
(b) Back radiation from the PBG patch shown in Fig. 5.16

Table 5.3 Resonant frequency, gain, and half power beamwidth for the patch
withlL =154mmW=22mm, =25 h=159mm

I Gain at 6= 0| HPBW (E-plane) | HPBW (H-plane)
(GH7) (dB) (degrees) (degrees)
Reference
Antenna 5.77 6.58 118 72
PBG
Antenna 6.27 10.33 52 69
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To see the effects of PBG structure position on the performance of the patch, the PBG
was moved away from the patch and this caused a reduction in the gain and an increase in
the half power beamwidth of the E plane co-polar pattern as expected. The resonant

frequency also shifted down toward that of the reference patch.

5.2.3 Patch Antenna on &, = 1.0 PBG Substrate

The use of PBG on foam (g~1) did not have any effect on the performance of the
patch. Different PBG structures with various dimensions were tested around microstrip
antenna on foam. However, non of the structures caused a change in the performance of

the patch antenna.

5.2.4 Patch Antenna on ¢, = 9.8*% PBG Substrate

The substrate material with ¢, 9.8 is covered in this section because of problems
encountered in the simulations using Ensemble. Due to high permittivity and complexity
of the structures used in the simulations, there were discrepancies in the gain results
obtained from Ensemble. For certain structures, the differences in the gain values
sometimes reached as high as 6 dB. The discrepancies in the gain values were mainly
due to meshing of the structure under test.
To solve for the far fields numerically, the software breaks the structure down into small
sections and for each section the currents on the structure along with the far fields and
near fields are calculated. If the meshing of the structure is to complex (i.e. High

frequency meshing), the calculated results will be inaccurate. Therefore, when testing
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complicated structures, the proper meshing frequency has to be used in order to have
dependable results. For all the simulation results in this section, a fixed mesh at 2 GHz is
used for gain calculations. The gain values obtained are confirmed with their half power
beamwidths for each simulation.

The first structure simulated in this section is a probe fed patch on a substrate material
with a thickness of 1.59 mm. The patch antenna used has a length of 14 mm and a width
of 20 mm. The size of the ground plane is 80 mm by 80 mm and the patch resonant

frequency is at 3.24 GHz. The S,, for this patch is shown in Fig. 5.18.
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Fig. 5.18 The S,, for the reference patch with dimensions L = 14 mm, W = 20 mm, & =298, h=159mm

The radiation patterns of this patch are shown in Fig. 5.19. Its gain at 6 = 0 is 4.54 dBi

and once again the E-plane co-polar pattern is observed to be wider than the H-plane
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co-polar pattern. There is also a large amount of back radiation from the finite ground
plane, which will be shown later.

Next, a PBG structure with metal patches of dimensions 8 mm by 8 mm and spacing of
0.2 mm was placed around the patch antenna. The vias used for this PBG have a
diameter of 1.2 mm. The RCS for this PBG structure is shown in Fig. 5.20. As it can be,

seen there is a peak reflection between 3 and 5.1 GHz for the TM mode.
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Fig. 5.19 E and H plane patterns of the reference patch with L = 14 mm, W = 20 mim,
&=98h=159mm

Once the RCS of the PBG was obtained, the structure was placed around the patch
antenna shown above and the results on the resonant frequency, gain and half power
beamwidth were recorded. The S,; of the PBG patch antenna is shown in Fig. 5.21.

From the S, plot it can be seen that there are two resonances for this structure. The first

occurs at 3.09 GHz while the second occurs at 3.35 GHz.
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Fig. 5.20 Magnitude of RCS vs. frequency for the PBG on a substrate with . = 9.8
and h = 1.59 mm,(wave incident horizontally)
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Fig 5.21 The S, for the PBG patch with dimensions L = 14 mm,W =20 mm, & = 9.8, h = 1.59 mm
X'=124mm, Y =83 mm
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Both minima in Fig. 5.21 are for the dominant mode and hence have the same
polarization. However, the first mode at 3.09 GHz has a gain of 3 dBi and a very wide E-
plane co-polar pattern. The second mode at 3.35 GHz showed an increase in the gain at

0 =0 to 5.38 dBi compared with 4.54 dB of the reference patch.

The radiation patterns for this frequency are shown in Fig. 5.22. The increase in gain at
this frequency was expected since the PBG has the effect of shifting the resonance to a
higher frequency, compared with the reference antenna. It should be noted that for this
frequency, the E plane co-polar pattern remained wider than the H plane co-polar pattern

which was not expected.
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Fig. 5.22 E and H plane patterns of the PBG patch with
L=14mmW=20mm, &=9.8 h=159mm, X' =124 mm, Y’ =83 mm
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Table 5.4 shows the resonant frequency, half power beamwidth and maximum gain for

the reference and the PBG patch antennas.

Table 5.4 Resonant frequency, gain, and half power beamwidth Jor the patch
withL =14 mm,W=20mm, =98 h=159mm

I Gain at HPBW (E-plane) | HPBW (H-plane)
(GH7) g9=0 (degrees) (degrees)
(dB)
Reference
Antenna 3.24 4.54 109 82
PBG
Antenna 3.35 5.38 91 80

In addition to a single layer, a double layer PBG structure, Fig. 5.24, was also simulated.
The additional layer in this case showed further increase in the gain of the patch,
compared to a single layer PBG (shown in Fig. 5.22). The resonant frequency and the
gain of this antenna are shown in Figs. 5.23 and 5.24 respectively.

From the Sy plots it can be seen that there are three minima in the reflection coefficient
of the antenna. The first minimum at 3.1 GHz has a gain of 1.9 dBi at 0 = 0 and the
second minimum at 3.2 GHz has a gain of 3.2 dBi. As one might expect, the third
minimum at 3.37 GHz has the highest gain of 6.9 dBi. The three minima are for the same
modes with the same polarizations. The geometry of this antenna along with the radiation

patterns at 3.37 GHz are shown in Fig. 5.24.
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Fig. 5.24 E and H plane patterns of the PBG patch with 2 layers of PBG,
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For comparison, the back lobe radiation patterns of this antenna and the reference antenna
in Fig.5.19 are shown in Fig. 5.25 (a) and (b) respectively. From the plots it can be seen

that the back radiation level of the PBG patch are reduced significantly, compared with

that of the reference antenna. There is a reduction of up to 15 dB at 6 = 95 degrees for

the PBG antenna with 2 layers of PBG.
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Fig. 5.25 (a) Back lobe radiation from the PBG patch shown in Fig. 5.24
(b) Back lobe radiation from the reference patch shown in Fig. 5.19
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5.3 Conclusion

This chapter provided a study of high impedance photonic bandgap structures and
their applications in microstrip patch antennas. In the first section, the basic background
theory on the structures was reviewed along with the method used to measure the
bandgap of the structures. The structures were used on different dielectric materials with
relative permittivities ranging from 1.0 to 9.8. The bandgap of each PBG was measured
by applying an incident wave to the structure and measuring the radar cross section of the
TM wave vs. frequency. The peak in the RCS would define the bandgap of the structure.
Next, the PBGs were placed around patch antennas on different substrate materials. The
patch antennas were designed to operate at the frequency of the PBG bandgap. The use
of PBG around the patch antennas increased the patch gain significantly by a factor of 3
to 4 times in special cases. The behavior of PBG was different for each substrate
material. However, an overall increase in the antennas, gain along with improved
radiation patterns was observed. In addition, the amount of back radiation for most
antennas was reduced significantly. Side effects of using PBG include reduction of -10
dB bandwidth, as well as an increase in the cross polarization levels. The increase in the
cross polarization levels was mainly due to the currents induced on the PBG metal
patches. By moving the PBG structures away from the patch the cross polarization levels

decreased. However, this reduced the gain of the antenna.
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Chapter 6

Fabrication Results

In this chapter the measured data from the fabricated antennas are discussed and
compared with the simulated results. All the fabricated antennas are on the substrate with
permittivity of 3.2 and a thickness of 1.59 mm. For each antenna the S, parameter along
with the smith chart are measured using the network analyzer. The far field radiation
patterns of the antennas are measured in the Antenna Laboratory of the University of
Manitoba. For each antenna the half power beamwidth, gain, and resonant frequency are
recorded and compared with simulation results. It should be noted that, the substrate
material used in the fabrication of the antennas had a large loss tangent of around 0.014 at
the frequency of 5.5 GHz (the substrate was sample sheets from a new manufacturer with
a non-uniform permittivity profile). Therefore the measured gain results are expected to
be lower, compared with the simulated results in the previous chapter. The simulations in
the previous chapter were done on a substrate with a loss tangent of 0.0001. In this
chapter the simulations are repeated with a loss tangent of 0.014. Setting the loss tangent

to 0.014, causes a significant reduction in the gain of the antennas.

6.1 Results of Antenna #1

The first antenna fabricated had dimensions of L = 14 mm and W = 20 mm. The
ground plane dimensions for the fabricated antennas were 80 mm by 76 mm. For the

simulated antennas they were 80 mm by 80 mm. The measured reflection coefficient is
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compared with the simulated one in Figs. 6.1 and 6.2, respectively.
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Fig. 6.1 S, for the simulated patch with dimensions L = 14 mm,W=20mm, & = 3.2, h = 1.59 mm
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Fig. 6.2 Sy, for the fabricated patch with dimensions L = 14 mm,W = 20mm, & = 3.2, h = 1.59 mm
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Comparing the simulation results with those of the fabricated antenna, it can be seen that
there is a slight shift in the resonant frequency which is to be expected. This shift in the
resonant frequency can be due to many factors such as the size and position of the probe,
the meshing of the simulated structure and the size of the ground plane.

Next, the smith chart for both simulated and fabricated antennas are shown in Figs. 6.3

and 6.4, respectively.

Scattering Molrix
30

Fig. 6.3 The smith chart for the simulated patch with dimensions
L=14mmW=20mm, g =32 h=159mm

Comparing Fig. 6.3 with Fig. 6.4, there is a slight shift in the impedance plot. This shift
is due to the position of the reference plane. The shift in the reference plane creates a

phase shift at the particular frequency of operation.
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Fig. 6.4 The smith chart for the simulated patch with dimensions
L=14mmW=20mm, & =32 h=159mm

Next, the front and back radiations of the simulated antenna with the loss tangent taken
into account is shown in Figs. 6.5a and b. Comparing the radiation patterns of this
antenna with those shown in the previous chapter, Fig. 5.3, it can be seen that the loss
tangent has a significant effect on the gain. There is a 1 dB reduction in gain. The
measured E-plane and H-plane radiation patterns of this patch are shown in Figs. 6.6a and
6.6b, respectively. The co-polar patterns of the simulated antenna and the fabricated

antenna are very similar. For both cases, the E plane co-polar pattern is wider than the H-

plane co-polar pattern and a dip at 6= 0 of the E-plane pattern is observed.
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& =32 tan 5= 0.014, h = 1.59 mm at 5.6 GHz (a) Front radiation (b) Back radiation
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A gain of 4.09 dBi at 6 = 0 is obtained from the fabricated antenna, while the simulated

antenna has a gain of 4.3 dBi at 6 = 0. The slight variations in the gain patterns can be
due to different factors, such as the difference in the size of the ground planes, the

meshing of the simulated antenna and the dielectric loss tangent of the substrate material.

6.2 Results of Antenna #2

In this section, antenna #1 with a PBG structures placed around it, Fig. 5.5, was
fabricated and tested. The PBG consists of 8 mm by 8 mm metal patches and is located at
a point with X' = 12.4 mm , Y’ = 8.3 mm. The simulated reflection coefficient for this

structure is shown in Fig. 6.7.
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Fig. 6.7 Si; for the simulated PBG patch with dimensions
L=14mmW=20mm, &=32h=159mm X'=124mm, Y =83 mm

The reflection coefficient of the fabricated antenna is shown in Fig. 6.8. As it can be

seen, there is a good agreement between the simulated and measured data. The smith
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chart for the fabricated and simulated PBG patches are shown in Fig. 6.9 and Fig. 6.10,

respectively.
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Fig. 6.8 Measured S, for the fabricated PBG patch with dimensions
L=14mmW=20mm, & =32, h=159mm X'=124mm, Y =83 mm
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Fig. 6.9 The smith chart for the simulated PBG patch with dimensions
L=14mmW=20mm, =32, h=1359mm X' =124mm, Y =83 mm
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Fig. 6.10 The smith chart for fabricated PBG patch with dimensions
L=14mmW=20mm, & =32 h=159mm X'= 124 mm , Y '=83mm

From the smith chart plots, it can be seen that there is very good agreement between the
simulation and the fabrication results.

The simulated gain plots of the PBG antenna are shown in Fig. 6.11. As it can be seen,
there is an increase in the gain of the antenna compared with the reference antenna shown
in Fig. 6.5a. Comparing the gain plot, of the lossy substrate shown in Fig. 6.11, to the
gain plot of the lossless substrate shown in chapter 5, Fig. 5.6, there is a decrease in the
gain from 9.6 dBi to 7.76 dBi. The radiation patterns of the fabricated antenna are shown

in Fig. 6.12a and 6.12b for the E-plane and the H-plane, respectively.
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Comparing the fabricated gain plots to the simulated gain plots, the E-plane co-polar

pattern is narrower than the H-plane co-polar pattern for both cases. The gain level at 6 =
0 degrees for the fabricated antenna is 7.54 dBi which is very close to the simulated value
of 7.76 dBi. A slight shift in the E-plane co-polar pattern is observed for both the
simulated and the fabricated antennas. Overall, the cross polarization levels of the
fabricated antennas are higher than the simulated values. This difference in the cross
polarization levels could be due to the fabrication method or the meshing used in the
simulations of the structure.

Comparing the fabricated reference and PBG antennas, the radiation patterns of the
antenna with the PBG have improved significantly. The gain at 6 = 0, of the.antenna with
the PBG has increased to 7.54 dBi from 4.09 dBi for the reference antenna. The E-plane
co-polar pattern of the PBG is narrower than the H-plane co-polar pattern and the dip at 0
= 0 of the E-plane has disappeared. In addition, the H-plane co-polar pattern is much
smoother and the back radiation levels have dropped significantly.

The detrimental effects of using a PBG include a reduction in the -10 dB bandwidth from

4.83 % to 2.62 % and an increase in the cross polarization levels.

6.3 Results of Antenna #3

From the simulation results in chapter five it was found that by moving the PBG away
from the patch the gain of the patch drops and eventually reaches that of the reference

antenna with no PBG. In order to verify this, Antenna #2 with the PBG moved to

position X' = 24.4 mm, Y’ = 20.3 mm was fabricated and tested. The radiation patterns
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of this antenna for the E plane and H plane are shown in Fig. 6.13a and 6.13b

respectively.
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Comparing the radiation patterns of this PBG antenna to the reference antenna, i.e.
Antenna #1, shown in Fig. 6.6, it is observed that the gain in the E-plane of the PBG
antenna has increased slightly and the dip in the E-plane co-polar pattern has disappeared.
The overall pattern of this antenna is smoother with much lower back radiation in both E
and H planes. The cross-polar components of this antenna in both planes are similar to
those of the reference antenna and have not changed significantly.

Due to the movement of the PBG structure away from the patch, the gain of this antenna
is lower than Antenna #2. In addition, the E-plane co-polar pattern is wider than the H-
plane co-polar pattern which, was to be expected. The sidelobe levels are also lower in
the H-plane due to the large distance between the patch and the vias in the PBG.

Other antennas with PBG substrate at the frequency of 10.5 GHz were also fabricated.
The use of PBG around the patch antennas increased the gain as expected. However, due
to the high loss tangent of the substrate at 10.5 GHz, the gain levels were lower than

expected.

6.4 Conclusion

This chapter provided a comparison of simulation results obtained from Ansoft
Ensemble and measurement results obtained from the fabricated antennas. The antennas
were fabricated on a substrate with a relative permittivity of 3.2 and a substrate height of
1.59 mm. The measured data from the fabricated antennas showed good agreement with
the simulated data. The use of PBG substrate showed a remarkable improvement in the

performance of the patch antenna both in the simulated and the fabricated results. In
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addition, it was observed that by the use of a lossy substrate, the gain of the antenna drops
by as much as 2 dBi which, is very significant.

In some cases, there were slight differences between the fabricated and simulated data.
These differences are due to different factors such as the fabrication process and, the

errors due to the meshing used in the simulations of the antennas.
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Chapter 7

Conclusion

7.1 Summary

This thesis provided a comprehensive study of two dimensional PBG structures and
their applications in microstrip transmission lines and patch antennas. The PBGs used in
the designs and simulations can be summarized into two groups namely the Ground Plane
PBGs and the High Impedance PBGs. The Ground Plane PBGs consisted of perforations
in the ground plane of microstrip structures. The perforations were used in the ground
plane of microstrip transmission lines to create filters from the line. It was shown that the
properties of the filter are dependent on the period, geometry and size of the perforations.

It was found that by using PBG structures of more than one period, a wideband filter with

very low isolation levels, i.e. < -30 dB, can be created. The effective permittivity of the
filters were found to be higher than those of a simple transmission line.

The perforations were also used in the ground plane of microstrip patch antennas. The
perforations used included single hole, multiple holes and, slots in the ground plane. The
perforations were implemented in the design of both narrowband and wideband patch
antennas. For the narrowband patch antennas, the use of a single hole in the ground
plane exhibited a decrease in the resonant frequency and an increase in -10 dB bandwidth
of the patch. The perforations in the ground plane had the effect of decreasing the overall
gain of the patch due to the increase in the back radiation. Placing a cavity underneath

the antenna to reduce the back radiation, canceled the effects of the perforations.
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In addition to a single hole, multiple holes were also implemented in the design of
narrowband patch antennas. It was found that by the use of multiple holes and proper
ground plane size, the excitation of higher order modes can be prevented. The excitation
of higher order modes in a narrowband patch antenna can also be modified by etching
slots in the ground plane. A shift in the resonance of higher order modes was achieved by
placing slots in the ground plane along the length of the patch. The slots in the ground
plane were also used in a wideband U-slot patch antenna to increase its -10 dB
bandwidth.

The two dimensional High Impedance PBGs were also studied in this thesis. The
bandgap of these PBGs were found by placing an incident wave on the structures and
measuring the reflection of the TM wave as a function of frequency. The PBGs were then
used in the design of patch antennas operating at different frequencies. The antennas with
the PBGs were simulated on different dielectric materials. It was observed that by
placing the PBGs around the patch, the gain of the patch can be increased by up to 3 to 4
times. In addition, smoother gain patterns with significant reduction in the back radiation
were obtained.

The implementation of PBGs in the design of patch antennas had the effect of reducing
the -10 dB bandwidth of the antennas and increasing the cross polarization levels. The
increase in the cross polarization was caused by the currents flowing on the PBG
structures. This increase was adjusted by moving the PBG away from the patch, which
caused a reduction in the overall gain. It was also found that in most cases, a patch with a
single layer of PBG has the best overall gain pattern. The use of multilayered PBG

structures caused significant increase in the cross-polarization levels as well as distortion
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in the co-polar gain patterns.
In order to confirm the simulation results, some of the antennas on the substrate with
permittivity of 3.2 were fabricated and tested at the Antenna Laboratory of the University

of Manitoba. The measured data showed excellent agreement with the simulated data.

7.2 Future Research

Below is a list of some suggestions for future work in the area of Photonic Bandgaps.

> A more detailed study of ground plane perforations to control the excitation of higher
order modes in microstrip .patch antennas.

» Reduction of the back radiation from the ground perforations without affecting the
properties of the perforations.

> Use of ground plane perforations to further increase in the bandwidth of wideband
patch antennas.

» Use of High Impedance PBGs in wideband and stacked patch antennas.

» Use of High Impedance PBGs in array applications to reduce the coupling effects
between the adjacent elements and increase the overall gain of the array.

> Use of High Impedance PBGs in horn antennas to reduce the radiation from the
surface currents flowing on the walls of the horn

» Use of High Impedance PBGs in the design of waveguides.
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