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ABSTRACT

Electromagnetic band gap (EBG) structures that are engineered to achieve desired
transmission and reflection characteristics in specific frequency bands, have long been
actively studied in the microwave regime for a wide variety of applications. They have
also been used as superstrates for directivity enhancement of antennas as well as
substrates for height reduction of conformal antennas.
In this study we develop some guidelines for systematically designing high
directivity antenna systems, comprising of a microstrip patch antenna (MPA) covered by
a planar EBG superstrate. This method is based on a series of investigations that correlate
the receive and transmit mode properties of the composite system.
Some techniques for further embellishing the performance characteristics of the
MPA are also discussed.
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Chapter 1

INTRODUCTION

1.1 Background
Electromagnetic band gap (EBG) structures [1]-[2], find a wide variety of
applications as spatial filters that exhibit specific passband and stopband characteristics
over the frequency range of interest. For instance, micron-sized photonic band gap (PBG)
structures, e.g., photonic crystals studied by Yablonovitch (1987) and John (1987), are
being employed in the optical regime to enhance the performance of micro-cavity laser
mirrors, as well as for their applications in a variety of optical systems associated with
communications, data storage, and computing.
In the microwave area, artificial dielectric structures, that are periodic in one or
more orthogonal directions, are employed to create band gaps that forbid the propagation
of waves in certain directions. They have recently been used to achieve reconfigurable,
planar cavity resonators and filters that are attractive as microwave and millimeter wave
circuit components. These applications primarily rely upon the utilization of the
stop-band region of the EBGs. Recently, other applications of EBG structures, such as
directivity enhancement, negative refraction, superlensing, etc, have emerged and they
have explored other characteristics of EBGs, not just their pass- and stop-band behaviors
[3]-[4].
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In EBG structures [5], periodic inclusions of material that may be either metallic or
dielectric are embedded in a homogeneous background material. Typically the inclusions
are smaller in size than the operational wavelength. Although 3-D infinite periodic
structures are of theoretical interest, it is more practical to study doubly-infinite periodic
configurations that are finite in one dimension.
Several configurations of EBG structures are used in antenna applications. They
can be classified into four categories: (1) High Impedance Surfaces comprised of
two-dimensional EBG structures used as microstrip antenna substrate to mitigate the
surface wave problem; (2) Artificial Magnetic Conductors (AMCs) and Reactive Surfaces
used to design low profile antennas with increased radiation efficiency; (3)
High-directivity Resonator Antennas designed by creating defects in a uniform EBG
structure. There are several EBG configurations that can be used to design these antennas
such as Frequency Selective Surfaces (FSSs), dielectric woodpiles, etc.; (4) Directive
EBG Horn Antennas that use EBG materials to create the tapered walls of the antenna
[6]-[8].
To enhance the directivity [6] of either a microstrip patch or aperture antenna, the
EBG structure can be employed as a superstrate. Although the material in the EBG’s can
be either metallic or dielectric, we will concentrate only on dielectric materials because
we are looking for a low-loss design, and the metallic perfect electric conductors (PECs)
often show high insertion loss at resonance. In a previous work, Lee et al. [9] have
presented a design methodology, based on the unit cell simulation, to enhance the
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directivity of a composite, which utilized a two-dimensional EBG superstrate with
cylindrical dielectric rods. They argued that the directivity enhancement is realized by
breaking the periodicity of the EBG superstrate in the vertical direction so as to introduce
the defect modes. However, this defect interpretation may not provide a good physical
insight into the mechanism of directivity enhancement for the composite when a
single-layer EBG superstrate is used, as is the case in our study. Towards this end, we
develop a novel and systematic design strategy for enhancing the directivity of an
all-dielectric antenna-EBG composite, based on the analysis of the field distribution
inside the composite, when it is operating in the receive mode. We view the EBG
superstrate, backed by the ground plane, as a Fabry-Perot resonator, which is excited by
the microstrip patch antenna (MPA), whose directivity we are attempting to enhance.
The microstrip patch antenna [10] has received considerable attention of
microwave engineers dating back to the 1970s. They are used in many applications
because they are low-profile, conformable, lightweight, compatible with MMIC designs,
easy to fabricate and are low-cost. Recently [11] the use of EBG substrates has been
investigated to improve the performance of these antennas.
Although beyond the scope of our investigation, we mention that other applications
of EBG surfaces include the suppression of surface waves [12], and the synthesis of
Artificial Magnetic Conductors. Yet another application of EBG is concerned with the
design of microstrip, diplexer antennas and diplexer filters, which capitalizes on the
anisotropic characteristics of the EBG.
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1.2 Research Objectives
The antenna—a device for transmitting and/ or receiving electromagnetic
waves—is one of the most critical components in the wireless communication systems,
since the performance of the antenna alone can seriously influence the overall
performance of the entire system. The design goal of an antenna is often governed by the
specifications provided by the customer. Many applications specify that the antenna be
conformal, and that it should have a high directivity along a particular direction when
transmitting. These requirements, namely high directivity and conformal shape are the
major developing trends among antennas and always present a great challenge to
engineers working in this field.
One typical solution to achieve this design goal is to construct an array of
conformal-shaped antenna elements, for example, dipole and microstrip patch antennas,
as Fig. 1.1 shows. However, such array design requires a complex feed network, and the
demands that the multiple antenna elements be maintained properly. This is because the
malfunction of one or more antenna elements may sometimes seriously affect the overall
performance of the antenna system.
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Complex feed network

Fig. 1.1: Array of the microstrip patch antenna.

It is always desirable to reduce the number of elements in an array, provided we do
not compromise the gain performance and the array is a fixed-beam antenna. For instance,
for Global Earth Coverage antennas in Geo-Synchronous orbit, typically the minimum
gain requirement over the coverage area (+/- 90) is 16 to 17 dB, and the desired peak gain
is approximately 20 dB. For such an application, it may be possible to reduce the number
of radiating elements to a single one, and completely eliminate the Beam Forming
Network (BFN). The EBG technology offers a promising means for realizing enhanced
gain of antennas that require a relatively narrow bandwidth [13].
The research objective of this dissertation is to develop a novel and systematic
design scheme for enhancing the directivity of the antenna system, comprising of
microstrip patch antenna, covered by a planar EBG superstrate. Most of previous works
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on this subject have focused on the computation of the frequency response of related,
periodic and infinite structures, and they have discussed the topic of performance of
antenna-EBG composites operating in the transmit mode. However, no guidelines have
been provided for systematically increasing the size of the effective aperture of the
composite that would, in turn, lead to enhanced directivity. In this study we examine the
cavity field distribution inside this antenna system when operating in the receive mode to
develop the design methodology.

1.3 Simulation Tool
For the analysis and design of EBG materials the most commonly used
computational electromagnetic (CEM) techniques are the plane-wave-expansion method,
the Method of Moments (MoM), the Finite Element Method (FEM), the Finite Difference
Time Domain method (FDTD) and the transfer-matrix method [5]. All simulations in this
work have been performed with General Electromagnetics Simulator (GEMS) [14]. The
3-D full wave parallel FDTD solver is a good and versatile tool for such analysis because
of its capability to handle complex, large-scale and arbitrarily inhomogeneous structures,
with large number of unknowns in a time-efficient manner [15].
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Chapter 2

Developing a novel and systematic design scheme for
enhancing the directivity of microstrip patch antenna using
EBG superstrate

2.1 Introduction
As mentioned previously in Chapter 1, electromagnetic band gap (EBG)
structures are promising candidates for realizing directivity enhancement in antenna
applications pertaining to modern wireless communication. Most of the previous works
have been undertaken primarily to investigate the characteristics of EBG structures
themselves, by varying different factors such as unit cell dimensions and material
parameters. Additionally, the performance of antenna-EBG composites has only been
investigated when operating in the transmit mode. Fig. 2.1 shows two suggested EBG
configurations, serving as superstrates, which have been widely studied in recent years.
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(a)

(b)

Fig. 2.1: Two suggested EBG configurations, serving as superstrates: (a) Dielectric rods;
(b) Dipole Frequency Selective Surface (FSS).

Our analysis of the characteristics of such composites when operating in the
receive mode sheds new light into their performance, provides us physical insights, and
helps us develop design guidelines for achieving the desired level of directivity
enhancement at the frequencies of interest.
In this chapter, we briefly investigate the frequency response of the unit cells of
EBG structure by using the numerically efficient Periodic Boundary Condition/ Finite
Difference Time Domain (PBC/FDTD) technique. We next analyze the receive mode
properties of a Fabry-Perot type cavity formed by an EBG superstrate above and a ground
plane underneath, to determine the operating frequency of this cavity. Following this, we
design a microstrip patch antenna (MPA) to be inserted into this cavity, and then evaluate
the transmit mode characteristics of a finite, moderate-size all-dielectric antenna-EBG
composite excited by the MPA, to validate our design methodology. The composite
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structure has been rigorously simulated by using the parallel FDTD method, which is
capable of accurately modeling complex and inhomogeneous structures in a
time-efficient manner.

2.2 Physical mechanism of Fabry-Perot Cavity
As mentioned in the last section, an antenna-EBG composite acts as a Fabry-Perot
cavity, which works best at distinct frequency points that are mainly determined by the
cavity height (H) (shown in Fig. 2.2). The analysis of such a cavity provides a good
intuitive understanding of the operating mechanism of the composite [16]. In this work,
the materials chosen for the EBG are dielectrics, because with proper choice of the
material they exhibit characteristics that are superior to those of the metallic EBGs.
When operated in the receive mode, the incoming waves impinging from above
excite the cavity at its working frequency fcavity, at which the field intensity inside the
cavity is maximum. Fig. 2.2 depicts the Fabry-Perot cavity operating in the receive mode
at its working frequency.
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Incoming Waves

Superstrate

Fig. 2.2: Fabry-Perot cavity operating in the receive mode at its working frequency.

In the transmit mode, the microstrip patch excites one of the resonant modes of
cavity. The excitation is optimal if the MPA is tuned, in the cavity environment, to the
operating frequency fcavity. Directivity enhancement occurs because the field distribution
in the aperture just above the superstrate resembles the cavity mode and is close to
uniform in both amplitude and phase. Fig. 2.3 depicts the Fabry-Perot cavity operating in
the transmit mode at its working frequency.
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Fig. 2.3: Fabry-Perot cavity operating in the transmit mode at its working frequency.

2.3 Characteristics of frequency response of the unit cell of dielectric cylinder EBG
superstrate
Details of the physical geometry of the antenna-EBG composite, investigated in
this work, are shown in Fig. 2.4. The EBG superstrate consists of 8 × 8 unit cells, each
of which is comprised of a high dielectric (εr1 ) cylindrical rod of 1.8 cm in diameter
embedded in a lower dielectric (εr2 ) cubical host. The latter has the size 2 cm × 2 cm
× 0.75 cm, i.e., 1/3λ0 × 1/3λ0 × 1/8λ0, whereλ0 is the wavelength at 5 GHz in free
space. A finite ground plane is placed below the superstrate at a distance of Ld, and its
size is identical to that of the superstrate. The substrate-superstrate combination forms the
Fabry-Perot cavity.
Before simulating the electromagnetic response of this large finite cavity, which is
computationally expensive to do, we will investigate the frequency response
characteristics of its periodic and infinite counterpart with a view to understanding the
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effects of varying some of the design parameters of the EBG.

16 cm (2.67λ0)

Ld

(a)

Ld

Microstrip Patch Antenna

(b)

2 cm (1/3λ0)

2 cm

1.8 cm (0.3λ0)
0.75 cm (1/8λ0)
εr1
εr2

(c)
Fig. 2.4: Physical geometry of the proposed finite antenna-EBG composite: (a) 8 × 8
dielectric cylinder EBG structure placed above a microstrip patch antenna backed by a
ground plane; (b) side view of the geometry; (c) the unit cell of EBG structure.

13

2.3.1 Unit cell characteristics of dielectric cylinder EBG superstrate
We now proceed to characterize the infinite, doubly-periodic version of the
superstrate by examining its transmission and reflection properties as we vary the
frequency. The periodic structure is a two-layer model, shown in Fig. 2.5 (a), where Ld is
set to be 3 cm (0.5λ0), andεr1 andεr2 are 62 and 7.8, respectively. To generate this
two-layer model of the EBG above the ground plane we have used the image theory to
remove the ground plane, which acts as a mirror. Next, we illuminate a unit-cell of this
EBG structure with a normally incident, Ex-polarized plane wave, impinging from below.
The four sides of the cell are assigned periodic boundary conditions (PBCs), while the
top and bottom of the computational domain are terminated by perfectly matched layers
(PMLs).
It is experimentally demonstrated in [17] and [18], that the finite antenna-EBG
composite operating in the transmit mode exhibits directivity enhancement at frequencies
that coincide with the excitation of the resonant modes of the two-layer model, and the
above model has a transmission maximum which is close to 1. We note at this point that
the two-layer model in Fig. 2.5 also supports even modes that cannot exist in the original
Fabry-Perot cavity in which the tangential E-field must go to zero on the ground plane.
Therefore, it is necessary to identify and retain only the odd modes of the two-layer
configuration, whose tangential electric fields have local minima at the plane where the
ground plane was originally located, and discard the others that do not meet this criterion.
The transmission and reflection coefficients are plotted in Fig. 2.6, and the field
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distribution of the dominant component Ex at 4.13 GHz in the vertical plane (YZ-cut) is
shown in Fig. 2.5 (b).

(a)

(b)

Fig. 2.5: (a) Geometry of the two-layer model; (b) The Ex field distribution in the
YZ-plane at 4.13GHz.
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(a)

(b)
Fig. 2.6: (a) The magnitude of transmission coefficient of the two-layer model; (b) The
corresponding magnitude of reflection coefficient.

We note from Fig. 2.6 that the resonant frequencies of the odd modes for the
two-layer model within the frequency band of interest are: 4.13, 4.44, 4.56, 4.80, 4.95,
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5.44 and 5.66 GHz, at which the transmission coefficient peaks and indicated by an arrow
in Fig. 2.6 (a). We will next focus on the investigation of system performance of the
composite operating near the first peak, which occurs at 4.13 GHz.

2.3.2 Effect of adjusting permittivity contrast on resonant frequencies
There are many factors that determine the resonant frequencies of the two-layer
model. These include the dielectric constant, periodicity of the EBG unit cell, the distance
between the EBG structure and the ground plane, etc. We will perform a study to
understand the roles these parameters play in affecting the locations and bandwidths of
the pass-bands of the model.
In this section, we research into the effect of varying the permittivity contrast on
the pass-band region. Towards this end, we set the dielectric constant (εr2) of the
rectangular block to be 7.8 and decrease the permittivity (εr1) of cylindrical inclusion
from 62 to 15. We observe that a permittivity contrast should be sufficiently high in order
to realize a well-defined pass-band, as has been pointed out in [9]. Fig. 2.7 depicts the
comparison of transmission and reflection coefficients of the two-layer model when the
dielectric constant (εr1) of the cylindrical rod is varied.
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(a)

(b)
Fig. 2.7: (a) The transmission coefficient of the two-layer model as functions of dielectric
constant (εr1) of the cylindrical rod; (b) The corresponding reflection coefficient.
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From the above plots, we observe that the bandwidth of the pass-band becomes
wider, and the number of resonance becomes fewer as the dielectric constantεr1 is
decreased, since the permittivity contrast between the inclusion and the host of the EBG
structure decreases. In addition, the center frequency of the bandwidth has a tendency to
shift towards higher frequencies, in this case from 4.13 to 4.16 and 4.9 GHz, respectively,
whenεr1 is decreased.

2.3.2 Effect of varying the height of cavity Ld on resonant frequencies
In this section, we investigate the effect of varying the height of the cavity Ld on
the resonant behavior of the two-layer model. We fix the dielectric constantsεr1 and εr2
to be 62 and 7.8 respectively, while Ld range from 0.4λ0 to 0.6λ0. Fig. 2.8 shows the
transmission and reflection characteristics of the two-layer model as functions of the
cavity height Ld.
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(a)

(b)
Fig. 2.8: (a) The transmission coefficient of the two-layer model as functions of the
cavity height Ld; (b) The corresponding reflection coefficient.
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Upon examining the field distribution of the dominant E-field component Ex in
the vertical plane, we can see that the resonant frequency becomes lower, from 5.26 to
4.13 and 2.90 GHz, when the cavity height Ld is incremented by 0.1λ0 steps and
increased from 0.4λ0 up to 0.6λ0. This result shows that the distance between the EBG
structure and the ground plane, i.e., the cavity height Ld, plays an important role in
determining the resonant frequency of the two-layer model, as one would expect from the
theory of the Fabry-Perot cavity. This property prompts us to follow a guideline when
designing this type of ground plane/ EBG composite for a specified operating frequency,
suggesting that we set the height of the cavity approximately one-half wavelength at the
desired frequency.

2.4 Characteristics of ground plane/EBG composite operating in the receive mode in
the absence of the microstrip patch antenna
As discussed previously, it is efficient to determine the resonant characteristics of
an antenna-EBG composite by simulating the two-layer model. However, because of
truncation effects, this procedure does not provide an accurate prediction of the
performance of the original cavity in the transmit mode regardless of its resonant
frequency, let alone provide any clue for controlling the size of the effective aperture of
the composite, which, in turn, determines its directivity.
To achieve maximum directivity, it is desirable to design an antenna-EBG
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composite whose aperture field distribution is uniform, both in terms of magnitude and
phase, over a bulk of the aperture, except near the edges, where a tapered distribution is
desired to lower the sidelobe level. By invoking Reciprocity, we can argue that the
performance of the field distribution inside such desired composite working in the
transmit and receive modes correlate well with each other. As pointed out earlier,
receiving property of the cavity composite, without the presence of the MPA, is helpful in
determining its operating frequency.
The physical configuration of the composite without the patch antenna mentioned
above is shown in Fig. 2.4 (a). It is obvious that, in practice, the EBG structure must be
finite. The size of superstrate is, of course, important in determining the upper bound of
the achievable directivity and this, in turn, determines the number of cells we would use
for the superstrate. If this size is at least moderately large, the performance of the finite
structure would correlate well with that predicted by using its infinite counterpart, which
we discussed in the last section. Using these criteria as guidelines, we set the EBG array
size to be 8 × 8 or 2.67λ0 ×2.67λ0. The detailed parameter settings are indicated in
Sec. 2.3. Also, we choose the dielectric constant of the cylindrical rod (εr1) and that of
the rectangular block (εr2) of the EBG structure to be 62, 7.8 respectively, and set the
cavity height (Ld) to 3 cm (0.5λ0). This finite open cavity is excited from the top by an
Ex-polarized, normally incident plane wave, 1 V/m in amplitude. To ensure the accuracy
of the simulations, the entire structure is non-uniformly meshed with the maximum
FDTD cell-size set at 0.5 mm, which isλ/18 inside the highest dielectric material at the
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frequency of interest. This leads to a computational domain whose dimensions are 385Δ
× 385Δ× 192Δ. Fig. 2.9 shows the mesh of structure generated by the GEMS code
in the horizontal and vertical planes.

(a)

(b)

Fig. 2.9: (a) The mesh of entire structure generated by the GEMS code in the horizontal
plane (XY-cut); (b) The mesh in the vertical plane (YZ-cut).

To understand the resonant nature of the finite and empty cavity, we present the
field spectrum, which is normalized by the excitation field amplitude, at an observation
point near the center of cavity shown in Fig. 2.10.
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Fig. 2.10: The field spectrum normalized by the excitation field amplitude, at an
observation point near the center of cavity.

We can observe from the above plot that at 4.10 GHz, which is the frequency of
interest, the field intensity inside the cavity is high. We note from Fig. 2.6 (a) that there is
good agreement between the peak frequencies of the normalized field spectrum inside the
cavity, and the optimal resonant frequencies of the two-layer model we identified earlier,
except for a slight shift in the frequency.
It is helpful to gain a further understanding of the operating mechanism of this
type of Fabry-Perot cavity by studying the field distributions inside. Fig. 2.11 plots the
dominant electric field Ex distribution in the vertical plane (YZ-cut) along the center line
at 4.10 GHz. All the field distributions presented herein have been normalized by the
excitation field.
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Observation Plane

(a)

(b)

25

(c)

(d)
Fig. 2.11: (a) The vertical observation plane (YZ-cut) along the center line; (b) The
magnitude distribution of the dominant electric field Ex in the YZ-plane at 4.10 GHz; (c)
The magnified magnitude distribution of Ex inside the cavity; (d) The corresponding
phase distribution of Ex.

In Fig. 2.11 (b), we note that the field intensity inside the superstrate is high, and
quasi-periodic inside the truncated EBG structure. What is important is that the fields are
concentrated in the upper part around the center of the interior of the cavity, where a
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resonant mode is excited, as shown in Fig. 2.11 (c). We note the field distribution in the
interior region is quite different from that within the EBG superstrate, and from what it
would be if the structure were infinite and doubly-periodic. Fig. 2.11 (d) indicates that
the phase is fairly uniform throughout the interior region of the cavity.
Fig. 2.12 depicts the dominant electric field Ex distribution in the horizontal
plane (XY-cut) at the center of the EBG superstrate and ground plane at 4.10 GHz.
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Observation Plane

(a)

(b)

(c)
Fig. 2.12: (a) The horizontal observation plane (XY-cut) at the center of the EBG
superstrate and ground plane; (b) The magnitude distribution of the dominant electric
field Ex in the XY-plane at 4.10 GHz; (c) The corresponding phase distribution of Ex.
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From the above figures, we observe that the magnitude of the field tapers off
smoothly from the center of the cavity towards the edge and the corresponding phase is
fairly uniform over the entire region. Note that the field distribution exhibits periodic
granularity in the X-direction, caused by the interaction of the incident waves with the
quasi-periodic superstrate.
The above results will serve as references for a comparison with the
corresponding ones we will obtain after we introduce, in the following sections, a
microstrip patch antenna inside the composite.

2.5 Characteristics of the antenna-EBG composite operating in the receive and
transmit modes in the presence of a microstrip patch antenna located near the
bottom of the cavity
Previously, we have studied the performance of ground plane/EBG composite
operating in the receive mode by examining the field distributions inside the cavity. In
this section, we proceed to simulate the entire structure comprising of an EBG superstrate
and microstrip patch antenna in order to validate the design methodology.
We begin by placing the patch antenna near the bottom of the cavity, expecting
that field distributions would be similar to those shown in Figs. 2.11 and 2.12.
The rectangular patch antenna employed to excite the composite is 1.64 cm (L)
along the X-direction, designed to provide a resonance at the specified frequency band of
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around 4.10 GHz for instance. It is fed by a coaxial cable and supported by the substrate,
which has a dielectric constant (εr) of 4 and a thickness (h) of 0.2 cm. It yields a
directivity of 6.15 dB at its resonant frequency when radiating in free space. The
geometry of the patch antenna is shown in Fig. 2.13. We measure the voltage and current
of this antenna at its feed point to compute its S11 parameter.

Fig. 2.13: Geometry of the microstrip patch antenna: the inset shows the top view of the
patch antenna.

30

2.5.1 Performance of the antenna-EBG composite working in the receive mode
Next, we will analyze the antenna-EBG composite in the receive mode when it is
illuminated by an Ex-polarized, normally incident plane wave from above whose
amplitude is 1 V/m. For details of the geometry of this composite and parameters, the
reader is referred to Fig. 2.4 and Sec. 2.4.
Fig. 2.14 depicts the Ex field distribution in the vertical plane (YZ-cut) along the
center line cutting through the aperture at 4.10 GHz, while Fig. 2.15 plots the Ex field
distribution in the horizontal plane (XY-cut), at the center of the EBG superstrate and the
ground plane at the frequency of 4.10 GHz.
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(a)

(b)

(c)
Fig. 2.14: (a) The magnitude of Ex field distribution in the vertical observation plane
(YZ-cut) along the center line cutting through the aperture at 4.10 GHz; (b) The
magnified magnitude distribution of Ex inside the cavity; (c) The corresponding phase
distribution of Ex.
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(a)

(b)
Fig. 2.15: (a) The magnitude distribution of Ex in the horizontal observation plane
(XY-cut) at the center of the EBG superstrate and the ground plane at 4.10 GHz; (b) The
corresponding phase distribution of Ex.

We see from the above figures that the presence of the patch antenna not only
distorts the field distributions nearby, but also those in the entire cavity, and leads to less
uniform phase distribution when compared to Figs. 2.11 and 2.12.
Another interesting result is that the energy concentrates near the region where the
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patch antenna is located, as may be seen from Fig. 2.15 (a), and this has a positive effect
on the level of the power received by the patch. This property can also be seen from Fig.
2.16, which plots the power received by the patch antenna, with the incident power
density normalized to 1 W/m2. We also compute the received power of the patch-only
case for comparison.

Fig. 2.16: The power received by the patch antenna: antenna-EBG composite (red) and
patch-only (green).

We observe that the frequencies at which the antenna-EBG composite realizes
improved reception correlate excellently with the operating frequencies of finite empty
cavity, shown previously in Fig. 2.10, as well as with the resonant frequencies of
two-layer model computed in Sec. 2.3.1. At 4.10 GHz, the power received by the
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composite is enhanced by 11.5 dB over the patch-only case.

2.5.2 Performance of the antenna-EBG composite operating in the transmit mode
Our next task is to examine how well the performance of the antenna-EBG
composite operating in the transmit mode correlates with the performance of the empty
cavity in the receive mode. This will help to set up the guidelines for using this design
scheme to obtain the desired performance, namely increased directivity. To serve that
purpose, several parameters have been derived.

2.5.2.1 Return loss (S11)
The first characteristic we examine is the return loss, S11, which indicates how
well the antenna impedance is matched to the feeding source. In this work we use a 50Ω
coaxial cable to feed the microstrip patch antenna. Usually the impedance bandwidth is
defined as the range within which S11 is less than -10 dB. It is desirable that the
impedance bandwidth be comparable to the 3-dB radiation bandwidth, which we will
discuss later. Fig. 2.17 plots the return loss (S11) characteristics of the composite and
compares it with the patch-only case. We note that the conventional microstrip patch
antenna is a relatively narrow impedance bandwidth device, and that the comparative
bandwidth of the composite is narrower still.
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Fig. 2.17 The return loss (S11) of the composite (red) in comparison with the patch-only
case (blue).

We see from Fig. 2.17 that the bandwidth of the composite, which is around 1.0%,
is considerably narrower than the 3.9% we achieve for the patch-only case. Although the
dip in the S11 curve is slightly off the desired frequency of 4.10 GHz, we can further tune
the probe location to shift this point, so that the patch achieves its best match at the
desired frequency when operating in the cavity environment, rather than in free space.

2.5.2.2 Field distributions
It is instructive to examine the field distributions to gain better physical insights
into the performance of the composite and to help us understand how we can achieve the
desired level of directivity. Fig. 2.18 depicts the Ex field distribution in the vertical plane
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(YZ-cut) along the center line cutting through the aperture at 4.10 GHz, while Fig. 2.19
plots the Ex field distribution in the horizontal plane (XY-cut) at the center of the EBG
superstrate and the ground plane at 4.10 GHz.
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(a)

(b)

(c)
Fig. 2.18: (a) The Ex magnitude field distribution in the vertical observation plane
(YZ-cut) along the center line cutting through the aperture at 4.10 GHz; (b) The
magnified magnitude distribution of Ex inside the cavity; (c) The corresponding phase
distribution of Ex.
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(a)

(b)
Fig. 2.19: (a) The magnitude distribution of Ex in the horizontal observation plane
(XY-cut), at the center of the EBG superstrate and the ground plane at 4.10 GHz; (b) The
corresponding phase distribution of Ex.

When we compare the field plots in Figs. 2.18 and 2.19, we see that the region of
field concentration inside the cavity is now smaller than in the case of the empty cavity
(see Figs. 2.11 and 2.12 for reference). We also observe that the phase distribution is less
uniform in the region above the patch antenna.
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However, it is not the field distribution inside the cavity but the distribution in the
aperture above the superstrate that determines the system performance, because the
directivity depends on the effective aperture size of the antenna-EBG composite. We will
now examine the latter distribution and sample field 0.25λ0 above the EBG superstrate
to smooth out the periodic granularity of the field. Fig. 2.20 displays the Ex field
distribution in the above aperture (XY-cut) at 4.10 GHz. For comparison, the Ex field
distribution in the same aperture is also plotted in Fig. 2.21 for the patch-only case.
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(a)

(b)

(c)
Fig. 2.20: (a) The field sampling aperture (XY-cut) which is 0.25λ0 above the EBG
superstrate; (b) The Ex magnitude distribution in the above aperture at 4.10 GHz for the
composite with patch antenna near the bottom of the cavity; (c) The corresponding phase
distribution of Ex.
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(a)

(b)
Fig. 2.21: (a) The Ex magnitude distribution in the sampling aperture (XY plane) at 4.10
GHz for the patch-only case; (b) The corresponding phase distribution of Ex.

We also note from Fig. 2.20 (b) that the aperture field distribution decreases
smoothly as we move away from the center to the edge of the superstrate, and this is
helpful for reducing the sidelobe level of the antenna-EBG composite.
By comparing Fig. 2.20 with Fig. 2.21, we conclude that the effective aperture of
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the antenna-EBG composite is much larger, and the phase distribution is considerably
more uniform over the entire aperture, than those in the patch-only case. This, in turn, is
the physical mechanism that contributes to the enhanced directivity of the composite over
the MPA.
To better display the differences between the field variations in the two cases, we
plot in Fig. 2.22, the field distribution on the centerline of the aperture, 0.25λ0 above the
EBG superstrate that cuts through the aperture in the middle.
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Fig. 2.22: The inset in (a) shows the centerline of the aperture, 0.25λ0 above EBG
superstrate that cuts through the aperture in the middle; (a) The magnitude distribution of
Ex on the sampling line at 4.10 GHz; (b) The corresponding phase distribution.

We note from Fig. 2.22 (a) that the magnitude curve for the composite is
relatively flat in the center, and its level is larger over the entire region than that of the
patch-only case. Furthermore, the phase distribution of the composite exhibits less
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departure from a uniform distribution than does the patch-only case, as seen from Fig.
2.22 (b).

2.5.2.3 Radiation patterns and directivity
To estimate the aperture efficiency we have achieved in the process of enhancing
the directivity, we refer to the expression below for the directivity of an aperture:

D0 = Ae
Given in [11], where

Ae

4π

λ2

Eq. 2.1

is the effective aperture of an antenna. Although this equation

is strictly valid for large-aperture antennas, is convenient to use it as a reference for
evaluating the aperture efficiency of the antenna-EBG composite.

Next we turn to the radiation patterns to estimate the directivity enhancement of
the composite. The E-plane (φ = 00) and H-plane (φ = 900) patterns of the antenna-EBG
composite are plotted in Fig. 2.23, while the radiation patterns of the patch antenna alone
are displayed in Fig. 2.24.
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(a)

(b)

Fig. 2.23: (a) The E-plane (φ = 00) pattern of the antenna-EBG composite; (b) The
corresponding H-plane (φ = 900) pattern.

(a)

(b)

Fig. 2.24: (a) The E-plane (φ = 00) pattern of the patch antenna alone; (b) The
corresponding H-plane (φ = 900) pattern.
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The figures above show that we achieve a slightly higher front-to-back lobe ratio
of about 16.1 dB for the composite in E-plane pattern as opposed to 15 dB for the patch
antenna alone. We also note that the 32.40 3-dB beamwidth of the composite is
significantly narrower than that of the MPA, whose beamwidth is much wider, namely
128.40, which complies with a more directive radiation. Thus the use of the superstrate
has helped us realize our objective, namely enhancement of its directivity.
The maximum directivities of the antenna-EBG composite and the MPA are
plotted in Fig. 2.25, as functions of the frequency f, for the sake of comparison.

Fig.2.25: The comparison of maximum directivities of the antenna-EBG composite and
the patch antenna alone as functions of the frequency f.

By referring to Fig.2.25, we confirm the fact that the maximum directivity of the
antenna-EBG composite is achieved at the frequency where the field intensity was found
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to be highest inside the empty cavity, comprising of the EBG superstrate and the ground
plane operating in the receive mode. We further observe that the frequencies at which we
achieve maximum directivities match well with those that correspond to frequencies at
which the field inside the empty cavity also reaches maxima, as does the received power.
At 4.10 GHz we realize a peak directivity which is 8 dB higher than that of the
MPA and we find that the 3 dB radiation bandwidth is approximately 2.2%. From Eq. 2.1,
we find that the reference directivity for an aperture whose dimensions are 2.67λ0 ×
2.67λ0 is 19.5 dB, indicating room still for further enhancement of the directivity of the
composite we have designed, since it falls short of this maximum by more than 5 dB.

2.6 Characteristics of antenna-EBG composites operating in the receive and
transmit modes in the presence of microstrip patch antennas located at the center of
the cavity
As observed in Figs. 2.11 and 2.12, the interior fields of the empty Fabry- Perot
cavity are relatively uniform in the center and they tapers off smoothly towards the edges.
In this section, we examine how these distributions are modified when we introduce the
patch antenna at the center of the cavity, midway between the ground plane and the EBG
superstrate at a height h=1.5 cm. For consistency, all the other parameters of the system
are maintained the same as they were chosen in Sec. 2.5. Fig. 2.26 shows the geometry of
the configuration under study.
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Fig. 2.26: The geometry of the composite with patch antenna located at the center of the
cavity. The two insets are showing the top view and side view of the geometry
respectively.

2.6.1 Performance of the antenna-EBG composite operating in the receive mode
We investigate the receiving properties of the antenna-EBG composite, when
illuminated by an Ex-polarized, normally incident plane wave.
Fig. 2.27 depicts the Ex field distribution in the vertical plane (YZ-cut) along the
center line of the aperture at 4.10 GHz, while Fig. 2.28 plots the Ex field distribution in
the horizontal plane (XY-cut) at halfway between the EBG superstrate and the ground
plane at 4.10 GHz.
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(a)

(b)
Fig. 2.27: (a) The Ex magnitude field distribution in the vertical observation plane
(YZ-cut) along the center line of the aperture at 4.10 GHz; (b) The corresponding phase
distribution of Ex.
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(a)

(b)
Fig. 2.28: (a) The magnitude distribution of Ex in the horizontal observation plane
(XY-cut) at halfway between the EBG superstrate and the ground plane at 4.10 GHz; (b)
The corresponding phase distribution of Ex.

We observe from Figs. 2.27 (a) and 2.28 (a) that the fields are concentrated near
two of the edges of the patch antenna but they gradually become uniform as we move
away from the edges. As for the phase distribution, it is seen to be relatively uniform,
except near the same two edges of the patch antenna, where we saw a concentration of
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the magnitude (see Figs. 2.27 (b) and 2.28 (b)). It is obvious that the field distributions in
the composite are more non-uniform than they were in the empty cavity (see Figs. 2.11
and 2.12 for reference).
The comparison of received power at the terminal for the three cases, namely
patch-only, composite with the patch antenna near the bottom of the cavity, as well as at
the center, is plotted in Fig. 2.29.

Fig. 2.29: The power received by patch antenna at the terminal: antenna-EBG composite
with the patch antenna near the bottom (red), composite with the patch at the center (blue)
and patch-only (green).

The blue and red curves in the above figure show that the peaks of the received
power peak at frequencies close to those at which the empty cavity resonates, which also
correlates well with the resonant frequencies of the two-layer model, which we discussed
in Sec. 2.5.1, except for a slight shift towards higher frequencies. Specifically, at 4.10
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GHz, the power reception for the composite with patch antenna located at the center is
enhanced by 10.5 dB over the patch-only case, 1 dB lower than that of the composite
with patch near the bottom case though.

2.6.2 Performance of the antenna-EBG composite operating in the transmit mode
We now move to the investigation of the transmitting properties of the
antenna-EBG composite and check to see how they correlate with those of the empty
cavity operating in the receive mode, which we discussed in Sec. 2.4.

2.6.2.1 Return loss (S11)
Fig. 2.30 depicts the comparison of return loss (S11) for a composite with the
patch antenna placed at two locations, namely close to the ground plane and up near the
center. The patch-alone case is also included in the figure for reference.
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Fig. 2.30 The comparison of return loss (S11) for the composite with patch antenna close
to the ground plane (red); at the center (green); and, the patch only case (blue).

We can observe from a comparison of the three curves that the return loss for the
patch antenna alone exhibits the widest impedance bandwidth. The dip of the S11 curve
for the patch located near the center moves to a frequency higher, which is closer to the
resonant frequency of the empty cavity than it is when the patch is closer to the ground
plane, though the level of S11 is not as low in this case as it is for others. However, we
note that it should be possible to adjust the feed location to improve the impedance
match.

54

2.6.2.2 Field distributions
Fig. 2.31 depicts the Ex field distribution in the vertical plane (YZ-cut) that cuts
through the aperture at 4.10 GHz along the center line, while Fig. 2.32 plots the Ex field
distribution at 4.10 GHz in the horizontal plane (XY-cut) located a halfway between the
EBG superstrate and the ground plane. For a better comparison of the field variations of
the composite with those of the patch antenna located the center and near the bottom, the
scaling of the pseudo-color for Figs. 2.31 (b) and 2.32 (a) is manually set to be the same
as that of the color-map of Figs. 2.18 (b) and 2.19 (a).
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(a)

(b)

(c)
Fig. 2.31: (a) The Ex magnitude field distribution in the vertical observation plane
(YZ-cut) that cuts through the aperture at 4.10 GHz along the center line; (b) The
magnified magnitude distribution of Ex inside the cavity; (c) The corresponding phase
distribution of Ex.
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(a)

(b)
Fig. 2.32: (a) The magnitude distribution of Ex at 4.10 GHz in the horizontal observation
plane (XY-cut) located a halfway between the EBG superstrate and the ground plane; (b)
The corresponding phase distribution of Ex.

From Figs. 2.31 (a) and 2.32 (a), we note that most of the energy is concentrated
in a relatively small region in the proximity of the patch antenna near the PEC plane,
which is quite different, as one might expect from the empty cavity case, which we
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presented earlier in Figs. 2.11 and 2.12.
The Ex-field distribution in the aperture (XY-cut) located 0.25λ0 above the
superstrate at 4.10 GHz is displayed in Fig. 2.33.

(a)

(b)
Fig. 2.33: (a) The Ex magnitude distribution in the aperture (XY-cut), which is 0.25λ0
above the EBG superstrate at 4.10 GHz for the composite with the patch antenna at the
center of the cavity; (b) The corresponding phase distribution of Ex.
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We observe that, for this case, the size of the effective aperture is relatively small
and the phase distribution is less uniform, than those for the antenna-EBG composite in
which the patch is located near the bottom of the cavity.
Next, we plot in Fig. 2.34 the comparison of the field contours along the center
line of the aperture located 0.25λ0 above the EBG superstrate, cutting through the
aperture for the three cases mentioned above.

59

(a)

(b)
Fig. 2.34: (a) The comparison of magnitude plot of Ex along center line at 4.10 GHz for
the three cases, patch only (blue), composite with the patch near the bottom (red) and at
the center (black); (b) The corresponding phase plot.

We see from Fig. 2.34 (a) that the magnitude plot for the composite in which the
patch is located close to the bottom is flattest in the central region, but the corresponding
plot for the composite whose patch is at the center, deviates the least from a uniform
distribution over the entire region as may be seen from Fig. 2.34 (b).
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2.6.2.3 Radiation patterns and directivity
The E-plane (φ = 00) and H-plane (φ = 900) patterns are plotted in Fig. 2.35 for the
composite whose patch is at the center.

(a)

(b)

Fig. 2.35: (a) The E-plane (φ = 00) pattern of the composite whose patch is at the center;
(b) The corresponding H-plane (φ = 900) pattern.

It is evident that the radiation patterns are similar to those for the composite with
the patch located near the bottom, despite the fact that the field distributions inside the
cavity are quite different for the two cases.
The maximum directivities of the antenna-EBG composite and the patch antenna
alone vs. frequency are compared in Fig. 2.25.
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Fig.2.36: The comparison of maximum directivities of the composite with the patch near
the bottom (green), at the center (blue) and patch antenna only (red) vs. the frequency f.

The maximum directivities of the two types of composite exhibit somewhat
similar behaviors as functions of the frequency.
At the operating frequency of 4.10 GHz, the composite with the patch at the
center has a slightly lower directivity than that for the case when the patch is lower,
which agrees with the trend of the received power, which we discussed in the last section,
though its 3-dB radiation bandwidth is a little wider than that for the composite with the
patch placed near the bottom.
We conclude this discussion by observing that, placing the patch antenna at the
center of the composite does not realize as high a directivity as it does when the patch is
placed near the bottom, even though the field distribution in the empty cavity (in the
absence of the patch) has a maximum, close to the center, i.e., halfway between the EBG
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superstrate and the ground plane. However, a broader bandwidth is realized with the
patch near the center, which is not unexpected since the directivity-bandwidth product is
often constant for systems of this type.

2.7 Conclusions
In this chapter, we have developed a novel and systematic design methodology for
enhancing the directivity of a microstrip patch antenna covered by an EBG superstrate.
This proposed composite is viewed as a Fabry-Perot radiator when represented by
an equivalent two-layer model. Its operating frequency is determined primarily by the
distance between the superstrate and the ground plane, which is set to be approximately
half-wavelength at the desired frequency.
.

Our studies indicate that there is a strong correlation between the transmission

characteristics of the two-layer model, and the behavior of the field inside the empty
cavity (in the absence of the patch antenna), operating in the receive mode. The power
received in the cavity when illuminated from above, and the maximum directivity of the
antenna-EBG composite operating in the transmit mode show good correlation, in that
the maximum directivity occurs very close to a frequency at which the field intensity is
highest inside the empty cavity operating in the receive mode and, also, where the
transmission is maximum for the two-layer model (infinite) except for a slight frequency
shift owing to the truncation effect.
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On the basis of these observations, we have developed a systematic design
scheme for such composites described below:
Step-1: Begin by simulating a finite empty cavity (no MPA present) when
illuminated by a normally incident plane wave. This cavity is comprised of the chosen
EBG superstrate and a ground plane, and the distance between the two is set to be half
wavelength at the desired operating frequency. Analyze the field behavior in the cavity to
determine the frequency at which the field intensity is maximum inside the cavity.
Sept-2: Design a microstrip patch antenna that resonates at the same operating
frequency and evaluate the performance of the antenna-EBG composite after inserting the
above MPA inside the cavity, again when excited with a normally incident plane wave.
Determine the level of reception enhancement by comparing the level of the received
power at the output of the patch antenna and comparing the same for the MPA alone.
Sept-3: Investigate the characteristics of the antenna-EBG superstrate operating in
the transmit mode. Vary the location of the patch antenna inside the cavity as well as its
feed point to optimize the design for best directivity and return loss behavior. Realize that
a compromise may be needed with the level of directivity, by accepting a lower value, if
realizing a wider bandwidth is also a design consideration.
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Chapter 3

Conclusions and Future work

3.1 Conclusions
The primary objective of the research reported in this dissertation has been to
develop a novel and systematic design methodology for enhancing the directivity of an
antenna system, comprising of a microstrip patch antenna covered by a planar EBG
superstrate.
In Chapter 2, we have developed significant insight into the underlying
mechanism that determines the performance of the Fabry-Perot type antenna-EBG
composite. We have done this by correlating the transmission characteristic of a two-layer
EBG model with the field distribution inside the empty cavity in the absence of the patch
antenna when operating in the receive mode, and received power and maximum
directivity of the antenna-EBG composite as functions of the frequency. The result of this
investigation has been to provide guidelines for designing a high-directivity composite at
the specified frequencies in a systematic manner. Finally, two configurations for different
patch locations have been investigated, with both providing 8 dB directivity enhancement
over the MPA, albeit at the expense of impedance and radiation bandwidths.
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3.2 Future work
In chapter 2, we see room for further enhancement of the directivity of the
presented antenna-EBG composite, thus, a suggestion for future work would be
increasing the aperture efficiency of the composite. The solutions could be twofold: (i)
Increasing the size of the effective aperture, for instance, employing lens to reshape the
field distribution of outgoing waves from the EBG superstrate, or utilizing patch array to
excite the composite; (ii) Truncating the superstrate to retain the effective aperture area.
Because it is always desirable to design a low-profile antenna, another suggestion
would be introducing EBG structure as AMC ground for height reduction of the antenna
system.
The third suggestion for future work would be investigating the composite with
different types of EBG configurations pro and con to provide appropriate design given
different engineering requirements.
Last suggestion would be a loss analysis of the antenna system. Since all the
materials employed in this research have been assigned lossless, which deviates from
practical applications, therefore, we could apply lossy materials and analyze the heat
distributions and consumption generated by the system.
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