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Abstract

A new method is proposed to enhance the gain and efficiency of planar printed anten-
nas. The proposed method is based on using artificial magnetic materials as a superstrate
for planar printed antennas while maintaining the low-profile attractive feature of these
antennas. It is found that the antenna’s gain increases as the permeability of the super-
strate increases. Due to the lack of low-loss natural magnetic materials in the microwave
band, designing artificial materials with magnetic properties has become increasingly at-
tractive in recent years. In particular, using magneto-dielectric superstrates reduces the
wavelength in the media leading to a miniaturized composite structure (antenna with su-
perstrate). The split ring resonator SRR is used as a unit cell of an artificial magnetic
superstrate for a microstrip antenna to enhance the antenna gain and efficiency. Also, in
this work, mechanism of operation for artificial magnetic materials is theoretically inves-
tigated. Analytical and numerical methods are provided to model the behaviour of these

materials.

Full-wave analysis of multilayered periodic structures is an expensive computational
task which requires considerable computer resources. In this work, a fast analytical solu-
tion for the radiation field of a microstrip antenna loaded with a generalized superstrate
is proposed. The proposed solution is based on using the cavity model in conjunction
with the reciprocity theorem and the transmission line analogy. The proposed analytical
formulation reduces the simulation time by two orders of magnitude in comparison with
full-wave analysis. The method presented in this work is verified using both numerical and
experimental results for the case of a patch antenna covered with an artificial 3D periodic

superstrate.

Another useful feature of a microstrip antenna covered with superstrate is controlling
the direction and beamwidth of the main beam of the antenna. Beam steering has been
traditionally implemented in antenna arrays using phase shifters which result in complex
and expensive structures and suffer from high loss and mass. This work provides a novel
method to steer the main beam of a patch antenna by partially covering it with a high
refractive index superstrate. The beam steering of a single patch is possible because of the
dual-slot radiation mechanism of the microstrip antenna (according to the cavity model).
Full-wave simulations, analytical modeling and experiments are provided to support the

proposed technique of beam steering in planar antennas.
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Chapter 1

Introduction

1.1 Motivation

Microstrip patch antennas have many attractive features, such as low profile, ease of fab-
rications, light weight and compatibility with planar circuitry [I]-[6]. However, microstrip
antennas have major disadvantages such as narrow impedance bandwidth, low gain and
efficiency, which limit the application of the microstrip antennas significantly. The gain of

a typical patch antenna on a grounded substrate is about 5 - 8 dBi [7]-[10].

To overcome the problem of low gain for planar printed antennas, a method involving
the addition of a superstrate (cover layer) over radiation sources (microstrip patch, wire
or aperture antenna) was recently discussed [I1]-[I7]. This method utilizes a superstrate
(cover layer) with dielectric constant greater than 1 and/or relative permeability greater
than 1 and one can achieve a very high gain at any desired angle 6 by choosing the
appropriate configuration of the superstrate layer [8] (see Fig. . On the other hand,
the gain of microstrip antennas can be increased by using planar arrays; an attractive
solution as it does not increase the vertical profile of the antenna structure. However,
planar arrays need a feeding network which introduces losses and design complications

[18]-[22]. Moreover, arrays increase the footprint of the radiating system.

In addition to the aforementioned benefits of using a superstrate cover layer for antenna
application, superstrate (cover) dielectric layer are often used to shield the antenna from

its environment hazards (wind, rain, sand, UV, ice, etc.) and/or hide antenna electronic



Superstrate (cover) layer

Radiating patch

|

Substrate

(b) (c)

Figure 1.1: Different Configurations for superstrate cover layers over microstrip patch
antennas. (a) Side view of a conventional dielectric superstrate layer over a single patch
microstrip antenna. (b) Cross-stacked EBG (electromagnetic bandgap) superstrate for a
2X2 microstrip array antenna. (c¢) Cylindrical rods EBG superstrate for a 2X2 microstrip

array antenna.

equipment from public view. Also, these superstrate layers may be naturally formed (e.g.
ice layers) during flight or severe weather conditions especially when placed on aircrafts

and missiles.

Whether a superstrate cover layer is naturally formed or impressed by the antenna
designer, it is necessary to study and optimize this superstrate cover layer to enhance the
antenna basic performance characteristics, such as gain, radiation resistance and efficiency
enabling the cover to act as a desirable part of the antenna as well as a weatherproof enclo-
sure to protect the antenna. Furthermore, in the case of integrating microstrip antennas
in RF (radio frequency) integrated circuits which usually have substrates such as gallium
arsenide (GaAs) or silicon (Si), the antenna radiation efficiency and gain is reduced dra-
matically because of the high value of the substrate relative permittivity and the associated

surface wave effects. For this reason, it is important to develop a technique to increase the



antenna radiation efficiency and gain.

1.2 Previous Work on Enhancement of the Gain of

Planar Antennas

Previous research on enhancing the gain of planar printed antennas using superstrate
layers can be classified into three categories according to the approach and the superstrate

configuration. More details about these categories are given in the following sub-sections.

1.2.1 Resonance Conditions for Substrate-Superstrate Printed

Antenna

The work in [7]-[12] covers research on investigating the resonance conditions for a substrate-
superstrate printed antenna geometry which allows for large antenna directivity and gain.
In [7], partially-reflective surface was used as a superstrate to cover an antenna over a
ground plane to improve its directivity. A simple ray-tracing method was used to show
that the resultant high directivity was due to the multiple reflections occurring between
the reflective superstrate surface above and the ground plane beneath the source antenna.
Also in [7], it was shown that the resonant spacing between the antenna and its superstrate

should be as large as A/2 to achieve high directivity.

In [§], asymptotic formulas for gain and beamwidth of a horizontal Hertzian dipole em-
bedded within a grounded substrate were calculated analytically. It was shown that using
a superstrate layer over this antenna would result in large antenna gain as the permittivity
or permeability of the superstrate becomes large. This method was extended to produce
narrow patterns about the horizon, and directive patterns at two different angles [§]. In
[9], it was shown that using a thick superstrate (about a half-wavelength in the medium),
a resonance condition may be created whereby gain and radiation resistance are improved

over a significant bandwidth.

In [10], a modified gain enhancement method was proposed which is based on multiple
superstrate layers which all have to be electrically quarter wavelength thick. It was shown

in [I0] that extremely large resonance gain can be obtained even with moderate values of



permittivity and permeability of the multiple superstrate layers. This method was also
applied to obtain the radiation patterns of printed circuit antennas with inhomogeneous
substrates, it was reported that the radiation pattern is affected noticeably when the
inhomogeneity in the substrate is not weak [10]. As shown in [8]-[10], the gain and radiation
resistance are improved over a significant bandwidth. However, these structures require
thick layers, leading to an overall antenna size which could be incompatible with integrated
circuit antenna applications. Moreover, the bandwidth varies inversely with gain so that a
moderate gain limit is established for practical antenna operation and, therefore, the design
becomes more sensitive to the device parameters. Furthermore, the aperture efficiency of

these configurations [8]-[10] is typically less than 60%.

In [11], the experimental results of 2x8 array antenna with a superstrate and 4x8 array
antenna without a superstrate were shown. The designed 2x8 array antenna using the
superstrate had a high gain of 22.5 dBi and wide impedance bandwidth of 17%. In [12], the
properties of microstrip patch antennas with double superstrates were studied, a directivity
of about 16 dBi within a bandwidth of 11% was obtainable, with a superstrate relative

permittivity of 3.2 and a surface area of 40 X 40 mm?.

1.2.2 Electromagnetic Bangap (EBG) Material as a Superstrate

The work in [I3]-]17] covers research on using electromagnetic bangap (EBG) material as
a superstrate to enhance the basic properties of planar printed antennas such as gain and
radiation efficiency. EBG materials when used as a superstrate for planar printed antennas
act as a spatial angular filter for filtering undesired radiation by sharpening the radiation

pattern (grating-lobe suppression) and thus increasing the antenna gain.

In [I3], Cheype et al. have introduced a new explanation of the electromagnetic bangap
(EBG) material. This explanation is based upon breaking up the periodicity of the EBG
material by introducing defects into the periodical structure, and hence an allowed band
inside the forbidden bandgap would be created. It was reported that using this EBG
structure as a superstrate for a microstrip patch antenna would increase the gain by 13
dBi [13]. However, the height of the whole structure (antenna with superstrate) was about
61 mm (one wavelength in free space at 4.75 GHz) which sacrifices the low-profile attractive
feature of patch antennas. Also, the planar size of the ground plane was 13 times the patch

size.



In [I4], Lee et al. have introduced two different defects inside the EBG material, one
introduced by the ground plane of the microstrip patch antenna and the other produced
by a row of defect rods with different dielectric constants in the EBG structure. They
have presented a design methodology for controlling the defect frequencies of the EBG
superstrate for specified frequency bands. They have also presented three applications of
the EBG superstrate covering a class of patch antennas: i) a superstrate for dual-band
dual-polarization; ii) a compact superstrate with wide directivity bandwidth; and iii) a
cover for an array antenna to suppress its grating lobes. They have demonstrated that
it is possible to achieve significant directivity enhancements of the antenna with EBG
superstrates, and that the EBG also help with the polarization isolation. But, the authors
have not discussed the effects of the superstrate layers on the antenna radiation efficiency

and input impedance bandwidth [14].

In [15], two different designs have been studied for the application of EBG as a su-
perstrate for 2X2 microstrip array antenna. It was shown that the cross-stacked EBG
superstrate improves the input impedance bandwidth and reduces the overall size of the

antenna in comparison to previous designs.

In [16], Pirhadi et al. examined a combination of a frequency selective surface (FSS)
as a superstrate layer and an artificial magnetic conductor (AMC) ground plane in high-
directivity EBG resonator antennas. Also, it was reported that using artificial magnetic
conductor (AMC) ground plane compared to conventional perfect electric conductor (PEC)
ground plane helps to design more compact structures in the same operating frequency (ies).
This characteristic is achieved due to the ability of the artificial ground plane to adjust its
reflection phase and to excite resonance modes that cannot be excited in the presence of
PEC ground plane [16].

In [I7], a thin, two layered frequency selective surface (FSS) type of metamaterial
superstrate for dual-band directivity enhancement was presented as an alternative to a
conventional FSS superstrate, which is thicker. Based on the unit-cell simulation, Lee et
al. investigated several important parameters to determine their effects and have presented
the design guidelines for controlling the resonant frequency as well as the quality factor of
the FSS superstrate [17].



1.2.3 Engineered Periodic Materials (Metamaterials) as Super-

strate

This category represents the most recent trend to enhance the gain of planar antennas.
It covers research on using engineered periodic materials (metamaterials) [23]-[30] as a
superstrate to enhance the basic properties of planar printed antennas such as gain and
radiation efficiency and to reduce the overall size of the superstrate antenna composite.
Recently it was shown that using magneto-dielectric materials instead of dielectrics offer
many advantages in antennas applications. Magneto-dielectrics are materials which can
be polarized both electrically and magnetically when exposed to an applied electromag-
netic (EM) field, so they have both relative permeability and permittivity higher than one.
When materials with only high permittivity are used as superstrates for gain enhancement,
the thickness of the superstrate is large, about \/2 in the medium [8]-[I0]. But in the case
of magneto-dielectric materials, the wavelength in the medium is much smaller, leading to
a miniaturized composite structure. However, in the microwave region, naturally occur-
ring magnetization is not possible due to the inertia of the atomic system that is not able
to track an electromagnetic field with high frequency. Therefore, designing superstrates
with magnetic properties that do not exist in naturally-occurring materials has become
increasingly attractive in recent years [30]-[33]. Generally, an engineered magnetic sub-
strate is composed of small resonating inclusions which exhibit magnetic properties within
a frequency band centered at their resonance frequency. Presently developed engineered
magnetic materials, due to their resonating nature, are strongly frequency dispersive lead-

ing to poor performance in wide-band microwave applications [34].

The work in [35]-[37] represent samples of this third category. In [35], three configu-
rations were presented to reduce the size of a high-gain planar antenna. Initially, a con-
ventional microstrip antenna with a high-permittivity dielectric superstrate was designed.
Then, using a periodic structure of metallic patches acting as an artificial magnetic con-
ductor (AMC), the antenna size was reduced. Furthermore, another size reduction method
for this class of high-gain antennas was proposed using magneto-dielectric materials which
also provided much wider bandwidth and eliminated the sidelobes of the radiation pat-
terns. However, in [35], the potential applications of magneto-dielectric materials were
investigated without considering the realization and fabrication of these magneto-dielectric

materials.



In [36], the behaviour of a multi-frequency dipole antenna array that is closely placed
to a meta-surface superstrate was experimentally investigated. The proposed meta-surface
was based on resonating unit cells formed by capacitively loaded strips and split ring
resonators (SPRs). Radiation efficiency values for this configuration of more than 80%

and gain values of more than 4.5 dBi were obtained [36].

In [37], Latrach et al. used edge-coupled split ring resonator (SRR) inclusions to provide
artificial superstrate comprising alternately layers with negative permeability and positive
index of refraction materials to increase the gain of a patch antenna. However, Latrach et
al. [37] did not present any design guidelines for the SRRs unit cells and did not provide

an explanation for how the engineered superstrate increased the antenna gain.

1.3 Objectives and Scope

The objectives of this research are described in the following points.

e Providing an analytical formulation for the radiation field of a microstrip antenna
loaded with a superstrate. The proposed analytical formulation reduces the simu-
lation time significantly and also provides physical insight to understand the gain

enhancement mechanism of such structures (antenna with superstrate).

e The derivation of the resonance conditions required to achieve the highest possible
gain and efficiency of the whole radiating system (patch antenna with superstrate).
These resonance conditions depend on the thickness of each layer in the radiating

system and the proper choice of the permeability and permittivity of the superstrate.

e Design, analysis and fabrication of artificial magnetic material to be used as a su-
perstrate of planar printed antenna in order to increase the gain and efficiency of
the antenna without enlarging the size of the whole radiating system significantly.
Moreover, Hessian matrix (i.e., the second derivatives of the Lagrangian multipliers)
method [38] will be used to optimize the directivity of a patch antenna covered with
a superstrate having arbitrary thickness, permeability and permittivity and placed

at an arbitrary distance over a patch antenna.



e In this thesis, I propose a novel implementation of the antenna-superstrate config-
uration in which the superstrate is displaced along the E-plane of the patch such
that it covers only one of the radiation slots of the patch antenna (according to the
cavity model). The effect is to steer the main beam of the patch antenna by partially
covering it with a high-refractive index superstrate. Moreover; the antenna gain will
be enhanced. The beam steering of a single patch is possible because of the dual-slot
radiation mechanism of the microstrip antenna. In effect, the electromagnetic radi-
ation from the covered radiating slot reaches the far-field with an additional phase
with respect to the uncovered slot, resulting in an inclined beam whose angle depends

on the superstrate’s refractive-index.

1.4 Thesis Organization

The thesis consists of 7 chapters and one appendix including the present chapter which is

” Introduction”.

e Chapter 2: A fast and accurate analytical technique will be developed to calculate
the radiation field of a microstrip antenna covered with a generalized superstrate.
The analytical formulation is based on using the cavity model to replace the patch
antenna by two magnetic line sources. The reciprocity theorem and transmission line
analogy are used to calculate the far field of the two magnetic line sources representing

the patch antenna.

e Chapter 3: It is shown that, under some resonance conditions, a microstrip patch
antenna can be designed to achieve the highest possible gain when covered with a
superstrate at the proper distance in free space. The transmission line analogy and
the cavity model are used to deduce the resonance conditions required to achieve the
highest gain. The resonance conditions depend on the spacing between the antenna
substrate and the superstrate and on the thickness of the superstrate. The perme-
ability and permittivity of the superstrate are determined based on these resonant
lengths and the appropriate characteristic impedance of each layer in this multilay-

ered structure.



e Chapter 4: Based on the resonance conditions derived in Chapter , which require
a high-permeability superstrate to enhance the antenna gain, this chapter explains
the operational principle of the artificial magnetic materials as an emulation of the
magnetization occurred in natural magnetic materials. The equivalent circuit model
of the split ring resonator SRR unit cell acting as a building block of the engineered
superstrate will be provided and the analytically calculated effective permeability and
permittivity will be found to be in a good agreement with the numerically calculated

parameters using a plane wave incident on the metamaterial SRR unit cell.

e Chapter 5: By utilizing the design guidelines presented in the previous chapter
for the unit cell of an artificial magnetic superstrate, this chapter presents the ex-
perimental and numerical analysis of a patch antenna covered with an engineered
magnetic superstrate. It is shown that for a patch antenna resonating at 2.2 GHz,
using the engineered magnetic superstrate results in a 3.8 dBi enhancement in gain
and 14% enhancement in efficiency, while maintaining an antenna profile of X\y/7.
The planar size of the radiating system was only 2.3 times the patch size. These
improvements were achieved while having an insignificant effect on the impedance
bandwidth of the antenna.

Furthermore, the analytical formulation for the radiation field explained in Chapter
is used to calculate the radiation field of the microstrip antenna covered with an
artificial magnetic superstrate. The proposed analytical model is implemented and
verified by a comparison with experiments and full-wave simulations. The proposed
analytical formulation reduces the simulation time by two orders of magnitude in

comparison with full-wave analysis.

e Chapter 6: A novel mechanism of steering the main beam of a microstrip antenna
using high refractive-index superstrate is presented. Moreover; the antenna gain is
enhanced. The proposed configuration consists of the high refractive-index super-
strate partially covering the patch such that one of the radiation slots is exposed.
Through full-wave simulations and experiments, the main beam of the antenna is
shown to deflect to higher angles as the refractive index of the superstrate is ele-
vated. The radiation mechanism is investigated by plane wave approximations and
antenna array theory. The two radiation slots act as a two-element array with a phase

disparity that is created by the placing of the superstrate layer on one of the slots.



Good agreement between the proposed plane wave model and the HFSS simulations
was obtained despite the huge difference in computational resources used by the two
methods. The proposed model consumed only 1/100 of the time taken by HFSS. The
proposed method can be of commercial value when used in antenna array systems
for radar applications. With tuneable engineered superstrate, a reconfigurable beam

steerable microstrip patch can be obtained.

Chapter 7: This chapter summarizes the most important elements of this thesis.
Also, the implications of various aspects of this research are presented and possible

topics for future research are discussed.
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Chapter 2

Analytical Model for Calculating the
Radiation Field of Microstrip
Antennas With Generalized

Superstrates

2.1 Introduction

In this chapter, a fast analytical solution for the radiation field of a microstrip antenna
loaded with a generalized superstrate is proposed. This analytical solution is based on
the cavity model of microstrip antennas in conjunction with the reciprocity theorem and
the transmission line analogy. The proposed analytical formulation for the antenna far-
field is much faster when compared to full-wave numerical methods. It only needs 2%
of the time acquired by full-wave analysis. Therefore; the proposed method can be used
for design and optimization purposes. The method is verified using both numerical and
experimental results. This verification is done for both conventional dielectric superstrates
and artificial periodic superstrates. The analytical formulation introduced here can be
extended for the case of a patch antenna embedded in a multilayered artificial dielectric
structure. To the best of our knowledge, the proposed analytical technique is applied for

the first time for the case of a practical microstrip patch antenna working in the Universal
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Mobile Telecommunications System (UMTS) band and covered with a superstrate made

of an artificial periodic metamaterial with dispersive permeability and permittivity.

The addition of a superstrate layer over a microstrip patch antenna (MPA) has been
reported to allow for the enhancement of the antenna gain and radiation efficiency [39]-
[45]. The reasons why the gain of planar printed antennas is enhanced when the antenna

is covered by a superstrate layer are described in the following points:

e The addition of a superstrate over radiating sources as shown in Fig. [2.1] increases
the radiation aperture of the original radiating source, therefore, increases the gain

of the antenna.

e The theory behind gain enhancement of planar printed antennas in the presence
of superstrates will be theoretically studied in depth in this chapter using the
reciprocity theorem and the cavity model; furthermore, the transmission line analogy
will be used to show that very high gain can be achieved if the multilayered structure
(antenna with superstrate(s)) has resonant thickness of each layer and the superstrate
has very high characteristic impedance (y/p/e).

Several configurations of superstrates were used to improve antenna radiation properties
(see Fig. , such as dielectric slabs [46], 47], electromagnetic bandgap (EBG) structures
[14], and highly-reflective surfaces [45].

To analyze the composite structure (antenna with superstrate), full-wave electromag-
netic simulation tools (HFSS, CST, COMSOL,....., etc.) which utilize numerical methods
are usually used. However, using numerical methods to analyze metamaterials, or peri-
odic structures in general, is an expensive computational task which requires considerable
computer resources. The primary reason for such large computational burden is the reso-
lution needed to capture the quasi-static resonance behavior in the metamaterial particles
which are electrically very small. Therefore, numerical methods may not be practical for
real-world designs that require many runs for optimization. Developing a fast analytical
method to analyze such structures, which is the focus of this work, can accelerate the

design process.

So far several analytical methods for calculating the far-field of Hertzian dipole in

multi-layer structure has been reported in the literature [8, 9], [39]-[44]. In [9], Green’s
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Figure 2.1: Microstrip patch antenna covered by a superstrate.

function and the stationary phase integration approach were used to calculate the gain
of an infinitesimal dipole embedded in the top layer of a two-layer dielectric structure.
Additionally, in [9], it was shown that a resonance condition may be created, whereby
gain and radiation resistance are improved over a significant bandwidth. Later in [§], the
reciprocity theorem and transmission line (TL) analogy were used to provide asymptotic
formulas for gain and beamwidth of a Hertzian dipole embedded within a grounded sub-
strate and covered with a superstrate. In [42, [43], the TL analogy method was used to
compute the radiation patterns of arbitrarily directed simple dipole source that is embed-
ded in a multilayered dielectric structure. Also, a dielectric resonator antenna covered with
plain dielectric superstrate was analyzed [42]. The straightforward method proposed in this
chapter, based on the cavity model, avoids the need to use the particle swarm optimization
(PSO) method used in [42] to obtain a set of Hertzian dipoles representing the antenna to

be analyzed using the reciprocity theorem and TL analogy.

Although several attempts have been reported to develop analytical methods, most of
those works consider the case of a simple infinitesimal dipole antenna covered with plain
dielectric superstrate [39]-[44]. In this work, we consider a practical microstrip patch an-
tenna working in the UMTS band and covered with an artificial magnetic (metamaterial)
superstrate used for increasing the antenna directivity. The cavity model of a MPA in con-

junction with the reciprocity theorem and the transmission line analogy is used to develop a
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fast analytical solution for the radiation field. The artificial superstrate constituted by split
ring resonators SRR printed on both sides of a dielectric slab is characterized analytically

and numerically by obtaining its effective permeability and permittivity.

The organization of this chapter is as follows: in Section (2.2), the radiation patterns
of a MPA covered with a generalized superstrate layer at some distance in free space are
calculated by replacing the MPA with two magnetic current sources based on the cavity
model and then using reciprocity theorem and the TL analogy to compute the antenna
directivity. In Section , the proposed analytical formulation is verified through a
comparison with numerical full-wave simulation results, where the directivity of a MPA

covered with different conventional superstrates is calculated.

2.2 Analytical Formulation of the Antenna Far-Field

The basic problem to be studied is shown in Fig. A MPA of dimensions (a x b) is
covered with a superstrate layer at a distance d in free space. The MPA is printed on
a grounded substrate of thickness h having relative permeability and permittivity of j,q
and €,1, respectively. At distance d from the substrate is the superstrate layer of thickness
B having relative permeability and permittivity of u,o and €,9, respectively. To compute
the far-field, first the MPA is modeled as a dielectric-loaded cavity [48]-[51], then the
reciprocity theorem and the transmission line analogy are applied to the whole structure

(antenna with the superstrate).

2.2.1 Reciprocity Theorem

Assume J;, M; and J,, M, are two groups of sources radiating inside the same medium
generating the fields E;, H;, and Es, Hs, respectively. The sources and fields satisfy the

Lorentz Reciprocity Theorem in integral form [52]

// [EgXHl—E1XH2].dS:///[El'J2+H2'M1—E2'J1—H1'M2] dV (21)

In order to use the reciprocity theorem to compute the radiation field of MPA, one needs
to consider the fields (E;, Hy, Eo, Hy) and the sources (J;, My, Jo, Ms) inside a medium
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that is surrounded by a sphere of infinite radius. Hence, the left side of (22.1]) is essentially
zero and (22.1)) is reduced to

///[El-J2+H2-M1—E2-J1—H1-M2]deO (2.2)

According to , two problems need to be established. In the first problem, the
original radiating patch at z = h is replaced with an electric current source J; and/or a
magnetic current source M; (using the cavity model [48]) radiating an electric field of E;
and H; at the observation point of P(T, 0, ¢). In the second problem, a fictitious dipole
(reciprocity source) of Jy (choosing My is equal to zero) at the same observation point

radiates a far-field of E5 and Hy at the original patch location at z = h. Our goal is to use
(2.2) to formulate the far-field of the MPA as E;.

2.2.2 Cavity Model of Microstrip Antenna

In order to use (2.2)) to compute the far-field of the MPA loaded with a generalized super-
strate, the MPA should be replaced by a set of electric and/or magnetic current sources.

The cavity model [48] of MPA is used here to determine these equivalent currents.

The volume bound by the microstrip patch (located in the z-y plane at z = h) and
the ground plane can be modeled as a dielectric-loaded cavity resonator by considering the
top and bottom walls of this volume as perfect electric conductor (PEC) and the four side
walls as ideal open circuit (magnetic walls). The mode of concern here is the dominant
transverse magnetic mode (7'Myy) which assumes a zero value of H, but a non-zero value
of E,. By using the expression of E, under ideal magnetic side walls boundary condition,
one can formulate the equivalent magnetic current in the cavity’s apertures (side walls)
using the equivalence principle as —n x E. The resultant magnetic currents My, and My,
will be y-directed on the two cavity’s side walls parallel to the y-z plane as shown in Fig.
2.2] The equivalent electric current is very small (ideally zero) because 7o x H = 0 on the

side walls. Hence, J; in ([2.2) is equal to zero.

To validate the cavity model concept of MPA and to have more physical insight. The
numerical simulation tool HF'SS based on the finite element method was used to plot the

electric field vector on the four side walls of the box formed by the patch antenna and
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Figure 2.2: Equivalent magnetic current sources representing the patch antenna.

the ground plane (with substrate in between) as shown in Fig. It is obvious that
the radiation is much larger through only two side walls where the equivalent magnetic

currents exist (in y-direction).

2.2.3 Formulating the Antenna Far-field

According to the reciprocity theorem, a fictitious dipole (reciprocity source) of J, (choosing
M, = zero) at the observation point P(r, 8, ¢) is considered to radiate a far-field of Hy
and E, at the patch antenna location at z = h. Hence, equation ({2.2)) reduces to

JIf i fff o

The reciprocity source is assumed to have a value of J, = 6(T —T,) -4 where U = f for
TM (parallel polarization) and u = ¢ for TE (perpendicular polarization) incident wave
on the whole structure (the patch antenna with the superstrate). Hence, equation ({2.3)

reduces to
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Figure 2.3: Electric field vectors on the four sides (slots) of the box formed by the patch

antenna and its ground plane.

E (7)) = — / / / [H, - M,] dV (2.4)

The above equation will be used to obtain the radiation field E;, due to one of the
two equivalent magnetic current sources which can be the one at the radiation slot x = 0
(i.e. Mj,). Then, by treating the two identical radiation slots (at z = 0 and z = a) as
a two-element array, the array factor can be used to calculate the total radiated field E;
of the MPA covered with the superstrate, with the assumption that the existence of the
superstrate does not considerably affect the current distributions in those two radiation

slots.

It is observed from that the Hj field is determined at the magnetic current source
location (i.e. M) due to the reciprocity source at the observation point P(r, 0, ¢) in either
0 or (E direction. From the reciprocity theorem, Hs is proportional to the required radiation
field El(r_p)) due to the original patch antenna at z = h. The Hj field near the multilayered
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Figure 2.4: Transmission line equivalent model of the structure of Fig. [2.1]

structure due to this reciprocity source is essentially a plane wave, and therefore can be
found at the My, location by modeling each layer as a transmission line segment (see Fig.
having a characteristic impedance and propagation constant which depend on the
incident angle of . The propagation constants and the characteristic impedances of the
multi-section transmission line equivalent model shown in Fig. are derived from the
oblique incidence of a plane wave (see Fig. on a plane interface between two dielectric

regions [53] as follows:

B = Ko\/ur1€r1 —sin?(0), Bo = K,cos(f) (2.5)

53 - Ko\/ﬂr26r2 - Sin2(9)7 54 - KO COS<9) (26)
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Figure 2.5: Plane wave incidence from the reciprocity source on the superstrate-substrate

structure.

For TE wave or perpendicular polarization:

Lo = Toftrt v e =10 sec(@)
V16,1 — sin?(6)
Zes foktr2 . Zey = n,sec()

B \/urzerg — sin?(9)

For TM wave or parallel polarization:

c 2
o r1€rl — 9
Zd:n\/u 1 —s0) s os(6)

€r1

c 2
o r2Cr2 — 0
Ty = n \/N 2€rp — sin( ), Zey = 1, cos(6)

€r2

where, K, = wW\/llo€o, Mo = \/ lho/€o
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r=y.a+ z.4q

Figure 2.6: Coordinate system for computing far-field from the reciprocity electric source

Jo at the patch antenna’s radiation slot located at z = 0.

-~

In case of TE incident wave (u = ¢ ) from the reciprocity source (infinitesimal dipole)
located at the observation point P(r, 6, ¢) (see Fig. [2.6)), the magnetic vector potential

due to this source is equal to

e Moe_jKOT o
A=—— 2.11
4dmr ¢ ( )
Hence, the far fields of the reciprocity source are expressed as
e_jKo"’
ET = —ijT = 0, Eg = —ijg = 0, E¢ = —jWA¢ = —jw,uo
dmr
— T —
H = —xFE
Mo
. —jKor

H = Hy=0, Hy=7?"°" (2.12)

N, Amr

According to ([2.4]), the magnetic field due to the reciprocity source Hs should be expressed
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in y-direction to comply with the direction of M. Hence, the y-component of the magnetic

field due to the reciprocity source would be (note the replacing of wy,/n, by K,)

JK, e T
Hyy =722

y— sin(¢) cos(#) (2.13)

To include the effect of the multi-layered structure (antenna with superstrate) on the

magnetic field radiated by the reciprocity source, the following formula for Hy, at the

location of My, can be used

'Ko e—jKor j " sin() sin 2’ cos :
Hy, = 3_47T E ol a0/ (0D i () N () (2.14)

The function N(#) depends on € only and it represents the current at z = h / 2 (as
midpoint in the radiation slot at z = 0) in the transmission line analogy (Fig. due to

an incident current wave of strength cos(6).

A straightforward method to determine the current at z = h/2 and, therefor, N(f) is

to define the voltage and current on each transmission line segment shown in Fig. as

Vi = Ve ihiz 4 yimeihiz (2.15)
1 . .
L = - (Vite Pz — V= elli) (2.16)

where i € [1,N] is the transmission line segment number. In the model considered here,
N = 4. Note that as the substrate of the MPA is backed by a ground plane, V" = - V.
Also, V" /Z.4 = cos(0) for the TE case. Then, by enforcing the continuity of the voltages
and current at the boundaries of these transmission line segments, one can calculate all
the unknown parameters (V;* and V;~) and hence solve for the required current at z =
h/2. This straightforward method is extendable easily to the case of MPA covered with

any number of layers.

Substituting Ho, from in , the far-field Ela.<$ due to the radiation slot at z
= 0 can be calculated. Note that the volume integration in (2.4) will be converted into
surface integration due to the fact that the current M; has a surface current distribution
as shown in Fig. 2.6, Due to the length and straightforward nature of the derivation; only

the final result is given here as follows:
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~ VK be I Ker j(v+z)SinY sin Z
—6 [

Ei4.¢ = Sy v 7 sin(¢) N(0) (2.17)
where,
y = K2°b sin(6) sin (o)
7 = KQOh cos(f)
V, = —h M, (2.18)
where b is the patch dimension in the y-direction (see Fig. [2.2)). Note that for h << A,
Sl .

Similarly, the far field due to the other radiation slot at x = a can be obtained. By
adding the fields due to the two radiation slots together, the total field (in the ¢ direction)
due to the MPA covered with the superstrate can be obtained. Another interesting way to
compute the total field of the MPA in the TE mode is treating the two identical radiation
slots (at z = 0 and a) as a two-element array. Hence, the array factor can be used to
calculate the total radiated field E, of the MPA covered with the superstrate. Adopting
the latter method, the total field can be formulated as

_ IVoEBobe 7 ixiyviz) sin Y’

Ey cos X

sin(¢) N (6) (2.19)

r

where,

K,a .
X = 5 ¢ sin(6) cos(¢) (2.20)
where q is the patch dimension in z-direction (see Fig. [2.2)).

Similarly, in the case of TM incident wave (u = /9\) from the reciprocity source located
at the observation point P(r, 6, ¢) (see Fig. [2.6)), the total radiated field Ej of the MPA

covered with the superstrate can be formulated as

. —iKor .
Ey = _JVoltobe 77 XY +2) o5 x 20 Y

r

cos(@) Q(6) (2.21)

The function @(¢) depends on € only and it represents the current at z = h / 2 (as
midpoint in the radiation slot at = 0 ) in the transmission line analogy (Fig. due
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to an incident current wave of strength 1 A. Hence, V,'/Z.4 = 1 in the transmission line
equivalent model (Eqs (2.15]) and (22.16])). The function () can be computed in the same

way explained earlier in the case of N(6).

Interestingly, the closed forms for the far-field given by and agree well with
the ones calculated using the conventional vector potential approach [50] (see Eqs (45) and
(46) in [50]) when the superstrate is air (i.e. patch antenna in free space) where N(6)
= cos(f) and Q(#) = 1, this agreement verifies the accuracy of the proposed analytical
formulation. However, the vector potential approach [50] works only for a patch antenna

in free space.

The far-field of the MPA covered with the superstrate is calculated at the desired

frequency using (2.19)) and (2.21]), and integrated as follows to calculate the antenna direc-
tivity:

A7 % F
2T 5 F xsin(0)dfdo

Directivity(0, ¢) = (2.22)

where,

sin?(Y)

F:COS2(X)T

« (sin”(9)|N (6)]* + cos*(9)|Q(O)[*)

2.3 Radiation due to a Patch Antenna Covered with

Conventional Superstrate

In this section, the radiation patterns of a patch antenna covered with a conventional
superstrate is investigated using the analytical technique explained in the previous section

and verified using the commercial full-wave simulator HFSS.

In accordance with Fig. assume a MPA having dimensions of 36 mm x 36 mm, and
printed on a substrate of Rogers RO4350 having a relative permittivity of 3.48, loss tangent
of tand = 0.004 and a thickness of 0.762 mm. The patch is covered with a superstrate
of thickness 6.286 mm. The spacing between the antenna and the superstrate is 12 mm.

The three-layer radiating system is infinitely extended in the z-y plane to comply with the
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transmission line analogy in order to calculate the current at the patch location due to the

TE and TM incident plane waves.

Three superstrates with different values of permeability (y,9) and permittivity (e.2) are
studied here. The 2-D radiation patterns shown in Figs. , for (po= 1, €0 = 1),
Figs. , for (uo= 16, €,9 = 1), and Figs. , for (ue= 1, €9 = 6). It is
observed that the resultant E-plane (¢ = 0°) and H-plane (¢ = 90°) directivity radiation
patterns agree well with the HFSS results in the three cases. The discrepancies noticed
between the two methods in Figs. and near the azimuthal plane are due to the

fact that the analytical method assumes infinite ground plane.

Fig. [2.13| shows a comparison between the analytically and numerically (HFSS) cal-
culated directivity in broadside direction (¢ = 6 = 0°) at 2.2 GHz of the patch antenna
covered with a superstrate having a relative permeability u,o of 1 and varying relative

permittivity €,5. Good agreement is observed between the two methods.
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Figure 2.7: The E-plane directivity radiation pattern at 2.2 GHz of the patch antenna
covered with a superstrate (u.o= 1 and €0 = 1) at d=12 mm, B=6.286 mm and h=0.762
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Figure 2.8: The H-plane directivity radiation pattern at 2.2 GHz of the patch antenna
covered with a superstrate (o= 1 and €, = 1) at d=12 mm, B=6.286 mm and h=0.762
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Figure 2.9: The E-plane directivity radiation pattern at 2.2 GHz of the patch antenna

covered with a superstrate (p,2= 16 and €,5 = 1) at d=12 mm, B=6.286 mm and h=0.762
mm.
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Figure 2.10: The H-plane directivity radiation pattern at 2.2 GHz of the patch antenna

covered with a superstrate (p,2= 16 and €,5 = 1) at d=12 mm, B=6.286 mm and h=0.762
mm.
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Figure 2.11: The E-plane directivity radiation pattern at 2.2 GHz of the patch antenna

covered with a superstrate (u,.0= 1 and €0 = 6) at d=12
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Figure 2.12: The H-plane directivity radiation pattern at 2.2 GHz of the patch antenna
covered with a superstrate (u.o= 1 and €, = 6) at d=12 mm, B=6.286 mm and h=0.762
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Figure 2.13: The directivity of MPA shown in Fig. 1 versus the relative permittivity of
the superstrate with u.o= 1 at 2.2 GHz, d=12 mm, B=6.286 mm and h=0.762 mm.

2.4 Conclusions

A fast and accurate analytical technique was developed to calculate the radiation field of
a microstrip antenna covered with a generalized superstrate. The analytical formulation is
based on using the cavity model to replace the patch antenna by two magnetic line sources.
Then, the reciprocity theorem and transmission line analogy were used to calculate the
far-field of these two magnetic line sources representing the patch antenna. The proposed
analytical model was implemented and verified by a comparison with a full-wave simulator

for the case of patch antenna covered with different conventional superstrate layers.

The analytical formulation introduced here can be extended for the case of a patch
antenna embedded in a multilayered dielectric structure. We emphasize that the analyt-
ical method presented in this work is not restricted to the case of isotropic conventional
superstrate, and can be used for analysis of any superstrate made of engineered periodic
structures (positive or negative permeability and /or permittivity) as the next chapters will

show.
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Chapter 3

Resonance Conditions for High (ain
Microstrip Antennas Loaded with
High Characteristic Impedance

Superstrates

3.1 Introduction

It is shown that, under some resonance conditions, a microstrip patch antenna can be de-
signed to achieve the highest possible gain and directivity when covered with a superstrate
at the proper distance in free space. The transmission line model presented in the previ-
ous chapter is employed herein to analytically derive the resonance conditions required to
achieve the highest directivity of the antenna with superstrate. These resonance conditions
include the condition on spacing between the antenna substrate and the superstrate and
the thickness of the superstrate. The permeability and permittivity of the superstrate is
determined based on these resonant lengths and the appropriate characteristic impedance
of each layer in this multilayered structure. The results are verified using both analytical
and numerical methods. The effect of anisotropy of the superstrate is numerically inves-
tigated. The design criteria proposed here will reduce the total profile of the radiating
system by 50% when compared with previous techniques [14], 45].
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In all different configurations of antenna-superstrate structures [39]-[45], the substrate-
superstrate spacing and the thickness and nature of the superstrate(s) affect the value
of the antenna gain significantly and also the shape of the radiation pattern. Therefore,
proper determination of these parameters could produce the highest possible gain of a
patch antenna when the multilayered structure (antenna with superstrate(s)) is treated as
a multi-section transmission line with resonant lengths. Using full-wave numerical electro-
magnetic simulation tools, to analyze and optimize a patch antenna with artificial periodic
(metamaterial) superstrate, is a very expensive computational task [14]. Therefore, these
techniques may not be used to optimize the structure for maximum gain. On the other
hand, adopting the analytical technique explained in the previous chapter would reduce

the optimization time significantly.

In this chapter, the multilayered structure (antenna with superstrate) is treated as a
multi-section transmission line with resonant lengths. The transmission line approxima-
tions and the cavity model of a patch antenna are used to derive the resonance conditions
for a patch antenna with superstrate to achieve the highest possible gain and directivity.
Then an antenna with superstrate is designed based on the derived resonance conditions.
The analytical results for the far-field are then verified using two different numerical meth-
ods (i.e., HFSS and CST). The design criteria proposed here will reduce the total profile of
the radiating system by 50% when compared with previous methods based on partially re-
flective superstrate [45] and conventional dielectric superstrate [46] where a half wavelength

separation (in air) is required between the patch antenna and the superstrate.

3.2 Resonance Conditions for Maximum Directivity

In this section, the resonance conditions for the optimum directivity of a patch antenna
covered with a superstrate (see Fig. are derived. As shown in Fig. a patch
antenna, printed on a grounded substrate of thickness h, is covered with a superstrate
layer of thickness B, at a distance d in free space. The relative permeability and rela-
tive permittivity of the substrate and superstrate, are denoted as p,,, €, fr, and €.,

respectively.

According to ([2.4]) which is repeated herein
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Figure 3.1: Microstrip patch antenna covered by a superstrate.

E(7,)u = —/// [Hy - M,] dV (3.1)

It is observed from that the Hj field is determined at the original patch location
at z = h due to the reciprocity source at the observation point P(r, 6, ¢) in either 0 or 5
direction. From the reciprocity theorem, Hs is proportional to the required radiation field
E,(7,) due to the original patch antenna at z = h. The Hy field near the multilayered
structure due to this reciprocity source is essentially a plane wave, and therefore can be
found by modeling each layer as a transmission line segment (see Fig. [3.2(a)) having a
characteristic impedance and propagation constant which depend on the incident angle of
0. Consequently, Hy is directly proportional to the current at z=h (assuming h < A,)
in the transmission line analogy (Fig. [3.2(a)) due to an incident current wave of strength
cos(d) in the TE case and of strength one in the TM case.

Hence, in order to maximize the radiation field (Eq. [3.1)) of the patch antenna with
superstrate, the current at z = h (see Fig. [3.2(a)) should be maximized. One way to
achieve this goal is to have the substrate-superstrate spacing (d) and also the superstrate

thickness (B) as quarter wave length in the respective medium; hence
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Under the above resonance conditions and assuming that h < A, (i.e. neglecting the
effect of the substrate), the short circuit (ground plane) in Fig. [3.2fa) is basically at Z = h
and consequently the impedance at Z = h+d+B would equal to zero due to the resonant
lengths in the TL model. As a result, the voltage and current distributions on the TL model
would be as depicted in Fig. [3.2(b) and the current is maximized at the patch location (z
= h) as required to achieve the maximum radiated field of the patch antenna. With this
in mind, the ratio j,, /€., should be maximized so that the characteristic impedance of the
superstrate will be very high causing the voltage along the superstrate section of TL model
to be very high. When this large voltage wave gets injected into the air layer underneath
the superstrate (i.e. at Z = h+d), it will produce a very high current inside this air layer
causing the current at the patch location to be very high and hence producing a very high

radiation of the patch antenna under these resonance conditions.

3.3 High Directivity Patch Antennas

In this section, the aforementioned resonance conditions for the optimum directivity are
validated. The Hessian matrix (i.e., the second derivatives of the Lagrangian multipliers)
method [38] is used to optimize the directivity (Eq. of a patch antenna covered with
a superstrate having arbitrary permeability p,, and permittivity €,,. Four variables were

optimized subject to pre-determined constraints as shown in Table

Table 3.1: Optimization of the directivity of patch antenna covered with superstrate

Variable Constraints | Optimized value
m min.=1, max.=10 4.091
n min.=1, max.=10 4.0027
1 min.=1, max.=100 100
€ry min.=1, max.=20 1

where,

d:/\o/mvB:()‘o/\/W)/n

The optimized parameters as obtained in Table |3.1| strongly agree with the aforemen-

tioned explanation about the resonance conditions.
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To apply these resonance conditions in a practical perspective and in accordance with
Fig. 7 assuming a patch antenna working at 2.2 GHz for UMTS (Universal Mobile
Telecommunication Systems) applications. The patch has dimensions of 36 mm x 36 mm
and is printed on a substrate of Rogers RO4350 having a relative permittivity of 3.48, loss
tangent of tand = 0.004 and a thickness of 0.762 mm. The substrate and ground plane have
equal planar size of 432 mm x 432 mm. The patch is covered with a superstrate of u,, = 50,
€, = 1 and planar size of 360 mm X 360 mm. The substrate-superstrate spacing (d) and
the superstrate thickness (B) are equal to quarter wave length in the respective medium
at 2.2 GHz. Fig. shows the radiation patterns calculated analytically using and
verified using HFSS. As shown in Fig. [3.3] the directivity of the designed antenna under
resonance conditions, is equal to 18.5 dBi which is about 13 dBi higher than the directivity
of the standard patch antenna without superstrate. Also, the radiation pattern becomes
much sharper around the broadside direction. The small discrepancy in Fig. is due
to the assumption that the four-layers radiating system is infinitely extended in the -y
plane to comply with the transmission line analogy in the analytical solution. On the other

hand, the same radiating system has finite size when simulated using HF'SS.

To do a further study on the effect of the permeability of the superstrate on the antenna
directivity, Table|3.2|shows the analytically calculated directivity for different values of the
relative permeability (u,,) of the superstrate (the antenna and superstrate have the same
specifications as mentioned above). It is observed that the directivity increases as i,
increases, as concluded before, and in compliance with the resonance conditions for high

radiation.

Table 3.2: Directivity of the patch antenna for different values of .,

tr, | Directivity (dBi)
1000 40.12
500 34.27
100 23.43
75 22.12
50 20.38
25 17.51
10 14.00
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Figure 3.3: The directivity radiation pattern at 2.2 GHz of the patch antenna covered with
a superstrate having ., = 50 and €,, = 1 and with thickness of quarter wave length in the
medium. (a) E-plan. and (b) H-plan.

35



Fig. |3.4|(a) shows the variation of the radiation field at § = ¢ = o deg. of the aforemen-
tioned patch antenna covered with a superstrate of thickness A,/(4,/fir,€,) and placed at
distance of \,/4 of the patch antenna. It is obvious that the radiation field increases as
iy, increases. Also, Fig. [3.4{(b) shows that the optimum value of €,, is unity in order to
achieve the highest possible radiation field.

Another example showing the validity of the resonance conditions to increase the an-
tenna gain is the numerical simulations of a patch antenna working at 5.8 GHz for WLAN
(Wireless Local Area Network) applications. The patch has dimensions of 12.5 mm x 12.5
mm and is printed on a substrate of Rogers RO4350 having a relative permittivity of 3.48,
loss tangent of tand = 0.004 and a thickness of 0.762 mm. The substrate and ground plane
have equal planar size of 125 mm x 125 mm. The patch is covered with a superstrate of
tr, = 50, €, = 1 and planar size of 360 mm X 360 mm. The same resonance conditions
are being used here for the substrate-superstrate spacing (d) and the superstrate thickness
(B).

The gain of the antenna with and without the superstrate is calculated numerically
using two different software tools (i.e., HFSS and CST) and shown in Fig. It is
observed that the gain increases from 6.19 dBi to about 17 dBi after adding the superstrate
with high characteristic impedance. Also, a good agreement is observed between HFSS
and CST. The E-plane gain radiation pattern at 5.8 GHz is calculated using both CST
and HFSS and shown in Fig. Strong agreement is observed between the two methods

and very sharp beam is achieved after applying the resonance conditions.

The radiation efficiency of the patch antenna with and without the same superstrate is
calculated numerically using the same software tools and shown in Fig. [3.7 It is observed
that the radiation efficiency increases by about 12% after adding the superstrate with
high characteristic impedance. The enhanced efficiency is believed to be a consequence of
the increase in the antenna gain due to the direct proportionality between the gain and

efficiency.
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Figure 3.4: (a) The radiation field at broadside direction of the patch antenna versus p,,

when €,, = 1 and (b) versus €., when p,, = 100. (d = B = A/4 in the respective medium)

37



18

15+

815 —— Patch + Superstrate CST
= - — - Patch + Superstrate HFSS
ZDE - - - - Patch only CST

94 —--— Patch only HFSS

55 56 57 58 59 6.0 61 6.2
Frequency (GHz)
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Figure 3.6: The gain radiation pattern of patch antenna with a superstrate having u,, =

50 and €,, = 1 and with thickness of quarter wave length in the medium at 5.8 GHz.
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Figure 3.7: The radiation efficiency of patch antenna with a superstrate having p,, = 50

and ¢,, = 1 and with thickness of quarter wave length in the medium at 5.8 GHz.

3.4 Effects of the Anisotropy of High Permeability

Superstrate

As discussed in the previous section, high-permeability superstrate is required to achieve
very directive radiation from the patch antenna. Artificial magnetic structures (AMS) can
be used to provide such superstrate. AMS are composed of metallic unit cells printed
periodically on a dielectric material. When excited by external magnetic field, AMS pro-
vide high permeability only in the direction of the applied magnetic field and provide
permeability of 1 in all other directions [33]. Due to the fact that the AMS are inherently
anisotropic, it is important to study the effect of the anisotropy of the superstrate on the

antenna radiation pattern and gain.

In accordance with Fig. [3.1] assume a patch working at 2.2 GHz with the same speci-
fications as in the previous section except for the relative permeability of the superstrate

(t4r,) which is assumed to have anisotropic form of
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The substrate-superstrate spacing (d) and the superstrate thickness (B) are equal to
quarter wave length at 2.2 GHz in the respective medium. Fig. shows the HFSS
simulation of the gain variations for different anisotropic configurations of the superstrate.
It is observed that the superstrate with high permeability in Y -direction acts similarly as
the isotropic case and improves the antenna gain significantly. On the other hand, the
superstrate with high permeability in either X- or Z-direction does not affect the antenna
gain. Consequently, it is essential to develop AMS based superstrate with appropriate
anisotropic permeability in order to achieve the highest possible gain of the whole radiating
system (antenna with superstrate). Next chapter will provide the theory and development

of AMS to be used as superstrates of planar antennas.

3.5 Conclusions

The transmission line analogy and the cavity model of a patch antenna were used to derive
the resonance conditions for a high-gain patch antenna covered with a superstrate. The
resonance conditions require that the substrate-superstrate spacing and the superstrate
thickness should be equal to quarter wave length in the respective medium. A superstrate
with very high permeability and nominal permittivity is required under these resonance
conditions to achieve very high directivity. The analytical formulation for the antenna
far-fields was verified using numerical methods. The significant effects of anisotropic mag-
netic superstrates on the antenna gain and radiation efficiency were discussed. The design
criteria proposed here reduce the total profile of the radiating system by 50% when com-
pared with previous approaches based on highly-reflective superstrate and dielectric-slab

superstrate.
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Figure 3.8: The numerically calculated gain of a patch antenna with a superstrate having
anisotropic permeability and with thickness of quarter wave length in the medium.
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Chapter 4

Theory and Development of

Engineered Magneto-Dielectrics

4.1 Introduction

The resonance conditions derived in chapter require a superstrate with very high mag-
netic permeability and nominal electric permittivity in order to increase the antenna di-
rectivity and gain. However, in the microwave region (f > 300 MHz), naturally occurring
magnetization cannot occur in materials due to the inertia of the atomic system that is
not able to track an electromagnetic field with high frequency [28]. Therefore, designing
materials with magnetic properties that do not exist in naturally-occurring materials has
become increasingly attractive in recent years [23]-[30]. An engineered magneto-dielectric
material is composed of small metallic resonating inclusions embedded periodically into a
host dielectric to achieve magnetic permeability and electric permittivity larger than that
of the host medium. In this chapter, the mechanism of operation for artificial magnetic
materials is theoretically investigated. Analytical and numerical methods are provided to

model the behaviour of these materials to be used as superstrates for planar antennas.

Another interesting application of the engineered magneto-dielectric materials is to
miniaturize planar antennas [29, B33]. The conventional method for reducing the planar
antenna size was to print the antenna over a high dielectric constant substrate. But the

high impedance contrast between the substrate (due to its capacitive nature) and the
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surrounding free space degrades the efficiency of the radiating system. To overcome this
problem, magneto-dielectrics can be used as substrates for planar printed antennas to
reduce the size of these antenna without considerable reduction of the antenna impedance
bandwidth [33]-[34]. In this case, the impedance mismatch is smaller leading to low losses

and high efficiency of the radiating miniaturized system.

When using the magneto-dielectric materials as superstrates for planar antennas, the
objective is to increase the permeability of the superstrate and to reduce its thickness and
hence reduce the overall size of the composite structure (antenna with superstrate). This is
because of the fact that the effective wavelength is reduced in the magneto-dielectric (A =
Aair/+/Iir€r) due to the higher values of the magnetic permeability and electric permittivity
of these artificial engineered materials. The magnetic effect in artificial magnetic materials
is due to circulating currents induced on split-rings or other similar metal inclusions. These
inclusions are small-sized resonators, and the frequency dispersion of their response is a

very important factor that cannot be neglected even in the design of narrow-band antennas.

4.2 Magnetism in Natural Magnetic Materials

In electromagnetism, permeability is the degree of magnetization of a material that re-
sponds to an applied magnetic field. Magnetic permeability is typically represented by
the Greek letter u. The term was coined in September 1885 by Oliver Heaviside. The
bulk permeability of a material is a quantitative description of how readily the material
experiences magnetization, which is when an externally applied magnetic field causes the
charges in a material to align their motion such that their magnetic moments align parallel
or anti-parallel to the external magnetic field. Due to the absence of magnetic monopoles,
magnetic fields are described by Ampere’s Law as being produced by the motion of charges,

either individually or in current form [54]-[57].

The magnetic flux density (é) is related to the Lorentz force on a moving electric
charge ¢ [64]-[56]:

F=q(VXB) (4.1)

where,
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F is the force (in Newtons).

B is the magnetic flux density (in teslas or webers/m?).
q is the electric charge of the particle (in coulombs).

V is the instantaneous velocity of the particle (in m/s).

By definition, electric current is the flow (movement) of electric charge. Thus, the force
applied to a closed circuit carrying current I, can be obtained from integrating the force
applied to small current filaments:

ﬁ:]f@kﬁ) (4.2)

Using the above equations and definition of the torque, the electromagnetic torque

applied to a small closed loop carrying current I, will be equal to:

T =1SXB (4.3)

where S is the surface enclosed by the small loop. Due to the similarity between results
in and the torque applied to a differential electric dipole dp by an electric field E ,
which is given by T =PX ﬁ, differential magnetic dipole moment is defined for a small
circulating current shown in Fig. as [52]:

m =18 (4.4)
where,

m is the magnetic dipole moment, a vector measured in ampere-square meters, or

equivalently in joules per tesla.
S is the vector area of the current loop.
I is the current in the loop (assumed to be constant), a scalar measured in amperes.

In addition to the current loop as a source of magnetic moment, the electron, among
other fundamental particles, has a magnetic dipole moment (7). This is because it gener-
ates a magnetic field which is identical to that generated by a very small current loop, and

the magnetic moments of atoms are the building blocks of natural magnetic materials.
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Figure 4.1: Magnetic dipole moment for a small circulating current.

The macroscopic magnetic properties of materials are the consequence of the micro-
scopic magnetic moments associated with individual electrons. Due to the much greater
nuclear masses, the magnitude of the nuclear magnetic moments produced by the move-
ment of protons in the atomic nucleus is much smaller and negligible compared with the
magnitude of electron magnetic moments. The motion of each electron in an atom provides
two sources of magnetic moments, one originates from the orbital motion of the electron
around the nucleus; being a moving charge every electron acts like a small circulating cur-
rent producing a very small magnetic field and having a magnetic moment along its axis of
revolution as shown in Fig. [£.2] The second source of magnetic moment is related to the
spin of electron about its own axis. This spin magnetic moment is directed along the spin
axis. Spin magnetic moments may only be in either an "up” direction or in an anti-parallel
"down” direction. By these means each electron in an atom may be thought of as being a

small magnet having permanent orbital and spin magnetic moments.

—

The magnetic polarization vector (M) (Magnetization Vector) of a material is defined
as the average of the individual induced magnetic dipole moments of the atoms in response
to an externally applied magnetic field H.,;. Thus, it is the magnetic dipole moment per

unit volume, measured in amperes per meter [57]:

L 1 o
M = lZmAU_)DA—U Zl my; (45)
1=
The net magnetic moment for an atom is just the sum of the magnetic moments of
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Figure 4.2: Magnetic moment due to (a) the orbital motion of the electron around the

nucleus and (b) the electron spin about its own axis.

each electron, including both orbital and spin contributions.

In most of the materials, when no external magnetic field is applied, the net magnetic
polarization (M ) is zero due to the total cancelation of the individual magnetic moments of
electrons. For example, the spin moment of an electron with spin "Down” will cancel that
of one with spin "Up”. Also, the orbital magnetic moments of electron pairs cancel each
other. For an atom with completely filled electron shells, when all electrons are considered,

there is total cancelation of both spin and orbital moments [55].

When an external magnetic field exists, the torque applied to the magnetic dipoles turns
the loops such that their magnetic moments align parallel or anti-parallel to the external
magnetic field leading to a net value for magnetic polarization vector. The magnetic
susceptibility is defined as the degree of magnetization of a material in response to an

externally applied magnetic field H..; :

M
He:vt

Xm = (46)

The magnetic field H represents how a magnetic flux density B influences the organi-
zation of magnetic dipoles in a given medium, including dipole migration and magnetic

dipole reorientation. Its relation to permeability is:
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iz o . po(1+ Xm) (4.7)

where the permeability p is a scalar if the medium is isotropic or a second rank tensor
for an anisotropic linear medium. Relative permeability u, is the ratio of the permeability

of a specific medium to the permeability of free space given by the magnetic constant p,:

= =14\ (4.8)

o

The challenge to microwave applications arises from the inertia of the atomic system.
Although the mass of the electron is small, it is not zero and the attempts of the electron
magnetic moments to track the external field deteriorate and finally fail as the frequency
increases and approaches the microwave region. Thus, for magnetic materials, the upper
frequency of operation is limited by the gyromagnetic resonances occurring in the VHF-
UHF range. As an example, Fig. shows the relative permeability and magnetic loss
tangent of Cobalt Hexaferrite, a magnetic material recently developed by Trans-Tech com-
pany [58]. As shown in this figure, the maximum useful frequency for this material is
below 500 MHz. Since natural magnetization does not occur at microwave frequencies, en-
gineered magnetic materials are designed to provide desirable magnetic properties in these
frequencies. The idea of developing artificial magnetic materials is to design a mechanism
similar to what happens in natural magnetic materials for microwave operation. In these
materials, metallic inclusions are inserted inside the superstrate in which the induced cur-
rent provides magnetic dipole moments. In the next section, we will introduce this idea

and discuss the mechanism of operation of artificial magnetic materials.

4.3 Engineered Magneto-Dielectrics

Due to the difficulties of having low-loss natural magnetic materials at microwave frequen-
cies, development of artificial engineered magnetic materials has recently attracted the

attention of many researchers [59]-[61].

An engineered magneto-dielectric material is composed of small metallic resonating
particles (inclusions) embedded periodically into a host dielectric to achieve magnetic per-

meability and electric permittivity larger than that of the host medium. Fig. shows an
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Figure 4.3: Measured magnetic permeability and loss tangent of Cobalt HexaFerrite (solid

and dashed lines, respectively).

engineered magnetic superstrate placed over a patch antenna, the superstrate is composed

of broadside-coupled split-ring resonator (SRR) particles.

Fig. [4.5| shows different shapes of the embedded circuits used as a unit cell of artificial
engineered material [32]-[34]. Regardless of their different structures, the mechanism of
operation for all artificial magnetic particles is the same. When an external magnetic field
H.,; is incident (see Fig. [4.6) normal to the plane of these resonating cells (inclusions),
the change in the magnetic flux enclosed by these rings induces an Electromotive Force
(emf) in the rings. The emf voltage supplies a current in these metallic elements. This
circulating current generates a magnetic moment normal to the inclusion plane and this
magnetic moment is the metamaterial equivalent to the atomic magnetic dipole moment

of naturally permeable materials.
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Figure 4.4: Geometry of a patch antenna covered with an engineered magnetic superstrate.
(a) SRR unit cell. (b) Photograph of top view. (c) Side view. (d) Experimental prototype

(t =0.762 mm, m = 2 mm, ¢ = 85 mm and d = 12 mm).
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(d) (e (f)

Figure 4.5: Different shapes of the embedded circuits used as a unit cell of artificial engi-
neered material a) Split Spiral b) Broadside-coupled SRR ¢) Edge-coupled SRR d) Fractal

Hilbert Resonator e) Square LC Resonator f) 'Omega’ Medium resonator.

4.3.1 Analytical Modeling of the Unit Cell of Metamaterial

As discussed in the previous section, the operational principle of any shape of the artificial

magnetic particles (metallic inclusions) shown in Fig. is the same.

As a starting point, the analytical model to extract the electromagnetic properties of
any shape of the resonating particles will be investigated in details. It is assumed that
the particles shown in Fig. [4.5] are excited by an external magnetic field perpendicular to
the plane of the particle (see Fig. ; this magnetic field induces an electromotive force
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em f¢“ in the inclusions. Regardless of the shape of these inclusions, near the resonance
frequency an effective current is induced in these resonating unit cells due to the external

electromotive force em fe*.

Fig. 4.6(a) shows that the unit cell of SRR is composed of two metallic closed loops
(rings) with splits in them at opposite locations. The loops can be concentric or circular.
The splits in the rings make the structure support resonant wavelengths much larger than
the diameter of the rings, this would not happen in closed rings. Also, large capacitance is
produced by the small gap between the two rings, this capacitance is important to reduce
the the resonating frequency. The dimensions of the SRR (i.e. Az, Ay and Az) are small
compared to the resonant wavelength. This results in low radiative losses, and very high

quality factors.

The circulating effective current flows across the capacitive gaps introduced in the
structures and produces magnetic field which results in an inductive part of the total
impedance of an inclusion. The real part of the total impedance represents the loss due
to the finite conductivity of metal strips. Hence, the induced effective current for all these
structures shown in Fig. can be expressed as [32]:

emfea:t B 6mfemt

Zit Repr+ jwlesy + jwcl‘eff

I =

(4.9)

The effective capacitance in is the capacitance formed between every pair of SRR
rings due to the symmetry. From , it is clear that the particles experience a resonant
response due to the interaction between the inductance and capacitance of the particle
(inclusion). Thus, the unit cell of the metamaterial can be simply modeled as an RLC

resonator as shown in Fig. 4.7]

Fig. shows the equivalent transmission line model of the host medium with an
embedded metallic inclusion, the host medium is represented by the classic RLCG trans-
mission line model and the embedded inclusion is represented by an RLC resonator. At the
frequencies lower than the resonant frequency the inductive part of the total impedance

Zi+ vanishes and the capacitive part dominates.

Using Faraday’s law, the external electromotive force em f¢* can be expressed as:

emfet = —jwd = —jwBS = —jwitgNS Hop (4.10)
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Figure 4.6: An external magnetic field H.,; is incident normal to the plane of the SRR
acting as resonating cells (inclusions) (a) The unit cell of SRR; (b) Stacked cells in the

7 -direction.

Reff

Ceff

Figure 4.7: Equivalent lumped-element circuit model of the unit cell of metamaterial.

Where S is the surface area of an inclusion penetrated by the external magnetic field
H.yt, and N is the number of turns [N = 2 for the cases (a) and (d), N = 1 for the cases
(b) and (c) in Fig. [4.5]. The artificial particles shown in Fig. [4.6(b) form a periodic
structure with a periodicity of Az in the Z-direction. One can think of this configuration
as a solenoid of stacked particles having any shape of those shown in Fig. along the
Z-axis. A uniform field distribution can be assumed because of the long-solenoid structure.
According to this observation, the inductance of the unit cell having any shape can be

expressed as [33]:
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Figure 4.8: Equivalent transmission line model of the engineered metamaterial.

N2SM0
Legr =~ (4.11)

The magnetic polarization M of the unit cell which is the average of the induced

magnetic dipole moments is obtained as:

n

- 1
M =limay—o— 7 4.12
LM Av—0 Av ; m ( )
And the magnetic dipole moment of each turn in the unit cell is:

W2,UONS2CeffHezt

m=15= : 4.13
1-— w2LeffCeff + JwReftCesy ( )
Substituting 1. in D gives the magnetic polarization M as:
. NIs 2 N2 2 Hext
M= i W polV7S Oy (4.14)

AzAyAz - AzAYyAz(1 — w?LepCesp + jwRerCery)

where Az, Ay, and Az are unit cell dimensions as shown in Figure Fig. |4.6(a).
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4.3.2 Analytical Retrieval of the Effective Parameters of the

Split-Ring Resonator Inclusions

4.3.3 Effective Permeability

The unit cell of the split-ring resonator SRR inclusion shown in Fig. [1.6]a) is embedded
into a host dielectric medium. Assuming that the structure is infinite in the Z-direction and
the external magnetic field H,.,; is applied in the same direction normal to the plane of the
inclusion, the external magnetic field induces a current [ in the periodic structure which
in turn induces another magnetic field H;,4 in the inclusion. Thus, the total magnetic flux

in the unit cell can be expressed as [32]:

. NI
¢ = BS = ugNS(H®" + H™) = igNS(H"" + E) (4.15)

where N is the number of wire turns carrying the induced current and (S=lz*ly) is the
surface area of the inclusion shown in Fig. [4.6(a). The induced magnetic field H;,q can be

expressed as NI/Az where Az is the unit cell dimension in the Z-direction.

The voltage drop on the effective loss resistance and the capacitive gap of the unit cell

must be equal to the electromotive force produced by the total flux:

1

—jwp =I(Rerr + = 4.16
(Regy ; WCeff) (4.16)
Substituting (4.15)) into (4.16) gives:
ext i ONSHext
L S0 . (4.17)
ot Repp+ ]W'MOES + 7ol

From (4.17)), it is clear that the inductive part of the total impedance of an inclusion
L.sy is equal to ( ,uog—zS ) which is due to the induced magnetic field produced by the
circulating effective current [ in the structures.

The formula of L. s of the inclusion concluded from (4.17)) is consistent with our physical
interpretation given in the previous section and equation (4.11]). Also, the formula of L

can be used for any of the shapes of the inclusions given in Fig.
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The real part R.ss of the total impedance of an inclusion represents the loss due to the

finite conductivity of metal strips and can be obtained as [57]:

N’ [tot

$00

Ry = (4.18)

where:

N’ is the number of wire turns which contribute to ohmic losses [N'=2 for case
(a), (b) and (c) in Fig. [4.5].

['" is the total length of the metallic strips and equals to 2(lz+1z).

o is the conductivity of the metallic strip.
0 is the skin depth.
s is the strip width (trace metallization).

and the skin depth of the metal is defined as [53]:

2
s= ) — 4.19
0 o (4.19)

The effective capacitance in is the total capacitance of two capacitive gaps con-
nected in series in the SRR unit cell. The effective capacitance can be computed by the
following approach [32]. In an infinite array of SRRs, equipotential surfaces are formed
between every pair of rings due to the symmetry. Therefore, the effective capacitance of
the SRR can be expressed as the capacitance per unit length of a symmetric strip line

multiplied by the total overlapping length of two neighboring rings and is given by [32]:

Ceff = CO * ltOt (420)

where C, is the capacitance per unit length of a symmetric strip line:

1 K
Co = —Ediel (g)

F R )

where €4 is the permittivity of the host medium in which the unit cells are embedded, s

s

— tanh
g = tanh(z

) (4.21)

and t are the width of the metallic strips and the spacing between the two rings, respectively
(see Figld.6[a)). The elliptical integral K(g) can be obtained as:
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K(g) = Wf/ 2 4 (4.22)

0 /1—¢2sin*6
Substituting 1 ) 1} and |D into 1) the magnetic polarization vector M

can be obtained as:

NIS i, N2S2 et

AxAyAz AzAyAz(Ress + jwﬂog—zs + jwcleff)

M= (4.23)

Using (4.23)), the effective relative permeability of the SRR unit cell can be obtained
as:

Propp = 14 Xm =1+ (4.24)

H ext

It is clear from the previous equation that the resultant effective enhanced permeability
is provided only in the direction of the external magnetic field which is perpendicular to
the plane of the SRR unit cell (Z- direction in our case as shown in Fig. . Any incident
magnetic field in X or Y direction will not couple to the SRR inclusion resulting in a
permeability equal to that of free-space. Hence, the artificial engineered material composed
of the SRR inclusions will experience anisotropic magnetic permeability having this tensor

form:

10 0
T=p,| 0 1 0 (4.25)
00 pryy

4.3.4 Effective Permittivity

Consider an X-directed electric field incident on the SRR unit cell shown in Fig. [£.6] Inter-
cell capacitors are formed in the gap regions between the metallic inclusions (unit cells) due
to the incident X-directed electric field. Therefore, an effective X-directed permittivity of
(4.26)) is provided by the stored electrical energy in these inter-cell capacitors. The same

phenomenon is observed for an Y-directed incident electric field. But, in case of Z-directed

26



electric field, the metamaterial will experience an effective permittivity equal to that of its
host dielectric as the electric field is perpendicular to the plane of the unit cell in this case.
Hence, the artificial engineered material composed of the SRR inclusions will experience
anisotropic electric permittivity of [33]:

Az, K(v1-g%) g = tanh(g) (4.26)

r = Tdi 1 ’
€ eff € diel + AxAy K<g)

w/2 do
K(g) = | (4.27)
0 /1 — g?sin(0)
B Ergyp 0 0
E = & 0 &, 0 (4.28)
O 0 6Tdicl

Unlike the effective permeability, the effective permittivity is not frequency dependent
as indicated by . The effective permittivity is a function of the inter-cell capacitance,
which is calculated by means of the same elliptical integral that was used to find the SRR
capacitance (4.21])).

As this analytical study has indicated, this artificial engineered material will experience
strong anisotropic behavior. Permeability improvement will be achieved for Z-directed
magnetic fields only. Permittivity improvement will occur only for X- or Y-directed electric
fields. This combination of orientation-dependent permeability and permittivity should
match the orientations needed to support the modes of a microstrip patch antenna when

covered by the metamaterial superstrate.

Using —, the effective relative permeability and permittivity of the SRR unit
cell of Fig. are calculated and illustrated in Fig. 4.9 The design parameters of the
SRR used in this calculation are: Az = Ay = 8.5 mm, Az = 2.762 mm, [z = ly = 6.5
mm, s = w = 0.3 mm, host dielectric has ¢, =3.48, and strips are assumed to be made
of copper. The SRR unit cell of Fig. can be simply modeled as an RLC resonator as

shown in Fig. [£.7] Therefore, its resonance frequency can be estimated from:

1

FTES -
QW\/LeffCeff
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Figure 4.9: Analytically calculated relative permeability and permittivity of the SRR
inclusion shown in Fig.

From (4.11)) and (4.20)), the effective inductance and capacitance of the SRR inclusion
are found to be 88.059 nH and 0.060369 pF, respectively. Hence, from (4.29) the resonance
frequency is 2.18 GHz which is very close to that indicated by Fig. where the real part

of permeability reaches its maximum absolute value.

Fig. [4.10| shows the possible values of the permeability and permittivity of metamate-

rials and their corresponding applications.

For the purpose of assessing the accuracy of this characterization technique, the re-

trieved parameters shown in Fig. will be validated numerically in the next section
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Figure 4.10: Possible values of the permeability and permittivity of metamaterials and

their corresponding applications.

4.4 Numerical Retrieval of the Effective Parameters

of Metamaterials

In this section, the effective constitutive parameters fi,, ., of artificial engineered ma-

€r,
terials are extracted using numerical full-wave analysis. The f(fommercial EM solver HFSS
based on the finite-element method is used to perform this analysis. The retrieval of the
effective permittivity and permeability of a slab of metamaterial is based on characterizing
it as an effective homogeneous slab. In this case, the reflection and transmission coeffi-
cients (S-parameters) calculated for a wave incident normally on a unit cell of metamaterial

are used to calculate the effective index of refraction nesr = | /fir, +€r;;, and the relative
characteristic impedance nesf = 1/ fir.,;/€r,,;,; of the metamaterial unit cell [56, [59].

The simulation of an infinite periodic structure is less computationally expensive than
the simulation of a finite metamaterial structure. So, it is numerically more efficient to work
with the unit cell of the metamaterial to characterize its effective constitutive parameters
Hres ;s €.y, DY using the periodic boundary condition (PBC) as shown in Fig. .

One way to characterize metamaterials is to examine their reflection and transmission

responses as functions of the frequency. To derive these reflection and transmission char-
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Incident plane wave (E,)

Unit cell of SRR

PBC on the four sides
of the unit cell

Evaluation planes for S;; and Sy;

Figure 4.11: Simulation geometry for numerical retrieval of the effective parameters of

metamaterials using plane wave incidence on the metamaterial unit cell.

acteristics (S1; and Ss), the metamaterial unit cell is illuminated with a plane wave from
the left side as shown in Fig. Then, the reflection and transmission coefficients are
computed by the HFSS EM solver with the PBC applied to the four sides of the unit
cell, and the radiation type of absorbing boundaries for the right and left sides of the unit
cell [50]-[57]. Using the classic transmission line analogy, the S-parameters are related to

refractive index n.ss and impedance 7.5 by [59]:

Rol(l _ 6j2neffkod)
1 _ R%lejQTLefkad
(1 — R3y)enershed
1 _ R%lejQTLeffkod

S = (4.30)

Sop = (4.31)

where,

— Mefs—l1
ROI Nefr+1

Ness is the effective characteristic impedance of the metamaterial unit cell (relative

to the characteristic impedance of free-space).

d is thickness of the metamaterial unit cell.
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From the previous two equations, the effective constitutive parameters of the metama-

terial unit cell can be obtained as:

14 81)% — 52
neff:j:\/< + 11)2 221 (432)
(1 —5u)" — S35
_ 1— 52 + 52
gnerskd — X £ i IZ X2, X = % (4.33)
Neff
L, rr = Neff Teffs Erypp = — (4.34)
ff ff Teeff rr Nef f

Since the metamaterial under consideration is a passive medium, the signs in (4.32])
and (4.33)) are determined by the requirement [59]:

Re(negr) 20, Im(negr) =0

For the purpose of assessing the accuracy of this characterization technique, the retrieval
technique has been validated based on simulated scattering data obtained from a slab of a
homogeneous isotropic material with known properties. Rogers R04003 dielectric material
with relative permittivity of 3.38, relative permeability of 1 and thickness d of 10 mm
has been used as a sample for this purpose. The retrieved constitutive parameters of this
material are shown in Fig. and Fig. £.13] Both of the extracted results are in good

agreement with the known values, indicating that the retrieval method works very well.

For the purpose of assessing the accuracy of the analytical characterization technique
presented in the previous section, the retrieved parameters shown in Fig. of the SRR
will be validated numerically using the simulation setup shown in Fig. 4.11, The split-ring
resonator SRR unit cell being numerically characterized has the same dimensions and the
same host dielectric used in the previous section. Fig. [4.14] shows a comparison between
the numerically and analytically calculated relative permeability and permittivity of the
SRR inclusion shown in Fig. The discrepancy between both methods (see Fig. |4.14))
is due to the fact that the accuracy of the analytical method is not high as it is based on
several approximations in finding the lumped circuit equivalent elements of the unit cell
as discussed in the previous section. It is worth mentioning that the analytical method
of characterization is very fast in extracting the effective parameters compared with the

numerical technique based on transmission line modeling of the metamaterial unit cell.
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Figure 4.12: Numerically retrieved permeability of Rogers R04003 dielectric material.

4

w

w gl
T T

I I

N
)]
T

I

Effective Permittivity
N

1.5} -
1 — Permittivity (real)
ost | Permittivity (imag)| |

O .......................................................................................... -
035 1 1.5 2 2.5 3
Freg. (H2) x 10°

Figure 4.13: Numerically retrieved permittivity of Rogers R04003 dielectric material.

The SRR-based metamaterial presented here is designed to work at 2.2 GHz which
makes it useful as a superstrate for planar antennas working in the UMTS (Universal

Mobile Telecommunications System) band.

As shown in Fig. and according to the numerically extracted permeability, the
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Figure 4.14: Comparison between the numerically and analytically calculated relative per-

meability and permittivity of the SRR inclusion shown in Fig. |4.6]

value of the real part of the permeability is greater than one in the range 1.7 - 2.19
GHz and the imaginary part of it is close to zero (means low losses) in this range. As
resonance is approached both the magnetic permeability and the magnetic loss mechanism
[imag iNCreases significantly, and in the region immediate above resonance the magnetic
permeability is negative. As shown in Fig. [£.14] the maximum value of the permeability
(real) is 16 at 2.18 GHz and the permittivity is 2.0 at same frequency. Also, the permeability
(imaginary) is -11.2 at the same frequency of 2.18 GHz.

Based on the resonance conditions derived in chapter which require a superstrate
with very high magnetic permeability and nominal electric permittivity in order to increase
the antenna gain, the SRR-based metamaterial presented in this chapter is useful as a

superstrate for planar antennas working in the UMTS band.
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4.5 Concluding Remarks

In this chapter, the operational principle of the artificial engineered materials has been
investigated as an emulation of the magnetization occurred in natural magnetic materials.
The analytical model of the split-ring resonator SRR unit cell acting as a building block of
the metamaterial has been presented and the analytically calculated effective permeability
and permittivity have been found to be in a good agreement with the numerically calculated
parameters using a plane wave incident on the metamaterial SRR unit cell. The SRR-based
metamaterial is designed to work at 2.2 GHz which makes it useful as a superstrate for

planar antennas working in the UMTS band.

It is worth mentioning that the analytical method of characterization is very fast in
extracting the effective parameters compared with the numerical technique based on trans-
mission line modeling of the metamaterial. However, the accuracy of the analytical method
is not as high as the numerical technique, this is because the analytical method is based on

several approximations in finding the equivalent lumped circuit elements of the unit cell.
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Chapter 5

Enhanced-Gain Planar Antennas
Using Artificial Magnetic

Superstrates

5.1 Introduction

Based on the resonance conditions derived in Chapter 3| which require a high permeability
superstrate to increase the antenna gain, this chapter presents a novel engineered mag-
netic superstrate designed to enhance the gain of planar antennas without any substantial
increase in the profile of the whole structure (the antenna with the superstrate). The
broadside-coupled split ring resonator inclusions (which was studied in previous chapter)
are used herein in the design of the engineered magnetic superstrate. Numerical full-wave
simulations as well as experiments are used to analyze the entire radiating system. Also,
the fast analytical formulation for the far field explained in Chapter , will be used to

calculate the radiation field of the antenna with and without superstrate.

Considering as an example a microstrip patch antenna (MPA) operating within the
Universal Mobile Telecommunications System (UMTS) band, the broadside gain of the
antenna is improved by 3.8 dBi and the efficiency is improved by 14% when using the engi-
neered superstrate. The total height of the proposed structure, antenna with superstrate,

is \,/7 where ), is the free-space wavelength at the resonance frequency of the antenna.
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Furthermore, the application of the same artificial superstrate for microstrip antenna ar-
ray and planar inverted-F antenna (PIFA) will be investigated in details. The proposed

antenna with superstrate can be used in cellular base stations working in the UMTS.

5.2 Single Patch Antenna with Artificial Magnetic

Superstrates

Fig. [5.1)(a) illustrates a broadside-coupled split ring resonator (SRR) unit cell acting as
a building block of the artificial magnetic superstrate. The SRR inclusion consists of two
parallel broken square loops. The host dielectric is made of Rogers RO4350 with a thickness
of 0.762 mm, relative permittivity of €, = 3.48, and loss tangent of tand = 0.004. A planar
10 X 10 array of SRRs is printed on the host dielectric layer to provide an engineered
magnetic material when illuminated by a magnetic field perpendicular to the plane of the
SRR (in Z-direction). The superstrate used herein consists of 3 layers of printed magnetic
inclusions. The layers are separated by 2 mm of air layers (see Fig. [5.1]c)). The reason of
having these air layers is to reduce the effective permittivity of the superstrate as required

by the resonance conditions deduced in Chapter (3)).

The SRR unit cell used herein was analytically characterized and the extracted effec-
tive parameters (permeability and permittivity) were numerically verified in the previous
chapter (see Fig. [£.14). The SRR was designed to work at 2.2 GHz as shown in Fig. (4.14).
The dimensions of the SRR unit cell are:

Az = Ay = 85 mm, Az = 2.762 mm, [, = [, = 6.5 mm, w = 0.3 mm. The width of
metallic strips (s) is equal to 0.3 mm, and the metallic strips are assumed to be made of
copper. Since the SRRs inclusions are aligned in the z-y plane, the resultant effective en-
hanced permeability is provided only in the z direction as clarified in the previous chapter.
Any incident magnetic field in the x or y direction will not couple to the SRRs inclusions

resulting in a permeability equal to that of free-space in those directions.

The patch antenna used herein (see Fig. [5.I)(c))has dimensions of 36 mm x 36 mm,
and is printed on a substrate of Rogers RO4350 having a relative permittivity of 3.48,
loss tangent of 0.004 and a thickness of 0.762 mm. This antenna is designed to operate
within the frequency band of 2190-2210 MHz (downlink band of UMTS) at which the
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Figure 5.1: Geometry of a patch antenna covered with an engineered magnetic superstrate.
(a) SRR unit cell. (b) Photograph of top view. (c) Side view. (d) Experimental prototype

(t =0.762 mm, m = 2 mm, ¢ = 85 mm and d = 12 mm).

67



magnetic superstrate has an effective permeability of about 16 (real part) and an effective
permittivity of 2.0 (see Fig. |4.14)).

The distance between the patch antenna and superstrate was chosen such that a strong
magnetic field exists to excite the SRRs achieving the required high permeability of the
artificial superstrate and hence a high gain of the antenna. This distance was determined
by parametric analysis using CST to be 12 mm. Fig. [5.2] shows that the magnetic field
vectors plotted on a surface at the superstrate location are pointed in Z-direction. This
means that the SRRs should be aligned in the XY plane as the resultant effective enhanced
permeability is provided only in the direction of the external magnetic field. Note that the
resonant spacing between the antenna and the superstrate (i.e. quarter wavelength) is not
used herein to avoid enlarging the structure significantly and also due to the lack of strong

magnetic field at this distance from the patch antenna.

The proposed analytical solution explained in Chapter [2]is used herein to calculate the
radiation field of the MPA loaded with an artificial magnetic superstrate. Substituting the

H Field[A/m] f

1.9819+6868
. 1.8585e+B@E
1.7351e+E0E

1.6115e+B0E
1. 4884e+EBE
1. 3650 +8868
1. 2417 e+EBE
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Figure 5.2: A snapshot of the magnetic field vectors plotted on a surface at the superstrate

location when the superstrate is removed.
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value of permeability and permittivity from in the equations presented in Chapter
, the electric field of the MPA is calculated at the desired frequency using and
(2.21) and then integrated to calculate the antenna directivity using . It is worth
mentioning that the proposed analytical solution requires only 2.0% of the time required

by the commercial software CST.

Fig. shows a comparison between the analytical (Eq. [2.22), numerical (CST) and
experimental results of the E-plane directivity radiation pattern at the antenna resonance
frequency of 2.2 GHz. A good agreement is observed between the three methods despite the
vast difference in the computational resources utilized by both methods (analytical method
and CST). The H-plane directivity radiation pattern of the same structure is shown in Fig.
[5.4] where the discrepancy in the measured results is believed to be due to the finite size of
the superstrate used herein. The analysis of the MPA covered with engineered superstrate
are performed using Intel(R) Core(TM)2 Quad CPU @2.83GHz machine, the proposed
analytical technique (Eq. requires 6 minutes and 280 megabytes of RAM using
MATLAB, while the CST simulations for the same structure requires about 6 hours and
2 gigabytes of RAM when 45 cells/wavelength with total of 2.6 M mesh-cells were used
for the entire structure. However, the analytical technique as presented in this work is not

capable of determining the input impedance.

Figs. and [5.6] show the reflection coefficient in dB of the MPA with and without
the artificial magnetic superstrate, respectively. Good agreement is observed between the
CST and the measured results. We note that the feed location had to be slightly adjusted
to achieve good matching after using the superstrate due to the loading effect of the
superstrate. The overall height of the structure is only A,/7 where ), is the free-space

wavelength at the resonance frequency.

The reason for using CST to calculate the results in Figs and is that the time
domain simulation module in CST stimulates the structure using a broadband signal.
Broadband stimulations calculate the S-parameters for the entire desired frequency range
and the radiation patterns at various desired frequencies from only one calculation run.
On the other hand, frequency domain solvers such as HF'SS perform a new simulation run
for each frequency sample. Hence, the relationship between calculation time and frequency
steps is linear unless special methods are applied to accelerate subsequent frequency domain
solver runs. Therefore, the time-domain solver is usually the fastest when a large number

of frequency samples need to be calculated.
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Figure 5.3: The E-plane directivity radiation pattern at 2.2 GHz of the patch antenna
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Figure 5.4: The H-plane directivity radiation pattern at 2.2 GHz of the patch antenna
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Figure 5.5: The return loss of the microstrip antenna before using the artificial magnetic
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Fig. shows the gain of the microstrip antenna before and after using the artificial
magnetic superstrate. Two different approaches were adopted to calculate the gain of the
antenna with superstrate, the first approach was to simulate the antenna with the SRR
based superstrate (realistic structure) using HFSS and CST. The second approach was to
simulate the antenna with an effective superstrate with the same stack up and dimensions
of Fig. [5.1fc) using a dielectric material with relative permeability of 16 and relative
permittivity of 2.0 which are the same effective values for the SRR unit cell, this approach
shows the effect of the high permeability on the gain of the antenna. Good agreement is
shown between the two approaches as shown in Fig. [5.7, The gain is improved by 3.8 dBi
at the resonance frequency after using the engineered superstrate. The 3-dB beamwidth
for the patch antenna only is 80° compared with 57° for the patch antenna covered with the
artificial superstrate. The reduction in the 3-dB beamwidth is an indication of the improved
directivity in the broadside direction and the sharpening of the radiation pattern’s main
lobe.

Fig. [5.8| shows the radiation efficiency of the microstrip antenna before and after us-
ing the artificial magnetic superstrate. Both CST and HFSS were used to calculate the
radiation efficiency. It is clear that the radiation efficiency was improved over the relevant
range of frequencies. Notice that the radiation efficiency is increased by 14% at the reso-
nant frequency once the superstrate is used. The enhanced efficiency is believed to be a
consequence of the increase in the antenna gain due to the direct proportionality between
the gain and efficiency. The SRR unit cells were simulated as copper in the CST and HFSS
simulations in order to mimic the realistic structure and to include the conductor losses

due to the artificial superstrate.

The effect of the superstrate’s panel size on the antenna performance is presented in
Table . As the panel size increases, the gain increases (notice that as the panel size
increases, the effective aperture of the antenna increases, hence the increase in the gain
and efficiency). To avoid enlarging the antenna size, we have chosen a panel size of 10X10

array to consider herein as it is approximately 2.3 times the patch size.
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Table 5.1: The performance of the antenna with the magnetic superstrate at the resonance

frequency of 2.2 GHz for different panel sizes (L is the patch antenna size)

Panel size Gain (dBi) | Efficiency (%)
4X4 array (0.9 L) 6.3 65
6X6 array (1.4 L) 7.2 69
8X8 array (1.9 L) 8.15 74
10X10 array (2.3 L) 8.8 76
12X12 array (2.8 L) 9.14 73

5.3 Microstrip Antenna Array Covered With Artifi-

cial Magnetic Superstrates

In this section, we present two contributions. The first one is the application of the
aforementioned SRR based superstrate to cover a planar antenna array for the enhancement
of the gain and efficiency keeping the low-profile attractive feature of the microstrip circuits.
The second contribution is modifying the analytical formulation explained in Chapter [2)
to calculate the radiation field of the planar antenna array with and without the artificial
superstrate. To validate the analytical results, numerical full-wave simulations will be
presented. The simulation results will show a gain enhancement of about 3.5 dBi and an
efficiency improvement of 10% for antenna array working in the UMTS band. As a practical
perspective, high gain planar antenna arrays are used in sectorized cellular base stations
to increase the frequency reuse factor and to reduce the co-channel interference. The
proposed method (array with superstrate) is anticipated to combat some of the downsides
of microstrip antenna arrays such as feed network losses and gain reduction due to surface

waves.

As shown in Fig. (b), one layer of the superstrate is constructed by arranging a 44
X 24 array of SRRs. The superstrates consists of three layers of the SRR arrays, aligned in
the x-y plane and separated from each other by 2 mm air layers, as depicted in Fig. (c)

It may be noted that only z-directed magnetic fields are coupled to the superstrates layers.

The 4x1 antenna array used to demonstrate the gain and efficiency enhancement is
shown in Fig. [5.9(d). The antenna elements (patches) are printed on a substrate of Rogers
RO4350 with a thickness of 0.762 mm, relative permittivity of €, = 3.48, and loss tangent of
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tand = 0.004. The separation between adjacent antenna elements is optimized for obtaining
the highest gain. The antenna array is designed to operate at a resonance frequency of
2.18 GHz which lies in the UMTS band. The feeding network provides a zero progressive
phase to the antenna elements to obtain broadside radiation. At the operating frequency,
fir.;; and € ., of the superstrate are calculated using and to be 16 and 2.0,

respectively.

The analytical formulation proposed in Chapter [2| is extended herein to calculate the
radiation field of the 4X1 antenna array with and without the artificial superstrate. The
electric field of a single patch antenna is calculated at the desired frequency using and
and then integrated and multiplied by the array factor (AF) to find the directivity

of any configuration of planar antenna arrays:

. B 4 I [AF)?
Directivity(0, ¢) = 02# ff T TAF]? sin(9)d0ds (5.1)
Where, L,
1= co2(0) 0 s (i (@) N (O) + cos?(6) QUO)) (5.2
X = KSL sin(d) cos(¢), Y = KW sin(6) sin(¢) (5.3)

where L and W are the patch dimensions in the z and y directions, respectively (see Fig.
5.9(d)). The functions N(#) and () depend on # only and they represent the current
at z = h in the transmission line analogy (Fig. due to an incident current wave of

strength cos (6) and 1, respectively.

In case of using (5.1) to calculate the directivity of 4X1 antenna array covered with

superstrate, the AF in this case would be:

AF = cos(k, y1 sin@ sin ) + cos(k, ya sinf singp) (5.4)

Where y; and ys are design parameters of the 4X1 antenna array shown in Fig. |5.9(d):
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A comparison study of the radiation patterns generated by the proposed analytical model
(Eq. (b.1)) and CST software are depicted in Figs. [5.10 [5.11] |5.12[ and [5.13] A good

agreement between the two simulations methods is achieved despite the vast difference

in the computational resources utilized by both methods. The analysis of the antenna
array covered with engineered superstrate are performed using Intel(R) Core(TM)2 Quad
CPU @2.83GHz machine, the proposed analytical technique requires 12 minutes and 370
megabytes of RAM using MATLAB, while the CST simulations for the same structure
requires about 8 hours and 6 gigabytes of RAM when 45 cells/wavelength with total of 4.6
M mesh-cells were used for the entire structure. Hence, The proposed formulation (Eq.

(5.1))) requires only 2.5% of the time acquired by full-wave analysis.

As discussed in the previous section, the distance between the antenna array and the
superstrate was chosen such that a strong z-directed magnetic filed exists to excite the
SRRs achieving the required high permeability of the superstrate. As shown in the gain
plot given in Fig. [5.14] the gain in the broadside direction is improved by 3.5 dBi at the
antenna resonance. The return loss, also depicted in Fig. [5.14] shows that the antenna
array is matched to the feed-line, before and after the application of the superstrates. A
slight change in the resonant frequency and the antenna bandwidth is observed because of

the change in the near field properties of the antenna when the superstrates is added.

Fig. [5.15| provides the radiation efficiency of the antenna before and after the addition
of the engineered superstrates. A 10% increase in efficiency shows that the losses due to
surface waves are reduced. This can be understood by considering the inherent anisotropy
of the band gap structure. To further illustrate the effect of superstrate on the antenna
gain, a comparison of the E-plane and H-plane radiation patterns are provided in Figs.
[6.16] and [5.17] , respectively. The overall radiation pattern shapes before and after the

addition of superstrates are identical showing that the radiation in the principle planes of

the antenna array is not disturbed.
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Figure 5.10: The E-plane directivity radiation pattern at 2.17 GHz of the 4X1 patch

antenna array.

Figure 5.11: The H-plane directivity radiation pattern at 2.17 GHz of the 4X1 patch

antenna array.
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Figure 5.12: The E-plane directivity radiation pattern at 2.17 GHz of the 4X1 patch

antenna array with the artificial magnetic superstrate.
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Figure 5.13: The H-plane directivity radiation pattern at 2.17 GHz of the 4X1 patch

antenna array with the artificial magnetic superstrate.
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Figure 5.14: The return loss and gain of the microstrip antenna array before and after

using the artificial magnetic superstrate.
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Figure 5.15: The radiation efficiency of the microstrip antenna array before and after using

the artificial magnetic superstrate. (10% increase in the efficiency is achieved at 2.18 GHz)
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Figure 5.16: The E-plane radiation pattern of the microstrip antenna array before and
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5.4 Enhanced Gain Planar Inverted-F Antenna with
Metamaterial Superstrate for UMTS Applications

One of the design constraints on the new mobile handset generation is antenna-size minia-
turization, as more antennas need to be integrated in the same handset to support multiple
standards. Furthermore, antennas need to maintain good performance in terms of band-
width, gain, and radiation pattern. Planar inverted-F antennas (PIFA) are widely used
in wireless hand-held devices due to their small-size, moderate bandwidth and radiation
patterns [62]-[66].

Size reduction of PIFA antennas can be achieved using several techniques [67]-[70].
In [67], a small-size PIFA antenna operated at its one-eighth wavelength (A/8) mode was
proposed, the proposed PIFA constituted by two radiating strips of length about (A/8)
was fed using a coupling feed. Du et al. [68] used the idea of high-impedance surface to
construct a photonic bandgap type (PBG-type) ground plan for a PIFA antenna in order
to reduce the planar size of the antenna, the (PBG-type) ground plan was composed of
a dielectric substrate on a metallic plate and an upper plate with periodically metallic
patch overlays on the substrate. In [69], the impedance bandwidth of a miniature PIFA
antenna was enhanced using very high permittivity superstrate (e, > 35) without consid-
ering physical realization of the proposed superstrate. Another mechanism to miniaturize
PIFA antenna is to have slots in the ground plane [70] to make the ground plane appear
electrically longer. Although the slotted ground plane reduced the height of the antenna,
this will add complexity in the design and housing of the mobile handset. Further, band-
width becomes extremely narrow as antenna height is reduced. In [71], it was shown that
the emitted power from current handset phones results in significant power loss absorbed
by user’s human head; thus decreasing the efficiency and possibly the gain of the antennas.
While reducing the size of PIFA antennas is important, what is typically neglected is the

consequential effects on the antenna gain and radiation patterns.

In this work, the engineered magnetic superstrate explained in the previous sections
is used herein for gain enhancement of PIFA antennas. The designed artificial magnetic
superstrate along with the PIFA antenna is numerically simulated, and the effect of the
superstrate on gain, impedance bandwidth, and radiation patterns of the antenna is in-

vestigated. The total height of the proposed superstrate over the antenna is only A\o/14
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where )\ is the free-space wavelength at antenna’s resonance frequency. Thus, the antenna

structure remains low profile, and is advantageous in cell-phone applications.

The SRR unit cell has the same dimensions as mentioned in the previous section.
A planar 12 x 12 array of SRRs was printed on the host dielectric layer to provide the
engineered magnetic material as shown in Fig. [5.18 The PIFA antenna considered herein
(see Fig. consists of a rectangular planar element located above a ground plane, a
short-circuiting plate or pin, and a feeding mechanism for the planar element. The planar
radiating element used herein has dimensions of 24 mm x 8 mm, and is suspended on air
substrate with a thickness of 8.5 mm. The antenna is fed using a coaxial probe feed and is
shorted to the ground plane using a short-circuiting metallic pin of radius 0.35 mm. This
metallic pin introduces inductance to antenna’s equivalent circuit and hence reduces the
planar size of the PIFA antenna to be used in cell-phones applications. The antenna is
designed to operate within the frequency band of UMTS at which the magnetic superstrate

has an effective permeability of about 16 (real part) and an effective permittivity of 2.0
(see Fig. [4.14).

The full-wave EM solver CST Microwave Studio was used to simulate the proposed
antenna with and without superstrate. Fig. shows the reflection coefficient of the PIFA
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Figure 5.18: The proposed PIFA antenna covered with an engineered magnetic superstrate:
(a) Unit cell. (b) Top-view. (c) Side-view. (a = 0.762 mm, b = 2 mm, d = 4 mm, and h
= 8.5 mm)
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Figure 5.19: Geometry of the Planar PIFA antenna. (L; = 8 mm and Ly = 24 mm)

antenna before and after using the artificial magnetic superstrate at the optimized distance
of 4 mm from the substrate. The overall height of the superstrate above the antenna is
only A\g/14 where )\ is the free-space wavelength at the resonance frequency. As shown in
Fig. the antenna impedance bandwidth (S;; < -10 dB) and the resonance frequency
of 2.2 GH are slightly changed after using the metamaterial superstrate in comparison to

the case without superstrate.

The distance between the PIFA antenna and superstrate was optimized numerically
using CST to achieve the highest possible gain. Fig. shows the gain of the PIFA
antenna in the maximum radiation direction before and after using the artificial magnetic
superstrate for different distances between the antenna and superstrate. It is observed
that the gain is improved by 3.2 dBi at the resonance frequency after using the engineered

superstrate at d = 4mm.

Figs. [5.22] and [5.23| show the E-plane and H-plane radiation patterns, respectively,
these patterns are calculated at the resonance frequency (2.10 GHz) of the PIFA antenna

before and after using the engineered magnetic superstrate at d = 4 mm, it is observed
that the gain of the PIFA antenna is enhanced in the direction of maximum radiation after

using the artificial magnetic superstrate.
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Figure 5.20: The return loss of the PIFA antenna before and after using the artificial

magnetic superstrate.
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Figure 5.21: The gain of the PIFA antenna before and after using the artificial magnetic

superstrate for different distances between the antenna and superstrate.
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Figure 5.22: The E-plane (¢ = 0°) gain radiation pattern at 2.10 GHz of the PIFA antenna
before and after using the artificial magnetic superstrate at d=4 mm.
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Figure 5.23: The H-plane (¢ = 90°) gain radiation pattern at 2.10 GHz of the PIFA
antenna before and after using the artificial magnetic superstrate at d=4 mm.
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5.5 Concluding Remarks

An engineered magnetic superstrate was introduced for gain and efficiency enhancement
of low-profile antenna. The engineered superstrate based on the broadside coupled split
ring resonator SRR was analytically designed and characterized. The patch antenna cov-
ered with the engineered superstrate was experimentally and numerically investigated, and
compared with the case of patch without superstrate. It was shown that for a patch an-
tenna resonating at 2.2GHz, using the engineered magnetic superstrate results in a 3.8 dBi
enhancement in gain and 14% enhancement in efficiency, while maintaining an antenna
profile of \g/7. The planar size of the radiating system was only 2.3 times the patch size.
These improvements were achieved while having an insignificant effect on the impedance
bandwidth of the antenna.

Furthermore, a very fast and accurate analytical technique was developed to calculate
the radiation field of a microstrip antenna covered with an artificial magnetic superstrate.
The analytical formulation is based on using the cavity model to replace the patch antenna
by two magnetic line sources. Then, the reciprocity theorem and transmission line analogy
were used to calculate the far-field of these two magnetic line sources representing the patch
antenna. The proposed analytical model was implemented and verified by a comparison
with experiments and full-wave simulations. It is worth mentioning that the proposed

analytical solution requires only 2.0% of the time acquired by the commercial software
CST.

To further investigate the effect of superstrate on the performance of planar printed
antennas, the aforementioned engineered magnetic superstrate constructed by split-ring-
resonators was used to cover a 4x1 linear microstrip array to enhance its far-field properties.
The distance between the patches and the superstrates is optimized to achieve a gain
enhancement of about 3.5 dBi. The antenna properties such as radiation patterns and
the return loss characteristics are not significantly affected by the superstrates. However,
there is an improvement in efficiency of about 10%. An overall profile of \y/7 resulted when
the superstrates is added, which is appreciably better than the other techniques of gain
enhancements such as EBG based superstrates. The superstrate-based gain enhancement
method can be used in commercial antenna arrays to combat some of the downsides of
the existing systems such as gain decrease due to surface waves and dielectric losses. The

analytical method based on reciprocity theorem and transmission line model was extended
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to calculate the radiation field of the antenna array covered with artificial superstrate,
the radiation patterns results are compared with the full-wave simulator CST and good
agreement was achieved. The proposed formulation requires only 2.5% of the time acquired

by full-wave analysis.

Another application for the SRR-based artificial superstrate is to enhance the gain of
planar inverted-F Antenna (PIFA) which is commonly used in cell-phones applications.
The PIFA antenna covered with the artificial superstrate was numerically investigated. It
was shown that using the engineered magnetic superstrate, gain enhancement of 3.2 dBi
is attainable, while maintaining a superstrate profile of A\g/14 where )¢ is the free-space

wavelength at the PIFA’s resonance frequency.
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Chapter 6

Beam Steering of Patch Antennas
Using High Refractive Index

Superstrate

6.1 Introduction

In the previous chapter, a patch antenna fully covered with a superstrate was designed
to enhance the gain and efficiency. In this chapter, we consider a novel implementation
of the antenna-superstrate configuration in order to steer the antenna’s main beam. As
shown in Fig. [6.1[(b) , the superstrate is displaced along the E-plane (z-y plane) of the
patch such that it covers only one of the radiation slots of the patch antenna (according
to the cavity model [50, [72]). In effect, the electromagnetic radiation from the covered
radiating slot reaches the far-field with an additional phase with respect to the uncovered
slot, resulting in an inclined beam whose angle depends on the superstrate’s refractive

index and thickness.

As shown in Fig. (b), the partial superstrate creates a phase-imbalance between the
fields emitted by the two radiation slots in free space, thereby producing an off-broadside
main beam. Thus the antenna-superstrate system acts as a two element phased array in
which the phase is controlled by the refractive index and thickness of the superstrate. The

off-broadside beam deflection is demonstrated using a superstrate with a high permittivity
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Figure 6.1: The geometry of a microstrip antenna (L = W = 36 mm) which is (a) fully

covered by a high refractive index superstrate and (b) partially covered by same superstrate.
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that partially covers a microstrip patch antenna.

Beam steering has been traditionally implemented in antenna arrays using phase shifters
which result in complex structures and suffer from high loss and mass [73]-[77]. On the
other hand, the proposed method of beam steering is cheaper and easier to implement
by partially covering the patch with a high refractive index superstrate. Moreover; the
antenna directivity and gain are enhanced. Full-wave simulations are employed to show
beam deflections up to 37 degrees in the presence of high refractive index superstrates.
Analytically, the beam angle is predicted by using plane-wave approximations and ray-
tracing technique which is very fast method to calculate the radiation patterns of such
radiating systems. FExperimentally, a beam deflection of 25 degrees is achieved when a

microstrip patch is partially covered with a superstrate having a dielectric constant of 10.

It should be noted here that the beam steering that was demonstrated in the contem-
porary superstrate-covered antennas [78] takes place due to the secondary radiation by the
unit cells forming the superstrate layer. On the other hand, the proposed configuration uti-
lizes the dual-aperture radiation mechanism of the microstrip antenna and the superstrate
only produces a phase difference between the two radiation slots. With the possibility
of tunable artificial superstrates, which can be developed by implementing varactors in
metamaterial structures [79]], a novel method of beam steering can be implemented as an

alternate solution to the phase shifting networks.

6.2 Fully-Covered Patch Antenna

Consider first a single patch element (see Fig. [6.1)(a)) which is fully covered by a superstrate
of relative permeability of us, and relative permittivity of e;. The patch is designed to
resonate at 2.18 GHz when placed on a substrate of 0.762 mm thickness and 3.48 dielectric
constant. The superstrate has thickness x, = 6.28 mm and is placed at r, = 12 mm
(corresponding to A,/11, where ), is the free-space wavelength). It follows from the cavity
model [48] that the two radiation slots of the microstrip antenna (located along the y-axis)
can be modeled as two magnetic dipole sources separated by the effective patch length

forming a two element array.

The plane wave propagation geometry depicted in Fig. shows the equivalent array
geometry when the ground plane is replaced by the images of the magnetic sources. Since
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Figure 6.2: Equivalent plane-wave geometry of a microstrip patch antenna fully covered
by a superstrate. The microstrip antenna is replaced by two equivalent magnetic sources
and ground plane is replaced by their images.

h << \,, the fields of the source and image can be added in phase, resulting in the following
value for the normalized far-field in the principal E-plane in the presence of the superstrate
[72):

E¢t =J

k1WhEoe_jk17" sin k;—h COS ¢ |:1 + ejleesz'n(¢)

kih
r Bl cos ¢ 2

} Trar (6.1)

The term in the square brackets represents the array factor. E, is the amplitude of
electric field in the radiation slot, K is the propagation constant of the free space, and
L. is the effective length of the microstrip antenna with the fringing effects taken into
account. Noting that the plane waves incident upon the superstrate have a transverse
magnetic polarization (TM) in the plane of incidence (E-plane) [72]. (Trps) in the above

equation is the angle-dependent overall transmission response from medium 1 to medium
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3 and is obtained by imposing the matching conditions on the transverse phase and electric

field-vectors at the interfaces [80]:

E',cosx' Ty Ty kants

Trar = (6.2)

Eycosy 1+ pypyeiZkonts

where x and x’ are the angles which the incident and transmitted rays respectively
make with the normal. x, is the thickness of the superstrate. ko, is the component of
the phase constant that is normal to the medium 2 - medium 3 interface and is given by
w.ng.cos (xz2)/c (where w is the angular frequency, c is the speed of light in free space and
rest of the parameters are defined in Fig. . p1 and ps are the reflection coefficients of
the transverse fields at the medium 1 - medium 2 and medium 2 - medium 3 interfaces

respectively and are defined by (in case of TM wave):

72 COS X2 — M1 COS X

T2 COS X2 + M1 COS X

)3 COS X — T)2 COS X2
p2 = (6.3)
73 COS X + 7)2 COS X2

pr =

where 7y, 1o and 73 are the intrinsic impedance of medium 1, 2 and 3, respectively. In

the case of having medium 1 and medium 3 as air then n; = 73.

71 and 7y, given by 71 = p; + 1 and 7, = ps + 1, are the transmission coefficients on the
above mentioned interfaces. The angle of refraction ( y2) is obtained by applying Snell’s
law (ng sin X = ng sin x3) at the medium 2 - medium 3 interface. Also, as medium 1
and medium 3 are assumed to be free space, n; = ng = 1 which implies that the angle
x = x . Equation then provides the relationship between the total transmitted and
incident fields (through the superstrate). Also, note that in case of (n, = 13 and y = x')
then p; = —po.

The overall reflection response through the superstrate (medium 2) can be calculated
as [R0]

—j2kanTs

_ptpe
1 =+ p1p2€_j2k2n1's

Rrum (6.4)

The transmission and reflection responses (Eqs. and of the superstrate slab are
plotted with respect to the angle of incidence () in Fig. . As shown, the transmission
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Figure 6.3: Dependence of the transmission and reflection responses of the superstrate on

the angle of incidence ()

response decreases as the angle of incidence increases. At angles close to end-fire, when
the reflection response maximizes, the transmission response is almost negligible. This
angle-dependent transmission response (1)) constitutes towards the directivity increase

of the antennas covered with a high refractive index superstrates.

The far-zone electric field calculated by the HFSS simulator and the plane-wave ap-
proximation (Eq. are compared in Fig. A slight directivity enhancement that
increases with the refractive index is observed which is caused due to the nature of the
transmission response of the air-superstrate. In effect, the radiated fields are suppressed in
end-fire directions resulting in the enhanced directivity in the broadside direction. Further
increase in directivity is possible with higher values of intrinsic impedance of superstrate
or by optimizing the antenna-superstrate separation. Note that the electric fields along
the end-fire directions in the HFSS model decay rapidly due to the finite ground plane

resulting in the E-plane pattern that appears more directive.
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Figure 6.4: E-plane radiation patterns of a microstrip antenna that is fully covered with a

superstrate showing directivity increase with increase in the superstrate’s refractive index.
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6.3 Partially-Covered Patch Antenna

Consider next the case when the superstrate is shifted along the E-plane (x-y plane) to cover
only half of the patch, as depicted in Fig. [6.1[(b). Along certain observation angles (¢) in
the far-field, the plane-waves arriving from the two sources travel through the superstrate
and hence are phase delayed by an angle that is dependent on the refractive index and
thickness of the superstrate. The superstrate is assumed to be semi-infinitely extended
along (+y) axis to simplify the derivation of the radiation field in this case when the patch

is partially covered with the superstrate.

Considering three angular ranges for the angle (¢) which cover the upper half space in
order to explore the phased-array effect of the patch partially covered by a superstrate.

These three ranges are explained as follows:

In the first angular range (¢, < ¢ < ¢1), the radiation from equivalent source No.
1 (see Fig. where ¢ and ¢, are defined) does not travel through the superstrate and
hence does not suffer any extra phase shift. On the other hand, radiation from source No.
2 travels through the superstrate and hence suffers from an extra phase shift needed for

the phased-array effect. Fig. shows the ray-tracing geometry for this angular range of
0.
In the second angular range (¢ < ¢ < 7/2), the radiation from both sources

travels through the superstrate and hence suffers from an extra phase shift needed for the

phased-array effect. Fig. shows the ray-tracing geometry for this angular range of ¢.

In the third angular range (37/2 < ¢ < ¢9), the radiation from both sources does
not travel through the superstrate and hence does not suffer from any extra phase. Fig.

shows the ray-tracing geometry for this angular range of ¢.
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Figure 6.6: The ray-tracing geometry of the phased-array effect when the radiation from

one source is phase delayed from that of the other source due to the presence of superstrate.
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Figure 6.7: The ray-tracing geometry when radiation emitted by both of the sources passes

through the superstrate before reaching the far-field.
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Enforcing the plane-wave approximations and ignoring the diffraction and scattering
from the superstrate edges, the radiation field in the above three angular ranges can thus

be written as:

Egy = By (e N5 Ty e?Mbesiod) gy < ¢ < ¢y

Egy = Tra Eps (1 + Ftlesn?), 1 < ¢ < /2

Ey = 0, /2 < ¢ < 3m/2

Egy = Eyy(1+eMlesm?) 3/2 < ¢ < ¢y (6.5)

where Ey; is the field emitted by single radiation slot and %,y is the normal component

of the propagation constant in free space and equals kjcos(x).

We note in that along certain observation angles, the electromagnetic waves emit-
ted by the covered slot undergo an additional phase shift equal to the product of the
superstrate’s thickness x; and the normal component of the propagation constant inside
the superstrate. From the array theory, this phase difference between the slots translates
into the main-beam deflection, as depicted in the field patterns of Fig. [6.9 The beam
angle increases as the refractive index of the superstrate is increased and more phase shift
incurs inside the superstrate layer. In particular, the direction of the main lobe is given
by 23° and 37° from HFSS simulation and 10° and 28° from the plane-wave method (Fig.
6.9(b)) for the refractive indices of 2 and 4, respectively. The plane-wave model predicts
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lower beam tilts and less-directive broader patterns due to the semi-infinite superstrate
assumption. Furthermore, sharp edges are seen in the plane-wave model patterns which
are partly due to the omission of near field effects in the model (such as scattering and

diffraction from the superstrate).

The finite ground effect can be incorporated in (6.5) by obtaining the single slot pattern
E,s from the full wave simulations. Hence, the radiation field in the last two angular limits
of (6.5 can then be combined to give:

By = By (1 + e/hrlesing) T2 < ¢1 < o (6.6)

With finite ground plane assumption (see Fig. [6.9(c)), radiation patterns are more
directive and the beam angles are closer to those obtained using the full-wave simulation
HFSS (Fig. [6.9(a)). This good agreement between the proposed plane-wave model and
HFSS is obtained despite the huge difference in computational resources used by the two
methods. The proposed model consumed only 1/100 of the time taken by HFSS.
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Figure 6.9: E-plane patterns of a patch antenna partially covered by a superstrate, obtained
from (a) HFSS simulations (b) Plane-wave model (Eq. assuming infinte ground plane
and (c) Plane-wave model (Egs. and assuming finite ground plane.
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A comparison of electric field distributions (near fields) detected above the superstrate
(provided in Fig. corroborates the above mentioned concepts. Intense fields in
the center and rapid roll-off show higher directivity for the fully-covered patch (ny = 4)
when compared with the patch-only case. With the partially-covered patch (ny = 4), the
high-intensity spot moves in the direction of the superstrate’s displacement, signifying the

moving of the main beam.
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Figure 6.10: A comparison of electric field distributions detected at 57 mm ( A, / 2.4)
above the patch.

To observe the matching characteristics of the antenna-superstrate configuration, the
reflection coefficient (Sj1) plots for the three cases are provided in Fig. [6.11 The Sy

plots show that the patch antenna remains matched under all three situations. However, a
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slight displacement in the resonant frequency indicates the variation in the input impedance

because the superstrate then perturbs the antenna’s near-field.

Reflection Coefficient (dB)

20 [ Patch Only
30! ---Fully-covered
—Partially-covered

31 245 22 225
Frequency (GHz)

Figure 6.11: Reflection coefficient of the patch without superstrate and with superstrate

showing good matching.
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6.4 Experimental Results

The concept of beam steering is verified by fabricating a microstrip patch antenna that is
resonant at 2.2 GHz. The dimensions of the patch and the substrate are similar to the
one used in the HFSS simulations in the previous sections. As shown in Fig. [6.12] half of
the patch is covered with a superstrate of Rogers RO3010 having a relative permittivity
of 10.2, loss tangent of tan = 0.0035 and a thickness of 6.4 mm. The superstrate was
fabricated by stacking five layers of Rogers RO3010 having standard thickness of 1.28 mm.
The partial superstrate was placed at 12 mm from the patch antenna. The photographs

of the experimental set-up are provided in Fig. [6.12]

The gain radiation patterns are measured using Agilent E5062A ENA Series RF Net-
work Analyzers in an anechoic chamber. A comparison between the radiation patterns
obtained from HFSS and measurement is depicted in Fig. for the patch antenna be-
fore and after using the superstrate. A strong deflection of 25° in the E-plane (plane of
superstrate displacement) is observed after using the superstrate. The HFSS results agree
well with the measurement. Furthermore, the gain in the direction of main beam (highest

radiation) was increased by 3.14 dBi after using the superstrate (see Fig. [6.13)).
In the E-plane pattern shown in Fig. |6.13] the 3-dB beam-width for the patch antenna

is 92° compared with 59° for the patch antenna partially covered with the superstrate.
The reduction in the 3-dB beam-width is an indication of the improved directivity in the
direction of main beam (highest radiation) and the sharpening of the radiation pattern’s

main lobe.

Fig. |6.14] shows a comparison of E-plane gain radiation pattern obtained from HFSS
and experiment for a patch antenna fully covered with a superstrate of Rogers RO3010
at distance of 12 mm from the patch. By comparing Fig. |6.13(a) and Fig. [6.14] it is
obvious that the gain at =0 is improved by 4.3 dBi after fully covering the patch with
a superstrate of Rogers RO3010. Also, no beam deflection is observed due to the fully

coverage mechanism.
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6.5 Concluding Remarks

A novel mechanism of steering the main beam of a microstrip antenna, using high refrac-
tive index superstrate, was presented. Moreover; the antenna gain and directivity were
enhanced. The proposed configuration consists of the high refractive index superstrate
partially covering the patch such that one of the radiation slots is exposed. Through full-
wave simulations, the main beam of the antenna is shown to deflect to higher angles as the

refractive index of the superstrate is elevated.

The radiation mechanism was investigated by plane wave approximations and antenna
array theory, the two radiation slots act as a two element array with a phase disparity that
is created by the placing of the superstrate layer on one of the slots. A good agreement
between the proposed plane-wave model and HFSS was obtained despite the huge difference
in computational resources used by the two methods. The proposed model consumed only
1/100 of the time taken by HFSS.

Experimental results were presented to support the proposed mechanism of beam steer-
ing which can be of commercial value when used in antenna array systems for radar appli-
cations. With tuneable superstrate, a reconfigurable beam steerable microstrip patch can
be obtained.
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Chapter 7

Conclusions and Future Work

7.1 Summary and Contributions

In this dissertation, several advances to the present state of the art of gain enhancement and
beam steering techniques of planar antennas have been developed and presented. These
advances include introducing of a new approach to improve the radiation properties of
planar antennas using artificial magnetic superstrates and the development of a very fast
analytical solution for the radiation field of planar antennas when embedded in multilayered

artificial periodic structure.

In summary, this dissertation presented the following contributions in the area of planar

antennas integrated with artificial magnetic materials:

e A very fast and accurate analytical solution for the radiation field of a microstrip
antenna loaded with a generalized superstrate was developed using the cavity model
of microstrip antennas in conjunction with the reciprocity theorem and the trans-
mission line analogy. The proposed analytical formulation for the antenna’s far-field
is much faster when compared to full-wave numerical methods. It only needs 2% of
the time required by full-wave analysis. Therefore the proposed method can be used
for design and optimization purposes. The method was verified using both numerical
and experimental results. This verification was done for both conventional isotropic

dielectric superstrates, and also for artificial periodic superstrates. The analytical

108



formulation introduced here can be extended for the case of a patch antenna embed-
ded in a multilayered artificial dielectric structure. To the best of our knowledge,
the proposed analytical technique is applied for the first time for the case of a prac-
tical microstrip patch antenna working in the Universal Mobile Telecommunications
System (UMTS) band and covered with a superstrate made of an artificial periodic

metamaterial with dispersive permeability and permittivity.

The transmission line theory and the cavity model of a patch antenna were used to
derive the resonance conditions for a high gain patch antenna covered with a su-
perstrate. The resonance conditions require that the substrate-superstrate spacing
and the superstrate thickness should equal to quarter wave length in the respective
medium. A superstrate with very high characteristic impedance is required under
these resonance conditions to achieve very high gain. The theoretical formulation
for these resonance conditions were verified using numerical methods. The signifi-
cant effects of anisotropic magnetic superstrates on the antenna gain and radiation
efficiency were discussed. The design criteria proposed here reduces the total profile
of the radiating system by 50% when compared with previous trends based on using

highly-reflective superstrate and dielectric slabs superstrate.

An engineered magnetic superstrate was introduced for gain and efficiency enhance-
ment of low-profile antenna. The engineered superstrate based on the broadside
coupled split ring resonator SRR was analytically designed and characterized. The
patch antenna covered with the engineered superstrate was experimentally and nu-
merically investigated, and compared with the case of patch without superstrate. It
was shown that for a patch antenna resonating at 2.2 GHz, using the engineered
magnetic superstrate results in a 3.8 dBi enhancement in gain and 14% enhancement
in radiation efficiency, while maintaining an antenna profile of A\q/7. The planar
size of the radiating system was only 2.3 times the patch size. These improvements
were achieved while having an insignificant effect on the impedance bandwidth of the

antenna.

To further investigate the effect of superstrate on the performance of planar printed
antennas, the aforementioned engineered magnetic superstrate constructed by split-
ring-resonators was used to cover a 4x1 linear microstrip array to enhance its far-field

properties. The distance between the patches and the superstrates is optimized to
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achieve a gain enhancement of about 3.5 dBi. The antenna properties such as ra-
diation patterns and the return loss characteristics are not significantly affected by
the superstrates. However, there is an improvement in efficiency of about 10%. An
overall profile of A\y/7 resulted when the superstrates is added, which is appreciably
better than the other techniques of gain enhancements such as electromagnetic band
gap EBG based superstrates. The superstrate-based gain enhancement method can
be used in commercial antenna arrays to combat some of the downsides of the ex-
isting systems such as gain decrease due to surface waves and dielectric losses. The
analytical method based on reciprocity theorem and transmission line model was
extended to calculate the radiation field of the antenna array covered with artificial
superstrate, the radiation patterns results are compared with the full-wave simula-
tor CST and good agreement was achieved. The proposed formulation requires only

2.5% of the time acquired by full-wave analysis.

Another application for the SRR-based artificial superstrate is to enhance the gain
of planar inverted-F Antenna (PIFA) which is commonly used in cell-phones appli-
cations. The PIFA antenna covered with the artificial superstrate was numerically
investigated. It was shown that using the engineered magnetic superstrate, gain en-
hancement of 3.2 dBi is attainable, while maintaining a superstrate profile of \/14

where \q is the free-space wavelength at the PIFA’s resonance frequency.

A novel mechanism of steering the main beam of a microstrip antenna, using high
refractive-index superstrate, was presented. Moreover; the antenna gain was en-
hanced. The proposed configuration consists of a high refractive-index superstrate
partially covering the patch such that one of the radiation slots is exposed. Through
full-wave simulations, the main beam of the antenna was shown to deflect to higher

angles as the refractive-index of the superstrate is elevated.

The radiation mechanism was investigated by plane wave approximations and an-
tenna array theory, the two radiation slots act as a two element array with a phase
disparity that is created by the placing of the superstrate layer on one of the slots.
A good agreement between the proposed plane-wave model and HFSS was obtained
despite the huge difference in computational resources used by the two methods. The

proposed model consumed only 1/100 of the time taken by HFSS.

Experimental results were presented to support the proposed mechanism of beam
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steering and gain enhancement which can be of commercial value when used in an-
tenna array systems for radar applications. With tuneable artificial superstrate, a

reconfigurable beam steerable microstrip patch can be obtained.

7.2 Future Work

None of the research presented herein is the last word on any subject. This work lays the

foundations for possible directions of further research that includes:

e High gain and efficiency Superstrate-Antenna for Millimeter-wave tech-
nology:
The 60-GHz frequency band is very promising band for future wideband commercial
communications as this band is announced as unlicensed all over the world [81]-[86].
Millimeter-wave technology is one approach to provide up to multi-Gb/s wireless
connectivity for short distances between electronic devices. The data-transfer rate is
expected to be 40-80 times faster than contemporary wireless LAN systems, trans-
mitting an entire DVDs data in roughly 14 s. However, this novel technology will
require miniaturized and high-efficiency millimeter front-ends and antennas. Hence,
it is essential to design artificial magnetic superstrates working in the 60 GHz band
to increase the gain and efficiency of planar antennas used in such high speed com-

munication system.

e Engineered magnetic structures as a substrate and superstrate of minia-
turized planar antenna:
In the case of using metamaterials as a substrate for planar printed antennas [87]—
[90], the antenna radiation efficiency and gain is degraded because of the high value
of the substrate relative permittivity and the associated surface wave effects. For this
reason, it is quite important to develop a technique to compensate for the reduction
in the antenna efficiency and gain. Hence, using metamaterial as a substrate and
a superstrate of planar antenna help reduce the size of the antenna and maintain a

practical value for the gain and radiation efficiency.

e Fast and accurate analytical solution for the radiation fields of a patch

antenna partially covered with a superstrate:
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We note in Chapter @ that for a patch antenna partially covered with a superstrate,
the beam angle increases as the refractive-index of the superstrate is increased and
more phase shift incurs inside the superstrate layer. Analytically, the beam angle was
predicted by using plane-wave approximations in conjunction with the ray-tracing
techniques. However, discrepancies and sharp edges were seen in the resultant radia-
tion patterns which are mainly due to the omission of near field effects in the model
(such as scattering and diffraction from the superstrate). Hence, taking these effects
into account should help increase the accuracy of the radiation patterns calculated

using this fast analytical method.

The development of high permeability low-loss artificial magnetic materi-
als:

It was shown in Chapter that the higher the permeability of the superstrate the
more the gain of the patch antenna. It is also shown that inclusions with larger sur-
face area result in higher value of permeability [28, [0T]. However, there is a tradeoff
between increasing the permeability and decreasing the loss on the one hand and
reducing dispersion, on the other hand. So, it is an attractive point of research
to provide such metamaterial inclusion with high permeability, low dispersion and

low-loss to help increase the gain of planar antennas.

Development of tunable artificial superstrate for beam steering of planar
antennas:

Another important extension to our work in Chapter (@ is to design a tunable
artificial superstrate to steer the beam of patch antennas. We showed that the beam
angle is proportional to the refractive-index of the superstrate. Hence, integrating
a lumped-element inside the metamaterial unit cell, through the use of a varactor
diode, enables us to vary the refractive-index of the superstrate in an interesting
range. This tunable metamaterial superstrate is then used with a patch antenna

permitting to steer the beam in different directions of the elevation plane.
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