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Abstract
Antennas that use the radiating mode of a dielectric resonator are called Dielectric
Resonator Antennas (DRAs). They are used extensively in microwave communication in today’s
world. They can be of any three-dimensional shape such as cylindrical, rectangular, hemispherical,
etc. Such a resonator typically has low loss (no conductor loss) and frequency bandwidth is
dependent on the dielectric permittivity. They are generally smaller in size than an equivalent
metallic cavity, and can be incorporated into microwave circuits and coupled to planar transmission
lines.
DRAs are much more difficult to batch fabricate along with microwave circuits compared
to their metal counterparts. This is due to the fact that most DRAs are generally made of high
permittivity ceramics, which require high temperature firing which is not generally compatible with
microwave fabrication processes. The fabrication of miniature DRAs for high frequency bands is
even more challenging. Machining of the extremely hard ceramics becomes difficult. This resulted in
a new approach proposed in the research group, which enabled one to fabricate DRAs using lower
permittivity ‘soft’ polymer materials. These so called ‘meta-DRAs’ were formed by incorporating
metal inclusions within a polymer base material. The polymer-base has a very low permittivity, and
hence does not naturally resonate as a DRA in the 20-60 GHz region. In order to achieve resonance at
the desired frequencies, the relative permittivity of the DRA has to be increased considerably. This
was done by introducing metal inclusions in the polymer base of the DRA to affect the electric flux
density. In this thesis, a wide variety of such meta-DRAs have been designed and simulated
considering various structural design parameters. The simulations have been done using HFSS
version 15.0 and a layout for fabrication was developed with the help of AutoCAD and ADS. The
antennas were designed for two principal resonating frequencies, 24 GHz and 60 GHz. Various
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designs were evaluated and the ones with the best results were included in the layout. Small physical
variations such as lateral metal width and gap have been carried out. The height of the inclusions was
also altered. The layout was used to fabricate an X-Ray mask at the Karlsruhe Institute of
Technology (KIT), Germany. Using this mask, X-Ray lithography and metal electroplating were used
to demonstrate the feasibility of fabricating the proposed structure.
In the thesis, the entire process used to design and simulate these meta-DRAs has been
explained and the simulation results have been compared. The primary objective of this project, to
demonstrate through simulations an increase in the effective permittivity of a polymer based DRA
and the effect on permittivity of varying the inclusion properties, has been successfully satisfied.
Generally, the use of metal inclusions can increase the effective relative permittivity of the
DRA in the range of 12-16. Different metal inclusion geometries behave differently. Out of the
geometries tested, the “H shaped” inclusions generally perform most favorably. Other geometries
include “window” and “half-window”. Certain meta-DRAs with unusual shapes or special meta
arrays have been designed and results compared. Varying the gap/width of the meta inclusions affects
the resonance. This also depends on the number of elements (metal inclusions) in the polymer base.
Some designs have non-uniform metal widths. Non-uniform height of the meta samples results in
multiple resonances in some cases.
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Chapter I
Introduction
1.1

Motivation
Dielectric Resonator Antennas have immense potential in the communication industry due

to their attractive features such as small size, high radiation efficiency, wide bandwidth and high
power handling capability. The size of DRAs can be reduced by increasing the dielectric constant of
the resonator (εr) resulting in compact antennas. εr also affects the frequency bandwidth, defined as
the percentage of the operating frequency where a certain acceptable impedance is maintained. For
instance, a DRA with εr of 10 can provide approximately 10 percent impedance bandwidth, whereas
a metal microstrip patch antenna typically provides only a few percent. DRAs can be excited by
various feeding mechanisms which are not so complex. The radiation efficiency of a lossy DRA is
much higher than that of a typical microstrip patch antenna. They also can provide different radiation
patterns due to their varied geometry or resonance modes.
Even though DRAs have advantages, microstrip patch antennas are used more widely for
practical purposes. This is mainly because DRAs are made of high permittivity materials such as
ceramics. As a result, they are more difficult to fabricate and integrate in a compatible process with
microwave circuitry. Microstrip patch antennas are however much easier to process due to
compatibility with printed-circuit technology. The problem becomes much worse at the millimetrewave frequencies where the size of the resonator is in the lower millimetre region and the tolerance
for manufacturing errors becomes even smaller. Due to these shortcomings DRAs are not widely
used in commercial applications, which is unfortunate given the fact that they are more capable and
could make a massive impact in communication industries.
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To overcome the fabrication complexity of the DRAs, polymer based DRAs have been
proposed and fabricated by Dr. David Klymyshyn’s research group at the University of
Saskatchewan [1,2]. These DRAs are made of polymer materials, which can dramatically simplify
the fabrication process of DRAs. But by replacing a high permittivity material like ceramic with a
very low permittivity polymer, the DRA is difficult to excite and typically resonates at very high
frequencies (millimeter waves) for small geometries. To overcome this difficulty, metal inclusions
were introduced in the polymer-base of the DRA (meta-DRA) [1]. A polymer typically has a low
permittivity, εr, in the range of 2-3. By introducing various metal inclusions in a certain pattern, the
permittivity could be increased to ~16 [1]. This would emulate a high permittivity material like
ceramic and also ease the process of fabrication. With the help of photosensitive polymers, a
lithographic process can be used. This thesis is a parametric study of the effects of varying the metal
inclusion geometries similar to those shown in [1]. The polymer assumed for the design and study of
the meta-DRAs in this thesis had a relative permittivity of 2.5 with a dielectric loss tangent of 0.01.
Nickel was assumed as the material for the metal inclusions. Figure 1.1 shows the top view of a
typical polymer-based DRA with metal inclusions.

Figure 1.1. Example of a polymer based DRA with metal inclusion.
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1.2. Background and Literature Review
Meta-DRAs, a new approach towards resonator antennas, was introduced by the research
team led by Professor David Klymyshyn at the University of Saskatchewan in their work in [1].
Metamaterials are defined in several books and journals as artificially structured materials composed
of periodic arrays of resonant sub-wavelength metallic structures. Their magnetic and electrical
properties provide a freedom to alter dielectric properties, which may not exist in conventional
materials. The field of metamaterials generated a lot of interest due to the prospect of obtaining a
negative index of refraction. Veselago [3] predicted that in a negative index material (NIM),
refraction would occur at negative angles, energy would flow in a direction opposite to the direction
of wave front propagation (phase velocity), and the Doppler Effect (the effect on the frequency of a
wave due to the change in proximity of the source and/or receiver) would be reversed. A negative
index material can be created by combining a negative electric permittivity (ε) material and a
negative magnetic permeability (μ) material. Such a medium has been implemented with a
combination of magnetically resonant antenna and electrically excitable medium.

By changing the geometrical parameters of the constituent structure of a metamaterial, the
realized dielectric or magnetic properties can be engineered. As a result, metamaterials enable the
design of materials with choice of electromagnetic properties [4]. The electromagnetic properties of
any material can be characterized by its electric permittivity and magnetic permeability. These are
governed by a set of vector equations defined by Maxwell and are commonly known as Maxwell’s
equations [5]:
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𝜕𝐵

∇ × 𝐸 = − 𝜕𝑡
∇ × 𝐻= 𝐽+

𝜕𝐷
𝜕𝑡

(1.1)

∇. 𝐷 = 𝜌
∇. 𝐵 = 0
Where,
E is the electric field intensity (volt/m),
H is the magnetic field intensity (ampere/m),
D is the electric flux density (coulomb/m2),
B is the magnetic flux density, also known as magnetic induction (tesla),
J is the electric current density of any external charges (ampere/m2), and
𝜌 is the volume charge density of any external charges (coulomb/m3).
SI units represent all the units of the above expressions. In free space, the electric and magnetic flux
densities can also be represented in terms of electric permittivity and magnetic permeability as
follows:
D = ε0 E

(1.2)

B = μ0 H

(1.3)

Where,

ε0 = 8.854 x 10-12 farad/m and
μ0 = 4Π x 10-7 Henry/m.
The above expressions are true only for a free space environment. But in practicality, material bodies
are often present in the environment, which complicates the analysis.
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In a dielectric medium, the E field causes a polarization of the particles given by P that produces
electric dipole moments. This adds to the total flux density of the medium given by
𝐷 = 𝜀0 𝐸 + 𝑃.

(1.4)

The polarization vector P can be denoted as
𝑃 = 𝜀0 𝒳𝑒 𝐸,

(1.5)

where, 𝒳𝑒 is the electric susceptibility and can be complex. Hence equation 1.4 becomes
𝐷 = 𝜀0 𝜀𝑟 𝐸 = 𝜀 𝐸

(1.6)

where, 𝜀𝑟 = 1 + 𝒳𝑒 is the relative permittivity and 𝜀 = 𝜀0 (1 + 𝒳𝑒 ) is the complex permittivity of
the medium. The complex permittivity accounts for the vibration losses like damping, which does not
happen in free space.
Hence it is clear that the dielectric properties of a DRA are resulted from the phenomenon
called dielectric polarization that occurs when electromagnetic fields pass through them. A DRA at
rest contains randomly oriented permanent electric dipoles. When an external field is applied, the
dipoles align themselves in the direction of the field and the material is said to be polarized.
Similar analysis can be done for the magnetic materials. Magnetic dipole moments are
produced on application of a magnetic field in a magnetic material, which results in a magnetic
polarization of Pm. This is also known as magnetization. The magnetic flux density is given by
B = μ0 (H + Pm).

(1.7)

For a linear material, the magnetic polarization is linearly related to H as follows:
Pm = 𝒳𝑚 𝐻,

(1.8)

where, 𝒳𝑚 is the complex magnetic susceptibility. Combining the above equations and simplifying,
the following expression is obtained:
B = μ0 (1 + 𝒳𝑚 ) H = μ H
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(1.9)

Where, μ = μ0 (1 + 𝒳𝑚 ) is the complex magnetic permeability of the medium. The complex part of
the μ or 𝒳𝑚 accounts for the loss that occurs due to damping. The equations (1.2) and (1.3) can now
be written as:
D=εE

(1.10)

B=μH

(1.11)

For wave propagation, the charge and current densities are localized in space. They are restricted to
flow on an antenna. These are considered as sources of the electromagnetic fields and due to their
restriction, the region of space is taken to be as source-free. This gives rise to the source-free
Maxwell’s equations. The set of equations in (1.1) can now be rewritten as:
∇ × 𝐸= −
∇ × 𝐻=

𝜕𝐵
𝜕𝑡

𝜕𝐷
𝜕𝑡

(1.12)

∇. 𝐷 = 0
∇. 𝐵 = 0
From the above set of equations, it can be noted that the densities J and 𝜌 are considered as zero. The
source-free Maxwell’s equations could be applied to a region and a solution with unknown
coefficients could be obtained. These unknown factors could be computed using certain boundary
conditions of the region.
In [6], a polymer based DRA for millimeter-wave applications was discussed by the
research team led by Professor David Klymyshyn at the University of Saskatchewan. As stated
earlier, the fabrication of DRAs in complicated geometries and array patterns is challenging due to
the fact that they are composed of ceramics, which are naturally hard materials. Hence they are
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difficult to machine. This is where polymer based resonator antennas (PRAs) can immensely simplify
the fabrication process [7]. Polymers are rapidly becoming important among materials for microwave
and electronic applications whether used in pure form or combined with ceramic powders [8]. For
example, in opto-electronics, polymers have been used to produce mechanically flexible “electronic
paper” [9] and high-efficiency light emitting diodes [10]. Liquid crystal polymers (LCPs) have been
proposed for system-on-package (SoP) applications, displaying attractive properties like low loss,
low water absorption, and low cost [11]. In [12], polymer-ceramic composites were proposed as
substrate materials for a scanning antenna, and, in [13], polymer-ceramic mixtures were used for
thin-film capacitors. Important to note is that although polymers are not intrinsically functional as
microwave materials, their properties can be altered and made to function and also their ‘soft’ nature
(unlike crystalline materials) enables fabrication of flexible free-standing shapes.

1.3 Research Objectives
The objectives of this thesis are based on the original meta-DRA concepts developed
during the PhD work of Mr. Matt Tayfeh Aligodarz at the University of Saskatchewan, supervised by
Dr. David Klymyshyn [1]. The main purpose was to expand on this work to design and simulate
meta-DRAs with different metal inclusion geometries resonating at very high frequencies. The
batches of meta-DRAs were primarily designed to resonate around frequencies of 24 GHz and 60
GHz. Variations in design such as altering the size of number of inclusions, the width of the
inclusions, and the gap between each metal inclusions of the meta-DRA were carried out and the
effect on resonance and radiation were observed. Various styles of inclusions were also investigated.
The antennas with best reflection coefficients (most negative dB value) and absolute gains were
selected to form a layout. This layout was sent to KIT, Germany, for fabrication of an X-ray mask.
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Then micro fabrication of meta-DRAs was demonstrated using deep X-ray lithography technique.
The primary objectives of this research can be summarized as follows:
1. Select the shape/geometry of the metal inclusion to form the meta-DRAs and develop a set of
parameters to vary for the parametric performance study.
2. Design and simulate the meta-DRAs in a three dimensional (3D) full-wave electromagnetic
simulator. Define various parameters needed for design and obtain the dB reflection coefficient of
the antenna.
3. Evaluate resonant frequency, radiation patterns, and absolute gain obtained from the antennas to
assess the effects of inclusion geometries.
4. Compare the results obtained and choose best samples for developing a layout.
5. Have structural demonstrator devices fabricated using D-XRL technology to demonstrate the
fabrication feasability.

1.4 Thesis Organization
The thesis is organized into five chapters. Chapter 2 covers the theory on DRAs and
metamaterials. This chapter helps understand the various modes of a rectangular DRA antenna and
also the feeding mechanism used to excite the antennas in this project. There is a detailed discussion
on the history and development of metamaterials over the years and their applications. An example
meta-DRA simulation has been compared with a high permittivity DRA simulation to demonstrate
similarities.
Chapter 3 starts with a detailed overview of the electromagnetic simulator (HFSS) and how
to use it to design and excite an antenna. Later in the chapter, all the variables and structural
parameters used to design the meta-DRAs for this project have been explained. Subsequently, a
meta-DRA design example has been provided. The mask or layout formation has also been explained
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in detail using layout software (ADS). A brief explanation on the D-XRL process, which was used to
fabricate the antennas, has been given. At the end of the chapter, a few fabricated antennas from KIT
have been discussed.
Chapter 4 gives detailed simulation results obtained from various meta-DRA designs
implemented in this project. Also the dB(S11) (reflection coefficient) versus frequency plots are used
to compare the resonance. The radiation plots have been explained in detail. All the designs have
been compared to try and find out if there exists a pattern in the deviation of the resonant frequency
with the alteration of the gap/width of the metal inclusions. The variation in the performance of the
meta-DRAs due to change in the length of the feedline underneath the antenna was observed as well.
Chapter 5 is the final chapter of the thesis. The performance results of the meta-DRAs are
summarized and the future work involved in this project is described.
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Chapter 2
DRA Background and Introduction to Meta-DRA
2.1 General Theory
Dielectric resonators (DRs) have variable feed arrangement, high radiation efficiency,
simple geometry, small size and the capability to produce different radiation patterns using different
modes. Due to these merits, they are considered ideal for the design of a radiating antenna
arrangement [14]. DRA is an open resonating structure, fabricated from a low loss microwave
dielectric material. These antennas can be excited with the help of feeding techniques such as a
microstrip line, which enable them to integrate with microwave printed circuit technology.
Additionally, DRAs avoid some limitations of the metal microstrip patch antenna
including the high conductor losses at millimeter-wave frequencies, sensitivity to tolerances, and
narrow bandwidth. DRAs of cylindrical, hemispherical and rectangular shapes are most widely used
and investigated. The rectangular shape is typically easier to fabricate and one or more dimensional
parameters are available as degrees of freedom for the design [15]. Impedance bandwidth varies over
a wide range with resonator parameters. It can be as small as a few percent with high εr material or
over 20% with small εr in conjunction with certain geometries and resonant modes. Different far field
radiation patterns can be generated. For a given DRA geometry, the radiation pattern can be modified
by exciting different modes.
Systematic experimental investigations on dielectric resonator antennas (DRAs) were first
carried out by Long et al. [16]–[18]. Since then, theoretical and experimental investigations have
been reported by many investigators on DRAs of various shapes such as spherical, cylindrical (or
cylindrical ring), rectangular, etc. (e.g., [19], [20]–[25]). DRAs have been designed to operate over a
wide frequency range (1 GHz to 44 GHz). There is no inherent conductor loss for a DRA, only
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dielectric loss. High radiation efficiency is thus possible, which is especially attractive for high
frequency millimeter wave applications, where the loss from metallic antennas can be high.
The size of the DRA is roughly proportional to λ0/√𝜀𝑟 , where λ0 is the wavelength at
resonant frequency and εr is the dielectric constant of the DRA. Thus for the same frequency, there is
a natural reduction in size by increasing εr. Also, different values of εr (ranging from about 4 to up to
100) can be used, thus allowing flexibility in controlling the size and bandwidth. In this chapter, the
TE and TM modes of rectangular DRAs are discussed, along with excitation method used in this
project. Later in the chapter, a detailed study on metamaterials is carried out. In the final section of
this chapter, the transmission and resonance of a designed meta-DRA is compared with a high
permittivity antenna and the feasibility of the project is established.

2.2 Modes of a DRA
Transmission lines are a kind of waveguide that channel electromagnetic energy along a
certain path. If they consist of two or more conductors, they may support transverse electromagnetic
(TEM) waves, characterized by the lack of longitudinal field components. TEM transmission lines
have uniquely defined voltage, current, and characteristic impedance. They are theoretically
broadband and without cutoff frequency. Waveguides often consisting of a single conductor support
transverse electric (TE) and/or transverse magnetic (TM) wave and are characterized by the presence
of longitudinal magnetic or electric field components, respectively [5]. Such TLs can have lower loss
and dispersion at high frequencies compared to practical TEM TLs, however they have a low
frequency cut-off below which waves do not propagate. Dielectric waveguides, using dielectric slabs
or rods, could guide the waves in a particular direction according to Maxwell’s equations. If the
waveguide is of finite length, upon excitation it can resonate in various modes depending on the
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geometrical structure. In this thesis, the theory behind rectangular waveguide resonators has been
considered.

2.2.1 Rectangular DRAs (RDRAs)
Rectangular DRAs offer practical advantages over cylindrical and spherical shapes. The
mode degeneracy of an antenna could enhance its cross-polar levels, thus limiting its performance. In
the case of rectangular DRAs, mode degeneracy could be avoided by properly choosing the three
dimensions of the resonator. It may be noted that mode degeneracy always exists in the case of a
spherical DRA [26] and in the case of hybrid modes of a cylindrical DRA [27]. Further, for a given
resonant frequency, two aspect ratios of a rectangular DRA (height/length and width/length) can be
chosen independently. Since the bandwidth of a DRA also depends on its aspect ratio(s), a
rectangular-shaped DRA provides more flexibility in terms of bandwidth control [19].
A rectangular DRA theoretically supports two type of modes, TM and TE, but TM modes
have never been observed experimentally [19]. Figure 2.1 shows a rectangular DRA placed on a
finite ground plane with length = d, width = w, height = h and relative permittivity = εr. It also depicts
the corresponding rectangular coordinate system. The resonant modes can be TE to any dimension,
denoted as TEx, TEy, or TEz. For the calculations in this section, the DRA is considered as an xdirected short magnetic dipole.

Figure 2.1 Geometry of a RDRA on a finite ground plane.
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The modes of a DRA can therefore, be TE to any of three dimensions. Referring to the
DRA with dimensions w > b or d (where b = 2h) and the coordinate system shown in Figure 2.1, the
lowest order mode will be TExδ11. Using the dielectric waveguide model, this leads to the following
fields within the DRA [19]:

𝐻𝑥 =

2 +𝑘 2 )
(𝑘𝑦
𝑥
cos(𝑘𝑥 𝑥) cos(𝑘𝑦 𝑦) cos(𝑘𝑧 𝑧)
𝑗𝜔𝜇0

𝐻𝑦 =

2 +𝑘 2 )
(𝑘𝑦
𝑥
sin(𝑘𝑥 𝑥) sin(𝑘𝑦 𝑦) cos(𝑘𝑧 𝑧)
𝑗𝜔𝜇0

(2.2)

𝐻𝑧 =

(𝑘𝑧 𝑘𝑥 )
sin(𝑘𝑥 𝑥) cos(𝑘𝑦 𝑦) sin(𝑘𝑧 𝑧)
𝑗𝜔𝜇0

(2.3)

(2.1)

𝐸𝑥 = 0

(2.4)

𝐸𝑦 = 𝑘𝑧 cos(𝑘𝑥 𝑥) cos(𝑘𝑦 𝑦) sin(𝑘𝑧 𝑧)

(2.5)

𝐸𝑧 = −𝑘𝑦 cos(𝑘𝑥 𝑥) sin(𝑘𝑦 𝑦) cos(𝑘𝑧 𝑧)

(2.6)

where,
𝑘𝑥 tan (

𝑘𝑥 𝑑
2

) = √(𝜀𝑟 − 1)𝑘02 − 𝑘𝑥2

(2.7)

and
k0 =

2𝜋𝑓0

(2.8)

𝑐

𝑘𝑥2 + 𝑘𝑦2 + 𝑘𝑧2 = 𝜀𝑟 𝑘02

(2.9)

where f0 is the resonant frequency and c is the speed of light in vacuum (3 x 108 m/s).
The 𝑒 𝑗𝜔𝑡 time dependence is suppressed in the above equations. Assuming magnetic walls along airdielectric interfaces parallel to the z-axis, then
𝑘𝑦 =

𝑚𝜋
𝑤

and 𝑘𝑧 =

𝑛𝜋

where m, n are positive integers.
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𝑏

(2.10)

Figure 2.2 Sketch of the fields for the TExδ11 mode of the rectangular DRA. [28]
The value δ can be defined as the fraction of a half-cycle of the field variation in the xdirection and is given by

𝑘

𝑥
𝛿 = 𝜋/𝑑
,

(2.10)

For the lowest order mode (m = n = 1), a sketch of the field configuration is shown in Figure 2.2.
The Hz component of the magnetic field is dominant along the center of the DRA, while the E-Fields
(predominantly Ey and Ez) circulate around the Hz component. These fields are similar to those
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produced by a short magnetic dipole. A plot of the relative amplitudes of the electric and magnetic
fields in the x-y plane of the DRA is shown in Figure 2.3. A knowledge of the relative amplitudes of
these fields as a function of location within the DRA is important for determining where to place the
feed mechanism to efficiently excite the DRA.
Higher-order modes of rectangular DRAs can also be excited for certain aspect ratios, with
internal field patterns as shown in Figure 2.4. These produce radiation patterns similar to the TExδ11
mode, having a peak in the broadside direction (along the z-axis), while the TExδ21 mode will have a
null at broadside. (Note that the TExδ12 mode cannot exist for the case of the DRA mounted on the
ground plane, due to the boundary condition that forces the tangential E-field to zero at z = 0, since
the TExδ12 would require the E-field to be maximum at that location.) By properly combining one or
df

Figure 2.3 Relative field strength of the TExδ11 mode within the rectangular DRA. [28]
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more of the higher-order modes with the fundamental mode, a wider bandwidth or dual-band
operation can be achieved [29].

Figure 2.4 Sketches of the E-fields for selected higher-order modes within the rectangular DRA. [28]
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2.3 Feeding Mechanisms for a DRA
In order to excite an antenna or in other words transfer power into it (to make it resonate
and radiate) various feeding techniques can be used. Dielectric antennas are commonly fed by a
coaxial probe through a slot in the ground plane or a microstrip line. Several new feeding
mechanisms have been developed for the DRAs as they have radiating elements on one side of the
dielectric substrate [28], [30]. Some feeding techniques are easy to fabricate where as others are
difficult, and some feeding techniques can enhance the bandwidth. The microstrip feed-line, which
was used to excite the DRAs, will now be presented.

2.3.1 Microstrip Transmission Line
A simple method of exciting or energizing a DRA is by using a microstrip feed-line on the
same substrate as that of the antenna. In this type of feeding technique, a conducting strip is
connected directly to the edge of the DRA or inserted under the DRA. A common method called
proximity coupling is used to provide excitation with a microstrip line. The amount of coupling from
the microstrip line to the DRA can be controlled to a certain degree by adjusting the spacing between
the DRA and the line for the side-coupled case or the length of the line underneath the DRA for the
direct-coupled case [28]. The coupling is also affected by the dielectric constant of the DRA. The
higher the value of dielectric constant, the higher will be the value of the coupling. This is the
simplest feeding scheme and it provides ease of fabrication. It also simplifies the modeling as well as
impedance matching. As the thickness of the dielectric substrate of the DRA increases, surface waves
and spurious feed radiation also increase, so the thickness of the substrate should be minimized [28].
Figure 2.5 (a) shows the magnetic field lines formed by the microstrip feed-line to excite the DRA.
The direct-coupled method (Figure 2.5 (b)) is used in this thesis.
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(a)

(b)

Figure 2.5 (a) Magnetic field lines formed by a microstrip feed line on a DRA. (b) Direct method
coupling for meta-DRA with a variable length of feed line underneath (top-view).

2.4 Theory Behind Meta-DRAs
2.4.1 Metamaterials
Metamaterials were defined as, “Macroscopic composites having a synthetic, three-
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dimensional, periodic cellular architecture designed to produce an optimized combination, not
available in nature, of two or more responses to specific excitation”, by Rodger M. Walser,
University of Texas at Austin. Another popular definition for metamaterials is “a material, which
gains its properties from its structure rather than directly from its composition.” [31]
The above definitions reflect certain natures of metamaterials, but not all. Metamaterials
were also defined by Tie Jun Cui, David Smith and Ruopeng Liu in their book, Metamaterials:
Theory, Design and Applications [32] as “a macroscopic composite of periodic or non-periodic
structure, whose function is due to both the cellular architecture and the chemical composition.”

2.4.2 A Brief History of Metamaterials
Metamaterials have found applications in optics. J.B. Pendry introduced an ambitious
concept of a perfect lens using metamaterials [33]. For such a “lens” an artificial medium has to be
designed, which would possess specific properties, not observed in natural materials. The material for
this perfect lens should be a medium with both negative permittivity and permeability in the same
frequency range. In fact, V. G. Veselago [3] previously considered the study of the light focusing on
the planar lens seen previously [33]. This review paper was devoted to phenomena that would occur
in strange “left-handed” media (media with ε < 0 and μ < 0). An experiment was carried out to form
homogenous magnetic semiconductors, which were fabricated chemically but none of them had
doubly negative material parameters and this failure was reported in [34]. In [35], it was stated that
such media should act as strong resonant composites. Figure 2.6 shows the variation in the wave
propagation within the materials having various ε and μ polarities.

In [3], it was pointed out that a slab under the condition ε = μ = − 1 will focus a diverging
light beam. Under the condition d = 2D, where d is the thickness of the left-handed slab and D is the
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distance from the slab interface to the source, the light will be focused at the point distanced by D
from the back interface without aberrations and reflections.

Figure 2.6 A description of optical materials in terms of ε and μ. [36]
J. B. Pendry studied the pseudo-lens design suggested by V. G. Veselago, and revealed the
mechanism to redistribute the evanescent (near-zone) fields in the space. This allowed the evanescent
waves to be transported far from the source and take part in the formation of the far-field image. This
was exciting for specialists in photolithography, recording and reading optical information and also
for experts in all domains where the near-field scanning technique cannot be practically used. The
ideas in [33] went a long way in developing artificial materials with doubly negative constitutive
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parameters. The first design of a structure with ε < 0 and μ < 0 was suggested in the paper [34] and
numerically studied. These two publications were instrumental in establishing concepts of the
electromagnetics of metamaterials. Since then, there have been various publications on
metamaterials. The practical and theoretical potential of metamaterials are still being discovered.
Some of the applications of metamaterials include backward waves in bulk media [3]. The metaDRAs utilize properties of metamaterials to create artificial dielectrics. The following sections take a
closer look into these applications of metamaterials.

2.4.2.1 Backward Waves in Bulk Media
Professor L. I. Mandelshtam in his lecture notes had explained the phenomenon of
backward electromagnetic waves and negative refraction [37]. Lamb and Pocklington discussed
waves in media with negative group velocity as early as 1904 and 1905 respectively [38].
Mandelshtam however had a much simpler approach. In isotropic media, the absolute value of the
wave vector is fully determined by the frequency. Therefore, the group velocity is directed along
vector k or opposite to it, depending on the sign of the derivative dω/ dk. It is given by:
vg =

𝑑ω(k)
𝒌 𝑑ω
=
𝑑𝒌
𝑘 𝑑𝑘

(2.11)

Mandelshtam mentioned that in the case of negative dispersion the wave in the medium is backward
and the negative refraction should occur at an interface with such a medium. Lamb “gave examples
of fictitious 1D media with negative group velocity” of the acoustic wave in 1904. A physical
example of a 3D structure supporting backward electromagnetic waves was later presented by
Mandelshtam [39]. The material was inhomogeneous with periodically varying permittivity in space.
Essentially, this effort predicted the negative refraction in photonic crystals that was later
rediscovered by Notomi [40]. A model for backward-wave microwave tubes by using the seriescapacitance/shunt-inductance equivalent circuit model was developed by Brillouin [41] and Pierce
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[42] during 1946-50. They also mentioned the propagation of antiparallel phase/group velocities. In
1951, Malyuzhinets (unaware of works [41] and [42]) generalized this concept to the 3D case in a
paper on the Sommerfeld radiation condition in hypothetic backward-wave media [43]. Malyuzhinets
noted that in such media the phase velocity of waves at infinity should point from infinity to the
source. An equivalent one-dimensional (1D) analogue of these media was artificial transmission lines
depicted by Malyuzhinets and shown in Figure 2.7 (compare with [44], [55]). Materials with negative
parameters as backward-wave materials were mentioned by Sivukhin in 1957 [46]. He was probably
the first who noticed that media with double negative parameters are continuous and homogeneous
backward-wave media. Simultaneously he stated that “. . . media with ε < 0 and μ < 0 are not known.
The question on the possibility of their existence has not been clarified” [46]. During the 1960s, 1D
backward-wave structures were very much studied in connection with the design of microwave tubes
and slow-wave periodic systems [47].

Referring to an interesting paper by Silin (1959) [48], where the negative refraction
phenomenon in periodical two-dimensional (2D) media was discussed, such media are often called
left handed media (LHM) or Veselago media. The first term is related with the fact that the triad of
vectors E, H, and k is left handed (the vector product E x H determines the Poynting vector and it is
opposite to the wave vector, since the Poynting vector direction in low-loss linear media coincides
with that of the group velocity and the wave vector direction coincides with that of the phase
velocity). An example is shown in Figure 2.8.
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Figure 2.7 Backward-wave transmission lines from a paper by Malyuzhinets (1951) [43]

Figure 2.8 Cerenkov radiation in doubly negative medium.
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2.4.2.2 Artificial Dielectrics
A major breakthrough in the field of metamaterials occurred in 1948 when Kock proposed
to make a dielectric lens lighter by replacing heavy high-permittivity refractive materials with a
mixture of small metal spheres in a light-weight medium in [49]. The artificial dielectric material was
defined as a composite that had particles, and behaved similar to a usual dielectric. The metallic
elements were arranged in a three-dimensional (3D) array or lattice structure in order to replicate the
crystalline lattices of dielectric materials. The array formed reacts to radio waves similar to the way a
molecular lattice reacts to light waves. Due to the alternating electric field, the free electrons in the
metal elements flow back and forth. Metal elements or lattice inclusions become oscillating dipoles
similar to the oscillating molecular dipoles of a natural dielectric. Kock used this concept, which was
partially introduced by Lord Rayleigh in his work [50] for arrays of metal spheres and implemented it
in practical applications. Kharadly and Jackson also developed a similar theory in their work [51].
They studied artificial dielectrics made of metal disks or rods operating at low frequencies and
calculated their effective permittivity.
Lens antennas do not use artificial dielectrics with dense packaging of metal inclusions
since they possess rather high losses. These are applied in absorbing sheets. Artificial dielectrics have
been reviewed in [52]. Their lattices have random formation. The particles may even have a nonuniform concentration. This might cause unusual properties in such composite media [53,54].
Artificial dielectrics develop complex conductivity when the concentration of particles exceeds the
so-called percolation threshold (particles touch one another and/or the capacitive coupling between
adjacent particles is very strong) [55]. Their conductivity can be engineered by controlling the design
parameters and in principle can be adjusted magnetically or electrically. Artificial conductors have
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been applied developing electromechanical devices, fuel cells, and other techniques where controlled
heating by electric current is needed.

2.5 Metamaterials as DRAs
Artificial dielectric metamaterials are applied in this work as an alternative to ceramic DRAs.
Ceramics typically have higher permittivities, which facilitates excitation and resonate at frequencies
in the microwave or millimeter wave region. The polymer base of the meta-DRA has a very low
permittivity of 2-3 making it difficult to excite directly. Lower permittivity also results in much
higher resonant frequencies for small compact geometries, which are not necessarily viable for
commercial applications. Hence it is advantageous to increase the overall permittivity of the DRA to
a range of 14-16 (usually ceramics have such high permittivity). In order to do this, metal inclusions
can be introduced into the polymer base of the DRA. The effective permittivity can be increased by
the metal inclusion in the DRA, which tends to direct and focus the electric fields, locally increasing
the electric flux density.
𝑐

λ0 = 𝑓0

(2.12)

0

c0 =

1
√μ0 εr

(2.13)

From the above equations it can be deduced that,

√ εr =

1
𝑓0

(2.14)

Generally speaking, the square root of relative permittivity √εr of the meta-DRA is inversely
proportional to the resonant frequency of the antenna. Increased flux density reduces the resonant
frequency for the meta-DRA and hence ‘increases’ the effective εr. Figure 2.9 shows the simulated
reflection coefficient (dB(S11)) for a dielectric resonator antenna made of a high permittivity material;
in this case, the material chosen has a relative permittivity of 10. The design and simulation was

25

performed using HFSS (High Frequency Structure Simulator).

The minimum value in dB(S11) indicates the DRA resonant frequency of 20 GHz, as a function of
coupling. More details on scattering parameters are presented in the next chapter.
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Figure 2.9 dB(S11) versus Frequency plot for a high permittivity material DRA. A reflection
coefficient of -29.03 is obtained @ 20 GHz.
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Figure 2.10 dB(S11) versus Frequency plot for a meta-DRA formed by inserting an array of metal
(Ni) inclusions inside a low permittivity (εr = 2.5) polymer. A reflection coefficient of -17 is
obtained @ 21.7GHz, which demonstrates that the design has increased the εr of the polymer based
DRA.
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The dB(S11) versus frequency plot of a comparable meta-DRA is shown in Figure 2.10.
For the polymer-base, a material was defined in HFSS having a εr of 2.5. The metal assumed as
inclusions is nickel (Ni). The following table shows the comparison between the DRAs based on
their resonant frequencies and their dB(S11) values.
Type of DRA

Resonating Frequency

dB(S11) Value

(GHz)
Ceramic DRA

20

-29.03

Meta-DRA

21.7

-17.28

Table 2.1 Comparison between ceramic DRA and meta-DRA.
It can be observed that the meta-DRA has a similar resonant frequency and much lower
than expected from a pure polymer antenna which would be expected to resonate at approximately
70-90 GHz. This shows the effect of the metal inclusions in the polymer. Hence meta-DRAs can
have the same effect as that of the ceramic or high permittivity DRAs in terms of resonance under a
given environment.
In the next chapter, a brief introduction to HFSS and the complete design and simulation of
a sample meta-DRA is presented. The process of developing a layout for fabrication is also dealt with
detail.
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Chapter 3
Design and Simulation of Meta-DRAs and Generation of Layout
3.1 An Introduction to HFSS
High Frequency Structure Simulator (HFSS) is a high-performance full-wave electromagnetic (EM) field simulator for arbitrary 3D volumetric passive device modeling. It integrates
simulation, visualization, solid modeling, and automation to solve 3D EM problems. Ansoft HFSS
employs the Finite Element Method (FEM) and adaptive meshing, and can be used to calculate
parameters such as S-Parameters, resonant frequency, and fields. HFSS is an interactive simulation
system whose basic mesh element is a tetrahedron. This allows one to solve any arbitrary 3D
geometry, especially those with complex curves and shapes.

3.1.1 Design Windows in HFSS
Figure 3.1 shows the various panels present in HFSS version 15.0. The structure of the
entire project is present in the project manager window. It can be also described as a design tree for
the project file. It clearly depicts the models in use and their boundaries and excitation. This panel is
also used to set-up the analysis and for optimizing the design.
Before simulating a design, it is imperative to run a check on the entire design. Message
manger allows one to view any errors or warnings that may occur during simulation. A progress
window displays the solution progress.
The property window allows one to change the model parameters and attributes. It is used
to define the type of material of the model along with its name, orientation, color and transparency in
design.
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Figure 3.1 Description of various sections in the HFSS window.

3.2 Structure and Design of a Meta-DRA
This section gives a brief description on how to go about designing a DRA in HFSS. Upon
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opening the software, click on Insert HFSS design icon in the toolbar. This opens the design window
for the new project. The subsequent steps are depicted as follows:

3.2.1 Defining the DRA, Substrate and Feedline
Before one starts designing, it should be noted that the axis of the HFSS coordinate system
is set to XY and the 3D mode is selected in the Toolbar. In order to design the substrate, DRA and
the feed line, the function called Draw a Box in HFSS is used. The steps for the design can be
summarized as follows:

 Click on the Draw menu from the Toolbar and select the option ‘Box’. Set the start point of the
base polygon by positioning the active cursor and click the left mouse button.
 Position the active cursor and click the left mouse button to set the second point that forms the
base rectangle.
 Set the height by positioning the active cursor and clicking the left mouse button.

The steps above give a cuboid as shown in Figure 3.2. The 3D Modeler design tree now
assigns the design as ‘Box 1’ and the material is assumed to be vacuum. This can be changed by
double clicking the ‘Box 1’ icon in the design tree. Upon doing so, a window such as Figure 3.3
appears. By clicking on Vacuum in the Material attribute, one can edit or change the material. Here,
the material has a relative permittivity of 2.5 and a dielectric loss tangent of 0.01. The design
specifications for this thesis are described in detail in the following sections. One can also modify the
other attributes such as Color and Transparency, but that would not affect the design parameters as
such. After defining the material, the new material shows on the design tree instead of vacuum. If any
other component is assigned the same material in the future, it will fall under the same category.
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Figure 3.2 Design of a Box in HFSS.

Figure 3.3 Property window of the Box created.
The basic design of the substrate is same as that of the DRA apart from the fact that it has a
different size, position and material for obvious reasons. The material assumed for the substrate in
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this thesis is Rogers RT/duroid 5880 ™. It has a relative permittivity of 2.2 .

Figure 3.4 The design model of meta-DRA, substrate and feedline.

The feedline used to excite the DRA is a 50 ohm planar microstrip structure made of
copper, which has no dielectric loss (dielectric loss tangent, tan δ = 0). The length of the feedline is
added as a parametric component in the design and hence it is initially declared as a variable
(DeltaL). It varies during the simulation from the edge of the meta-DRA to the edge of the first row
of metal inclusions. In order to achieve this, the Optimetrics tab under the project tree in Project
Manager is used. The range of variation and the step size can be defined here. Figure 3.4 shows the
DRA with its substrate and feedline.

3.2.2 Defining Boundary Conditions
In order to simulate a DRA, various boundary conditions and excitations need to be
defined. A port is an aperture through which a guided-wave mode of some kind propagates. For
enclosed transmission lines, port size is merely the waveguide interior carrying the guided field,
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rectangular in this case. The port solver only understands conductive boundaries on its borders such
as:
 Electric conductors may be finite or perfect (including Perfect E symmetry)
 Perfect E symmetry also understood.
 Radiation boundaries around the periphery of the port do not alter the port edge termination.

3.2.2.1 Microstrip Port Sizing Guidelines
Assume the width of the microstrip trace as w and the height of the substrate as h. Figure
3.5 shows the design parameters for the wave port in this thesis.

10w, w ≥ h
or
5w (3h to 4h), w < h

6h to
10h
w
h
Figure 3.5 Port sizing guidelines.

The guidelines for the wave port are explained below:
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Port Height Guidelines:
 It should be between 6h and 10h.
 Tends towards upper limit as dielectric constant drops and more fields exist in air rather than
substrate.
 Bottom edge of port coplanar with the upper face of ground plane.
Port Width Guidelines:
 10w, for microstrip profiles with w ≥ h.

3.2.2.2 Defining the Excitation Port and Boundaries
In order to form a rectangular excitation port, the starting point and dimension of the port
using the above guidelines and design coordinates must be calculated. Once the calculations are
done, one can select the Rectangle option from the Draw menu of HFSS and select the starting point
as calculated (bottom surface of the substrate). Since the design is in XY coordinates, the rectangular
port should be in ZX coordinate. The window shown in Figure 3.6 can be used to define the
coordinate and dimension of the port.

Now one selects the rectangle and with the help of a right click, chooses the option Wave
Port in the Assign Excitation field. This will initiate a setup module for the wave port. One can
number the wave port if multiple ports are required in the design. Upon clicking next in the setup
window, the next window allows the user to define a new integration line as shown in Figure 3.7. The
integration line is ideally defined from the middle bottom of the port to the height of the substrate as
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shown in Figure 3.8. After this process, the window shows the defined integration line and
subsequently one can finish the setup for the wave-port design.

Figure 3.6 Assigning coordinate and dimension of the waveport.

Figure 3.7 Defining integration line of the waveport.
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Figure 3.8 After correctly defining the waveport.
Once the waveport is defined, one can now set the lower face of the substrate is set as
Perfect E by right clicking the surface and choosing Perfect E in the Assign Boundary field of the
drop box menu. The radiation boundary (air box) encloses the entire design. It should be placed λ/10
to λ/4 away from radiating structures. Strong radiators should be λ/4 away. Figure 3.9 shows the
radiation boundary around a DRA design for this thesis. The frequency steps and solution setup for
the S11 and radiation have been dealt with in detail in Chapter 5 of the thesis.

Figure 3.9 The radiation air box around a meta-DRA design.
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3.3 Obtaining S-Parameter and Radiation
After defining the waveport and radiation boundary, the design needs to be validated by
the software in order to ensure that the meta-DRA design has been set with all boundaries and
structures well defined. In order to validate the proper functioning of the antenna, one needs to know
two important parameters: the reflection coefficient (S11) in dB and the radiation obtained from the
antenna.

3.3.1 Significance of S-Parameter and Plotting in HFSS
The S-parameters describe the input-output relationship between ports (or terminals) in an
electrical system. For instance, if there are 2 ports (Port 1 and Port 2), then S12 represents the power
transferred from Port 2 to Port 1. S21 represents the power transferred from Port 1 to Port 2. In
general, SNM represents the power transferred from Port M to Port N in a multi-port network.

A port can be loosely defined as any place with voltage and current. So, in a
communication system with two radios (radio 1 and radio 2), then the radio terminals (which deliver
power to the two antennas) would be the two ports. S11 then would be the reflected power radio 1 is
trying to deliver to antenna 1. S22 would be the reflected power radio 2 is attempting to deliver to
antenna 2. And S12 is the power from radio 2 that is delivered through antenna 1 to radio 1. Note that
in general S-parameters are a function of frequency (i.e. vary with frequency). As an example,
consider the two-port network in Figure 3.10. S21 represents the power received at antenna 2 relative
to the power input to antenna 1. For instance, S21 = 0 dB implies that all the power delivered to
antenna 1 ends up at the terminals of antenna 2. If S21 = -10 dB, then if 1 Watt (or 0 dBW) is
delivered to antenna 1, then -10 dBW (0.1 Watts) of power is received at antenna 2.
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Figure 3.10 A two-port Network

In practice, an important parameter in regards to antennas is S11. S11 represents how much
power is reflected by the antenna and hence is known as reflection coefficient (sometimes denoted by
gamma: Γ or return loss). If S11 = 0 dB, then all the power is reflected and nothing is radiated by the
antenna. If S11 = -10 dB, then it means that if an input power of 3 dBW is given to the antenna, -7
dBW is the reflected power. The remainder of the power was “accepted by” or delivered to the
antenna. This accepted power is either radiated or absorbed as losses within the antenna. Since
antennas are typically designed to be low loss, ideally the majority of the power delivered to the
antenna is radiated.
To be able to plot the S11 in HFSS, the frequency sweep has to be defined first. The
following steps explain the process of obtaining the plot:
 A solution setup is first defined by right clicking on the Analysis option from the Project Manager
window. The solution frequency is now defined.

 The setup now appears under the Analysis tab in the Project Manager. By right clicking the setup,
one can add a frequency sweep. In this window, the start and end frequencies can be denoted along
with the step size (Figure 3.11). Hence the simulation would help obtain a solution within this
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frequency range. In this step, it is made sure that the desired operating frequency of the antenna falls
under the sweep.

Figure 3.11 Assigning frequency sweep in HFSS for the meta-DRA simulation.
 Once the solution setup is defined, right click on the Results tab from the Project Manager tree and
select Create Modal Solution Report > Rectangular Plot. Figure 3.12 shows the dialogue box that
appears. The X and Y-axes of the plot can be selected here. In this case a dB(S11) versus Frequency
plot is selected. The desired selections are highlighted in the figure.
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Figure 3.12 Setting up the S11 versus Frequency sweep.

Hence the desired reflection coefficient plot is setup by using the above procedure. The
following section will deal with obtaining the radiation from the antenna.

3.3.2 Plotting Radiation
The radiation pattern of an antenna can be obtained by defining the far-field setup in
HFSS. As shown in Figure 3.13, the Phi and Theta radiation sweep with their step size has to be
defined.
After simulation is completed, the radiation pattern produced by the design is plotted. This
can be done by selecting Project Manager> Results> Create Far Field Report> Radiation Pattern.
Figure 3.14 depicts the window that appears. The dB(GainTheta) and dB(GainPhi) are needed to
understand the amount of radiation coming out of the antenna and also the magnitude of the back
radiation. In the designs, the gain across Phi gives the desired radiation magnitudes. One thing has to
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be kept in mind, for plotting the H-Plane, the variable Phi is zero degrees and for E-Plane it is ninety
degrees. The design resonant frequency and any other parametric variable defined in the design have
to be set.

Figure 3.13 The far-field radiation sphere setup.

In order to obtain the 3D radiation plot, the following selections are to be made: Project
Manager> Results> Create Far Field Report> 3D Polar Plot. The following figures show the
window that appears where both dB(GainTheta) and dB(GainPhi) could be added to the trace.
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Figure 3.14 Plotting dB(GainTheta) in 3D.

Figure 3.15 Plotting dB(GainPhi) in 3D.
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3.4 Characteristics of the Meta-DRA Designs
The meta-DRAs designed in the following sections have been constructed with the following
variations or attributes:
 Designs were made for two resonating frequencies: 24 GHz and 60 GHz.
 The various meta inclusion shapes include:
o H
o Window
o Half-Window
o

Arrays

o

Special Designs

 Each parameter was generally varied in multiples of: 1, 2, 5 & 10.
 Metal inclusion line width. (20 μm, 25 μm, 30 μm and 50 μm)
 Gap between each inclusion. (20 μm, 25 μm, 30 μm and 50 μm)
 Element Size.
24 GHz

60 GHz

200 * 200 μm

100 * 100 μm

200 * 500 μm

100 * 200 μm

500 * 500 μm

Table 3.1 Element sizes for meta-DRAs.
 Number of inclusions were varied depending on the design.
 Parametric variation of the feedline under the meta DRA.
 Arrays were designed only for a few selected H and Window meta-DRAs.
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The lateral metal inclusion shapes (top-view) were as follows:

The selection of the meta inclusions depends on the coupling area available in the antenna. Higher
coupling results in increasing the permittivity of the meta-DRA. Also, the DRA surface is a square or
rectangle, hence similar geometries would result in a more stuctured pattern.

3.5 An Example Meta-DRA Resonating at 24 GHz
In this section, an example simulation of a meta-DRA has been shown. As discussed earlier, various
batches of H inclusion meta-DRAs were simulated by changing the parameters such as gap, metal
width, etc. This example and is a basis for comparing the reflection coefficients and the resonant
frequencies of the designs.

3.5.1 Meta-DRA Structure
The physical structure of the meta-DRA is shown in Figure 3.16. In this case, the dimension of the
metal inclusion and other structural details are given as follows:
Element Size: 500 by 500 μm
Gap: 50 μm
Internal Width: 50 μm
The DRA, substrate and micro-strip feed-line were selected as mentioned in Section 3.2.1. After
setting up the meta-DRA as described in Section 3.2, the simulation is completed.
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(a)

(b)

Figure 3.16 (a) Physical structure of the meta-DRA, feed line, substrate and excitation wave-port.
(b) Top-view of the meta-DRA design.

3.5.2 Simulation Results

From the dB(S11) versus frequency plot in Figure 3.17, one can see that a resonance has
been obtained at ~21 GHz. Each curve represents a certain length of the microstrip feedline
underneath the meta-DRA. This shows better coupling due to the metal inclusions. The dB(S11) value
becomes more negative as the feedline approaches the first row of the metal inclusions. A high
negative dB(S11) denotes better power transfer or in other words, no reflection. Hence the meta-DRA
with a polymer-base behaves like a high permittivity ceramic DRA which has identical resonance
and good transmission. Now the only concern would be the power radiated out of the antenna. This
can be examined by studying the radiation plot of the antenna.
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Figure 3.17 The S11 parameter vs Frequency plot.

The radiation plot shows the realized gain (considers loss due to reflection) of the antenna.
The loss that might occur due to reflection is also accounted for. It can be observed that a gain of
~3.5 dB has been achieved from the meta-DRA design. The GainPhi frontal and backward lobes can
be seen in the plot and their magnitudes are denoted by markers m1 and m3. The difference between
these magnitudes gives the front to back radiation of the antenna. The expected gain from a high
permittivity DRA is 5 dB. Hence the meta-DRA with a gain of ~3.5 dB could possibly replace the
ceramic DRAs in terms of power radiated. Figure 3.19 shows the 3D form of the radiation plot
obtained from the meta-DRA. In the next chapter, the simulated designs have been dealt with much
greater detail. They have been discussed, compared and inferred.
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Figure 3.18 2D Radiation plot of the meta-DRA in the H-Plane showing the dB(GainPhi) and
dB(GainTheta) curves in HFSS.
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Figure 3.19 3D Radiation plot of the meta-DRA.

3.5.3 Mesh Structure of the meta-DRA
Meshing is a process of forming small geometrical structures with finite vertices that are
used to determine the solution to partial differential wave equations by Finite Element Method
(FEM). HFSS has a key advantage when it comes to meshing. The mesh structure is automatically
defined when geometry, material properties and the desired output is mentioned. This is also known
as adaptive meshing technique. This process of meshing uses a highly robust volumetric meshing
technique and includes a multi-threading capability that reduces the amount of memory used and
speeds up the simulation.
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Figure 3.20 Top-view of the meta-DRA under consideration showing the mesh pattern around the
structure.
Figure 3.20 shows the top view of the meta-DRA considered as an example in this section
with the mesh structure. It can be seen that the density of the mesh elements is higher near the feed
line and the meta-DRA where the field computation takes place. The default number of mesh
elements defined by HFSS according to the geometry, material and desired resonating frequency is
1000 for this project. Generally the distance between the vertices of a mesh element is λ/10. This
varies depending on the size of the structure under consideration. In order to see the effect of an
increased number of mesh elements on the design solution, the above meta-DRA example was
simulated with 5000 mesh elements instead of 1000. The resonance at ΔL = 0.06mm was compared
with the plot at Figure 3.17.
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Figure 3.21 dB(S11) vs Frequency at ΔL = 0.06mm for the meta-DRA.
From Figure 3.21 it can be noted that the resonant frequency is 20.6 GHZ whereas it was
originally 20.9 GHz with the default meshing technique. This shows that there is not a lot of
difference due to the change in the number of mesh elements in terms of the resonant frequency of
the design. But the negative dB(S11) value increases to -33.61 from -14.45. However, a meta-DRA
with a dB(S11) of -10 or lower is acceptable for transmission. Hence this is not a grave concern as far
as the goals of this project are concerned.

3.6 Layout for Fabrication of X-Ray Mask
The next step would be to create a mask for fabrication of the meta-DRAs. This can be
done in a layout editing software. ADS (Advance Design System) was used in this case. The design
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needs to be exported in .DXF format so that it can be imported in ADS. Before forming the final
mask, each design needs to have their corners rounded. The entire process leading to the formation of
the final mask is described in the following sub sections.

3.6.1 Rounding the Corners
The corners of the meta-DRA elements have sharp edges. This can cause cracking of the
polymer-base of the meta-DRA due to shrinkage in processing. Hence it is important to round these
corners of the designs. The radius for rounding the corners should be less than half the width of the
metal inclusions. The radii chosen here were 0.009 mm for the 24 GHz and 0.003 mm for the 60 GHz
designs. The following section will talk about a nomenclature developed in this thesis to identify
each element in the final mask of the meta-DRA.

3.6.2 Nomenclature
With so many different samples of meta-DRA in the final mask, it was very important to
be able to identify each sample after the fabrication process for the purpose of testing and comparing.
Hence a naming pattern for the meta-DRAs was formed which can be summarized in Figure 3.22.
The first meta inclusion of each sample was changed according to the order at which they appear on
the final mask. The geometry denoting the order of the samples was designed such that it does not
differ to a great extent from the meta inclusions themselves. This ensures that the resonating
frequency and other attributes such as field patterns and radiation from the meta-DRA are not altered.
For example, the first sample of the 24 GHz H designs (H1) has the same numbering pattern as that of
the first sample of the window design. This is because they can be easily distinguished under a
microscope due to the difference in geometries. Thus the numbering or naming of the samples is used
to distinguish between the same shape inclusions of similar dimensions or resonant frequencies.
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Figure 3.22 Structures of the elements used for naming the meta-DRAs.

3.6.3 Forming the Final Mask
The final mask for all the meta designs was formed with the help of ADS and verified in
AutoCAD. The dimension for the mask suggested by fabrication engineers at KIT was a disk of 70
mm diameter. But the entire disk could not be filled with designs as it would become too compact
and would lead to unsuccessful processing. Thus an area covered by a square of 50 mm sides to insert
the meta-DRAs is used. This ensured enough space on the edge of the mask, which had no samples.
Hence even if the corners get damaged, no samples would be lost. There also had to be
enough gaps between the elements to ease the cutting process. Hence the entire packaging had to be
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done with a lot of care and was a challenge in itself. A lot of combinations were tried to fit in the
above dimensions. The goal was simple: to fit as many favorable meta-DRAs as possible. The final
mask dimensions and other details are listed as below:
 Size of circular mask: 70 mm diameter.
 Actual mask area: An inscribed square of 50 mm sides.
 Number of elements:
Type of Meta-DRA

Number of Elements

Resonating at 24 GHz

24

Resonating at 60 GHz

38

Arrays of 24 GHz

3

Arrays of 60 GHz

4

Table 3.2 Number of elements for each type of meta-DRA.
 Total number of meta-DRA samples: 69.
 Gap between the 24 GHz designs: 2 mm.
 Gap between the 60 GHz designs: 3 mm.

The following figures depict some example samples of meta-DRA after exporting from
HFSS and editing in ADS. Notice that the first metal inclusion in each figure is different from the
usual geometry used for designing the meta-DRAs. This helps in identifying the fabricated miniature
samples as discussed in Section 3.6.2. Figure 3.30 shows the final mask formed with the above
specifications in mind.
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Figure 3.23 H inclusions with element size 200 by 200 μm with a gap of 20 μm and resonating @ 24
GHz.

Figure 3.24 H inclusions with element size 100 by 100 μm with a gap of 20 μm and resonating @ 60
GHz.
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Figure 3.25 Window inclusions with element size 200 by 500 μm with a gap of 50 μm and
resonating @ 24 GHz.

Figure 3.26 Window inclusions with element size 100 by 200 μm with a gap of 25 μm and
resonating @ 60 GHz.
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Figure 3.27 H inclusions with element size 400 by 400 μm with a gap of 50 μm and resonating @ 60
GHz.
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Figure 3.28 Array of H inclusions with element size 200 by 500 μm with a gap of 50 μm and
resonating @ 24 GHz.
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Figure 3.29 Array of H inclusions with element size 100 by 100 μm with a gap of 30 μm and
resonating @ 60 GHz.
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Figure 3.30 The final mask, which was sent to Karlsruhe Institute of Technology, Karlsruhe,
Germany.
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3.7 Deep X-Ray Lithography (DXRL)
In this section, a brief introduction to DXRL is given. Although the designs were not
fabricated in the lab here, the process of X-ray fabrication that has been used to fabricate the metaDRAs at KIT, Germany, is presented.
X-ray lithography is a process in which a design mask is imprinted or developed in a resist
material, PMMA in this case. High-precision designs depend on the beam exposure, the accuracy of
the pattern formation on the mask and the purity of the resist. Selective X-ray absorbing or
transmitting materials form the mask. The exposed areas in PMMA are etched (Figure 3.31 (b)). The
incised parts of the resist are later filled with nickel for the meta-DRA designs. The pattern on the
resist determines the shape and dimension of the metal inclusions in the meta-DRA design. Hence the
X-ray mask should withstand many exposures without distortion, be sturdy and must be aligned with
the sample.
From Figure 3.31 (a), it can be seen that the mask consists of an absorber, a membrane and
a frame. The pattern is formed by the design of the absorber, which allows the rays to fall on the
hollow spaces, which are metal inclusions in this case. The absorber is formed by a material with
high atomic number (Z). A high Z material absorbs X-rays whereas a low Z material transmits Xrays. The frame holds the membrane-absorber assembly and is robust. Due to the depth of the resist,
the absorber should be very thick (>10 μm) and the membrane should be highly transparent and thin
(2 to 4 μm) in order to achieve better etching [56]. The transparency of the low-Z membrane should
be at least 80%. The membrane should contribute to minimal scattering of the X-rays. Beryllium is
commonly used as a membrane due to its high transparency and ruggedness. The absorber of a mask
has the following attributes: high attenuation (>10 dB), stable under prolonged radiation, ease of
patterning and minimal deformation. Some popular materials used as absorbers are gold, tungsten,
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(a)

(b)

(c)

Figure 3.31 Schematic of the DXRL process.
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tantalum and alloys. For this research, titanium was used as a membrane with gold absorbers. After
the formation of the design, the sacrificial Si wafer is etched in order to release the meta structures.

3.8 Post Fabrication
Some early results from the fabrication of the meta-DRAs (H inclusions) at KIT, carried
out by Martin Boerner and his team, were promising and also raised a few questions which could
lead towards a new area of research for the meta-DRAs. This will be discussed later in this section. A
few sample pictures from the SEM have been given below. The PMMA body of the meta-DRA has
been removed to allow imaging.

Figure 3.32 SEM image of meta-DRA fabricated at KIT, Germany. The PMMA body has been
removed for imaging.
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Figure 3.33 SEM image of meta-DRA fabricated at KIT, Germany. The PMMA body has been
removed for imaging.
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Figure 3.34 SEM image of meta-DRA fabricated at KIT, Germany. The PMMA body has been
removed for imaging.
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Figure 3.35 SEM image of meta-DRA fabricated at KIT, Germany. The PMMA body has been
removed for imaging.

The SEM pictures reveal a generally uniform meta-DRA electroplating. The samples have
a nominal height of 800 μm of nickel. Some of the nickel inclusions may have been lost due to the
stripping process. It was interesting to note the variation in height of the metal inclusions in the
fabricated samples. Does the height variation have any affect on the resonant frequency? In order to
try and an answer this question, two patterns of height variation were tried on the meta-DRA design
given as an example previously in this chapter (Section 3.5.1). Figures 3.36 and 3.37 show the
assumed pattern of variation for the analysis (Type 1 and Type 2). Type 1 is a progression of
decreasing height in the direction of the excitation and type 2 is a decreasing series from the
periphery of the meta-DRA to its center.
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Figure 3.36 Type 1 - Linear variation in the height of meta inclusions (decreasing away from the
source of excitation). Only the metal inclusions have been shown.

Figure 3.37 Type 2 - Variable height (1.8 mm to 0.3 mm from boundary to center) of meta inclusions
from outside to inside. Only the metal inclusions have been shown.
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Figure 3.38 dB(S11) vs Frequency for Type-1 meta-DRA.

The dB(S11) vs frequency plot for the meta-DRAs are given in Figures 3.38 and 3.39. The
resonances for both the designs have been compared with each other and also the original design in
the section 3.5.1. Type -1 meta-DRA resonates at 23.4 GHz with a negative dB(S11) value of -19.8
and type-2 meta-DRA initially resonates around 23.3 GHz.

The type-2 design shows a dual

resonance pattern and the second resonance occurs at 39.2 GHz. But the resonance obtained varies
constantly when optimized with the changing length of the feedline. Comparing these designs to the
original design in the previous section, type-2 seems to be closer to the expected resonance pattern.
This is because the parent design had a dual resonance at 20.8 GHz and 37 GHz.
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Figure 3.39 dB(S11) vs Frequency for Type-2 meta-DRA.

For some reason, type-1 meta-DRA goes askew after 40 GHz. There is a strange pattern in
the plots. Both designs were plotted until 100 GHz. No distinctive changes were found in them after
the 50 GHz mark. Although there are some anomalies in the resonances of the designs, these metaDRAs were designed to resonate close to 24 GHz, which they do. Thus, it can be said that the change
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in the height of the metal inclusions in a meta-DRA does affect the resonance. But it cannot be said
whether it actually hampers the purpose of the design (resonating at a certain frequency and radiating
power). For that, more samples need to be simulated with different variations in height.
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Chapter 4
Meta-DRA Design and Simulation Results
4.1 Introduction
In the previous chapters, the motivation, theory and design procedure for the meta-DRAs
in the thesis/project have been explained in detail. In this chapter, all the meta-DRA designs and their
simulation results are discussed and notable comparisons are drawn. Each kind of metal inclusion has
been represented by an example meta-DRA design. All the designs have a good negative dB(S11)
which shows that the antenna has a good transmission. Based on the results, other criteria such as
shift in resonance with change in metal gap/width and also the suitable length of feedline have been
studied which might prove to be useful for future implementations. The detailed structural
dimensions of the designs have been included in Appendix A and Appendix B in the thesis.

4.2 H inclusions
4.2.1 Resonating at 24 GHz
The meta-DRAs with H inclusions and resonating at around 24 GHz were discussed in the
previous chapter as an example design. The reflection coefficient and radiation plots have been
explained in detail as well. In this section, a comparison in the resonances of the meta-DRA due to
the change in gap/width of the metal inclusions has been made.
Most of the design parameters like the size of element and the metal gap/width have been
determined in multiples of 1, 2, 5 and 10 in order to have a uniform variation for the different shapes
of inclusions. Keeping this in mind, the metal inclusion gap/width has been altered from 20 μm to 50
μm in most designs. Some of the samples have variable gap/width in the X and Y-axis. The antenna
is excited in the Y direction. So in the same design there is a different width for the individual metal
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inclusions and a different gap between each row in the polymer substrate. However, in some designs,
only the most suitable gap/width has been chosen keeping the structure in mind. The most common
widths used are 20μm, 25μm, 30μm and 50μm. In this section, a meta-DRA with H type of meta
inclusions has been chosen for study. The design is shown in Figure 4.1 (a) and (b). The structural
details of the individual metal elements are as follows (Appendix A.1, design 5):
Element Size: 200 by 500 μm
Gap: 50 μm
Internal Width: 50 μm

Figure 4.1 (a) Physical structure of the meta-DRA, feed line, substrate and excitation wave-port. (b)
Top-view of the meta-DRA design.
Figure 4.2 depicts the dB(S11) versus frequency plots for H designs having the same
element size of 200 by 500 μm (please refer Appendix A.1 for structural details) but different metal
gap/width. The optimized resonance curve with the most negative dB(S11) value has been represented
in each segment. The comparison is made in order to find out whether the change in metal width has
any affect on the resonance of the antenna. The nominal design with a gap/width of 50 μm resonates
at 24.5 GHz. Decreasing the gap/width to 20μm reduces the resonating frequency to 23.6 GHz in this
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case. Having a variable gap/width in the metal inclusions (20 μm in X and 50 μm in Y), the
resonance shifts to 22.2 GHz.

Figure 4.2 200 by 500 μm H designs resonating at 24 GHz.
Metal gap/width (μm)

Meta %

Resonating F (GHz)

20

74.37

23.6

50

56.25

24.5

20-50

65.63

22.2

Table 4.1 Meta percentage and resonant frequency for different gap/width of the metal inclusions.
Varying the gap/width of metal inclusions can alter the resonance of a meta-DRA.
Referring to the meta percentage calculations in Table 4.1, it can be seen that the 20 μm design is
74.37% meta compared to the nominal design which is 56.25%. Hence it resonates at a lower
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frequency or has a higher permittivity. The higher meta percentage can be resulted from the fact that
the 20 μm design has more number of metal inclusions in the array compared to the nominal design.
Hence the resonance is affected by factors such as number of metal elements and the area of
coupling. The percentage argument doesn’t hold good for the non-symmetrical (variable metal
gap/width) design. According to the meta percentage of 65.63%, the design is expected to resonate
between the two symmetrical designs. This shows that the meta behavior in the non-symmetrical
designs is more complicated and doesn’t follow any particular pattern.

4.2.2 Resonating at 60 GHz
In this section, the meta-DRAs with H inclusions and resonating at 60 GHz are discussed.
An example structure of the meta-DRA is shown in Figure 4.3 (a) and (b). Since these need to
resonate at higher frequencies, the size of the meta-DRAs has to be smaller than the ones resonating
at 24 GHz as discussed in the previous chapters of the thesis. Hence, miniaturization is required to
lower the overall permittivity of the structure compared to that of the 24 GHz designs.

Figure 4.3 (a) Physical structure of the meta-DRA, feed line, substrate and excitation wave-port. (b)
Top-view of the meta-DRA design.

74

The structural specification of the metal inclusions in the above figure is (Appendix B.1, design 5):
Element Size: 100 by 200 μm
Gap: 50 μm
Internal Width: 50 μm

As can be seen, the element size is much smaller than the 24 GHz designs. However larger
size elements were also tried as an experiment and the results have been compared later in this
chapter under special designs. In Figure 4.4, the H designs have been compared just as in the
previous section in order to see whether the gap/width affects the resonance in any way. Again, all
the individual resonance curves were optimized using the feedline underneath the meta-DRA and the
curve with the most negative dB(S11) was selected. The nominal design (50μm) resonates at 69 GHz,
which is much higher than expected. The designs with gap/widths of 20μm and 30μm resonate at
61.5 and 61.7 GHz respectively. These designs with less change in the metal gap/width have similar
resonances. When the width is more than double as in the case of 50 μm, there is a considerable shift
in resonance. The meta-DRA with variable gap/width of 20 μm and 50 μm has a resonance at 60.8
GHz.
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Figure 4.4 100 by 200 μm H designs resonating at 60 GHz.

Metal gap/width (μm)

Meta %

Resonating F (GHz)

20

53.33

61.5

30

44.44

61.7

50

35.56

69

20-50

48.89

60.8

Table 4.2 Meta percentage and resonant frequency for different gap/width of the metal inclusions.

From Table 4.2 it can be seen that when the metal gap/width is varied uniformly in x or y
direction, the design with the highest meta percentage resonates at the lowest frequency. This is
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expected as the relative permittivity is higher for an increasingly meta design. When the low
permittivity polymer is higher in volume as in the case of the 50 μm design (meta percentage
35.56%), the design resonates at a much higher frequency of 69GHz. Thus the resonance of a metaDRA having metal inclusions with equal dimensions does not occur at the same frequency and it
varies with the metal gap/width.
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4.5 2D Radiation plot of the meta-DRA in the H-Plane showing the dB(GainPhi) and dB(GainTheta)
curves in HFSS.
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The radiation plot in the H-plane for the nominal design is provided below in Figure 4.5.
Here it can be observed that the antenna has a good realized gain of 6.3 dB (a rectangular DRA with
similar εr would typically have a gain of 5 dB). Hence these batches of antennas prove to radiate well
above expectations. The 3-D representation of the radiation plot is given in Figure 4.6.

4.6 3-D Radiation plot.
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4.3 Window (W) Inclusions
In this section, the metal inclusions in the shape of windows resonating around 24 GHz
will be discussed. The shape of the inclusions has already been described in Section 3.4. Figure 4.7
shows the structure of an example meta-DRA with window inclusions and resonating at 20 GHz.
Structural attributes of the metal inclusions are as follows (Appendix A.2, design W2):

Element Size: 200 by 200 μm
Gap: 30 μm
Internal Width: 30 μm

Figure 4.7 (a) Physical structure of the meta-DRA, feed line, substrate and excitation wave-port.
(b) Top-view of the meta-DRA design.
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Figure 4.8 200 by 200 μm Window designs resonating @ 24 GHz.
In this case, the nominal design has a gap/width of 30 μm and resonates at 20.7 GHz as
shown in Figure 4.8. Upon decreasing the gap to 20 μm, the meta-DRA resonates at 19.9 GHz which
is lower than the nominal design. The sample with variable widths (20 μm in X-axis and 50 μm in Yaxis) resonates at 20.4 GHz, fairly close to the nominal design.

Metal gap/width (μm)

Meta %

Resonating F (GHz)

20

72.25

19.9

30

64

20.7

20-50

63.75

20.4

Table 4.3 Meta percentage and resonant frequency for different gap/width of the metal inclusions.
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Again, the designs do not resonate at the exact same frequency. This actually shows the
change in the relative permittivity of the meta-DRA with the change in the metal gap/width. The
higher the εr of the antenna, the lower is the resonant frequency (refer to Section 2.1). This can be
seen from Table 4.3 where the design with the highest meta percentage (higher εr) resonates at the
lowest frequency. The magnetic coupling varies with the metal width and gap. This change in the
coupling of the field affects the resonance of the LC circuit in the antenna.

The gain of the nominal meta-DRA design can be seen in the radiation plot in Figure 4.9.
The frontal lobe denotes that a power signal is transmitted with a gain of 2.29 dB. This is lower than
a typical rectangular DRA gain of 5 dB. The design can be further optimized to achieve better gain.
The three-dimensional image of the radiation from the antenna has been given in Figure 4.10.

The window meta-DRAs were also designed to resonate at 60 GHz and were part of the
final mask. But they have not been included in this chapter. Instead half-window meta-DRAs
resonating at 60 GHz have been dealt with in the next section in order to include as many metal
inclusion geometries as possible. A detailed description of the structural arrangement of these designs
can be found in the Appendix B, Section B.2.
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4.9 2D Radiation plot of the meta-DRA in the H-Plane showing the dB(GainPhi) and dB(GainTheta)
curves in HFSS.
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4.10 3-D Radiation plot

4.4 Half-Window Inclusions
As stated in the previous section, an example design of a meta-DRA with half-window
metal inclusions resonating at 60 GHz has been presented here. The geometrical shape of a halfwindow inclusion has been shown in the previous chapter. Figure 4.11 (a) and (b) show the structure
of the resonator.
The details of the size of the element and metal gap/width are given as follows:
Element Size: 100 by 100 μm
Gap: 20 μm
Internal Width: 20 μm
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Figure 4.11 (a) Physical structure of the meta-DRA, feed line, substrate and excitation wave-port.
(on the left) (b) Top-view of the meta-DRA design. (on the right)

Figure 4.12 100 by100 μm Half-Window designs resonating @ 60 GHz.
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Metal gap/width (μm)

Meta %

Resonating F (GHz)

20

53.78

57.1

25

44.44

59.8

20-30

48.88

59.1

Table 4.4 Meta percentage and resonant frequency for different gap/width of the metal inclusions.

Figure 4.12 depicts the dB(S11) vs Frequency plot for the half-window designs with
varying widths/gaps. The nominal design has a gap/width of 25 μm and resonates at 59.8 GHz. This
design resonates closest to 60 GHz. Decreasing the metal gap/width to 20 μm reduces the resonating
frequency to 57.1 GHz, which also means a greater relative permittivity. The design with variable
gap/width, which is 20 μm in X-axis and 30 μm in Y-axis in this case, has a resonance at 59.1 GHz.
This is closer to the nominal meta-DRA.

Also, from Table 4.4, the meta percentage of the nominal design is the lowest (44.44%).
Hence it has a lower relative permittivity and resonates higher than the other designs. By now it is
certain that by altering the metal gap/width even by a few microns one can affect the overall
permittivity and hence the resonance of the meta-DRAs.
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Figure 4.13 2D Radiation plot of the meta-DRA in the H-Plane showing the dB(GainPhi) and
dB(GainTheta) curves in HFSS.

Figure 4.13 shows the radiation pattern in the H-plane for the design under consideration.
A realized gain of 3.86 dB has been achieved which is slightly lesser than the gain of 5 dB for a
similar permittivity material rectangular DRA. The 3-D pattern is shown in Figure 4.14.
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Figure 4.14 3-D Radiation plot.

4.5 Special Designs
As discussed in Chapter 3, there were sets of designs which did not belong to a particular
pattern but were considered as an experimental study. The most common alterations carried out were
halving the inclusions in a particular sample (H and Window) and extending the base of the polymer
of the DRA in the direction of the excitation (positive Y-axis). The effect of these changes on the
resonance and dB(S11) of the DRA have been recorded.
In this section, a meta-DRA with a larger polymer base and a meta-DRA with larger metal
inclusion size are compared to the performance of a regular meta-DRA resonating around 60 GHz.
As discussed earlier, miniaturization of the design is important in order to make it resonate at very
high frequencies. Hence the size of the elements has been reduced to the range of 100 μm and 200
μm in order to maintain aspect ratio. As an experiment, larger inclusions were used to form these
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meta-DRAs resonating at 60 GHz. Their size was considerably increased from the standard range of
100-200 μm to 400 μm. As a result, there were less number of inclusions but the surface area covered
by the individual elements was increased considerably. Figure 4.15 depicts the top-views of the metaDRAs having an element size of 100 by 200 μm, 400 by 400 μm and the extended polymer design
with an element size of 400 by 400 μm. The rectangular polymer surface of the design in Figure 4.15
(c) is visibly larger and different from the other samples. All the designs have the same gap/width of
50 μm.

(a)

(b)

(c)

Figure 4.15 (a) H inclusions 100 by 200 μm (b) H inclusions 400 by 400 μm
(c) H inclusions 400 by 400 μm with an extended polymer base.
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The polymer-base of a DRA resonating at a very high frequency of 60 GHz has
dimensions of 1.5 by 1.5 by 0.7 μm (XYZ coordinate) as explained in the previous chapter. In this
case, the size of the polymer is increased to 1.5 by 2 by 0.7 μm. It is known that increasing or
decreasing the height of the DRA affects the resonating frequency. But the heights of the DRAs are
uniform and hence none of the changes in the resonance in the following results could be attributed to
the height of the design.

Figure 4.16 Meta-DRAs having the same width/gap of 50µm.

The above figure shows the dB(S11) for the meta-DRAs versus frequency. It can be seen
that none of the designs resonate exactly at 60 GHz. While the design with ‘regular’ polymer
dimension has a resonance at 64.3 GHz (m1), the one with extended polymer resonates at a much
lower frequency of 56.9 GHz (m2). The resonance increases drastically to 68.4 GHz (m3) for the
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same design (400 by 400 μm) but with a standard sized polymer-base. Thus the extended polymer
reduces the resonant frequency compared to the nominal designs. But by increasing the element size
by four, a much higher resonant frequency is obtained compared to the other meta designs resonating
at 60 GHz.

Design

Meta %

Resonating F (GHz)

a

42.66

64.3

b

32.11

68.4

c

36.83

56.9

Table 4.5 Meta percentage and resonant frequency for different gap/width of the metal inclusions.

Table 4.5 shows the meta percentage for each of the designs under consideration. Although
the design c has an extended polymer-base, it has a higher meta percentage of 36.83% compared to
the meta percentage of the regular polymer design (b). Hence it resonates at a lower frequency. This
goes to show that irrespective of the polymer size, the meta percentage alone determines the
resonance of the meta-DRAs.
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Figure 4.17 Radiation plot in the H-plane of a meta-DRA with 400 by 400 μm H inclusions.

For the radiation comparison, inclusions with same dimensions (400 by 400 μm in this
case) but different sized polymer-base have been considered. The radiation plots for the designs are
given in Figures 4.17 and 4.18. It can be observed that the dB gain for the regular sized polymer-base
DRA is 6.08 dB. For the extended DRA, the gain reduces to 3.65 dB. This is a considerable change
considering the fact that both the designs have exact same specifications apart from the dimension of
the polymer. This study indicates that, there needs to be a minimum amount of metal area in a meta-
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DRA for it to radiate and transmit at a certain frequency. Designs with lower metal density do not
perform as desired.

Figure 4.18 Radiation plot in the H-plane of a meta-DRA with 400 by 400μm H inclusions with an
extended polymer-base.
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4.6 ΔL vs dB(S11)

During simulation of the designs, the microstrip feed line was extended beneath the metaDRA surface as stated in Chapter 3. The variation in the length of the feed line was defined as a
variable (ΔL) in HFSS. The length extended from the wall of the meta-DRA to the wall of the first
row of metal inclusions. It has to be ensured that the feed line does not touch or extend underneath
the metal inclusions. ΔL was added as a parametric study for all the meta-DRAs in HFSS. This
parameter was used to optimize the dB(S11) of the meta-DRA. The length of the feedline at which the
dB(S11) value of the meta-DRA was most negative was recorded and plotted against their
corresponding dB(S11) values. This was an attempt to find out the most suitable length of the feedline
beneath the meta-DRA that gives the best transmission of power or signal. Figure 4.19 shows the plot
obtained.

From the plot, it can be seen that most of the designs have a good negative dB reflection
coefficient around 0.1 mm. However, the best results were obtained at 0.12 mm. Hence it can be
deduced that the feed line should ideally be between 0.9-0.15 mm underneath the meta-DRA for the
design specifications in this thesis.
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Figure 4.19 ΔL vs dB(S11) for meta-DRAs.

4.7 Summary of the Meta Designs
In this section, an account of the meta-DRAs has been presented in a tabular format. All
the designs have been summarized as shown in Table 4.6. After observing the data, it can be seen that
most of the antennas operate close to the desired resonating frequencies of either 24 GHz or 60 GHz.
The reflection coefficient also has a considerable high negative value. This suggests most of the
meta-DRAs are well matched. The ideal ΔL values show the importance of the feedline below the
DRA.
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SIZE OF
ELEMENT

METAL & GAP

DRA

OPERATING

dB

ΔL

S.N.

SHAPE

SIZE (µm)

WIDTH (µm)

(mm)

F (GHz)

S11

(mm)

1

H

200 by 200

20

4*4

23.2

-10.3

0.1

2

H

200 by 200

50

4*4

21.7

-17.28

0.15

3

H

200 by 200

20 in X & 50 in Y

4*4

23.6

-14.33

0.15

4

H

200 by 500

20

4*4

23.6

-10.13

0.12

5

H

200 by 500

50

4*4

24.5

-18.8

0.15

6

H

200 by 500

20 in X & 50 in Y

4*4

22.5

-10.08

0.15

7

W

200 by 200

20

4*4

19.9

-30.3

0.12

8

W

200 by 200

30

4*4

20.7

-23.44

0.12

9

W

200 by 200

20 in X & 50 in Y

4*4

20.4

-20.68

0.1

10

W

200 by 500

20

4*4

19.8

-27.7

0.12

11

W

200 by 500

50

4*4

20.2

-21.38

0.1

12

W

200 by 500

20 in X & 50 in Y

4*4

20.3

-15.6

0.1

13

H

100 by 100

20

1.5*1.5

59.9

-14.28

0.1

14

H

100 by 100

30

1.5*1.5

59.3

-17.38

0.1

15

H

100 by 100

20 in X & 50 in Y

1.5*1.5

66.9

-16.5

0.075

16

H

100 by 200

20

1.5*1.5

61.5

-8.45

0.1

17

H

100 by 200

30

1.5*1.5

61.7

-12.08

0.1

18

H

100 by 200

20 in X & 50 in Y

1.5*1.5

60.8

-12.84

0.09

19

HW

100 by 100

20

1.5*1.5

57.1

-18.78

0.075

20

HW

100 by 100

25

1.5*1.5

59.8

-15.28

0.1

21

HW

100 by 100

20 in X & 30 in Y

1.5*1.5

59.1

-15.5

0.08

22

W

100 by 100

20

1.5*1.5

56.7

-18.04

0.072

23

W

100 by 100

25

1.5*1.5

59.6

-15.77

0.1

24

W

100 by 100

20 in X & 30 in Y

1.5*1.5

59.2

-15.04

0.08

25

W

100 by 200

20

1.5*1.5

59.3

-10.5

0.09

26

W

100 by 200

25

1.5*1.5

59.5

-12.17

0.09

27

W

100 by 200

20 in X & 50 in Y

1.5*1.5

60.1

-14.01

0.09

Table 4.6 Summary of the meta-DRA designs.
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Chapter 5
Summary and Conclusion
5.1 Summary
The prime objective of this thesis was to try and design meta-DRAs that could radiate
power similar to that of DRAs made of high permittivity materials. The objectives set out to achieve
in Chapter 1 are listed as below:

1. Select the shape/geometry of the metal inclusion to form the meta-DRAs and develop a set of
parameters to vary for the parametric performance study.
2. Design and simulate the meta-DRAs in a three dimensional (3D) full-wave electromagnetic
simulator. Define various parameters needed for design and obtain the dB reflection coefficient of
the antenna.
3. Evaluate resonant frequency, radiation patterns, and absolute gain obtained from the antennas to
assess the effects of inclusion geometries.
4. Compare the results obtained and choose best samples for developing a layout.
5. Have structural demonstrator devices fabricated using D-XRL technology to demonstrate the
fabrication feasability.

The theory of DRAs was dealt with in Chapter 2. Modes of RDRAs were studied
thoroughly with the help of equations and electrical and magnetic field patterns. The microstrip
feedline used to excite the meta-DRAs in this thesis were presented. In the same chapter, a detailed
study was presented on the discovery and applications of metamaterials. An example meta-DRA
simulation was also compared with a high permittivity DRA. The comparison exhibited the fact that,
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metal inclusions in a polymer can increase the relative permittivity of the polymer-base antenna from
2.5 and it makes it radiate like a high permittivity material antenna.
A complete account of the steps involved in the design of a meta-DRA using HFSS was
explained in Chapter 3. All the boundary conditions were defined. The structure of the DRA,
substrate and feedline were discussed thoroughly. The geometries of the metal inclusions were also
justified in this chapter. A brief explanation was given on S-parameters and multi-port network.
Furthermore, the concept of variable feedline used to optimize the dB(S11) of the meta-DRA was
introduced. The radiation of an antenna was explained subsequently. After establishing the
parameters for the design, an example meta-DRA design resonating at ~20GHz was presented
including the results obtained. The dB(S11) and resonance were studied. The radiation plot in H-plane
was discussed with an aim of 5dB power transmission. Later in the same chapter, the steps leading to
the formation and editing of the layout using ADS was introduced. Some example meta-DRA layouts
were also provided. Then a brief introduction to DXRL, used to fabricate the meta-DRAs at KIT,
Germany was presented. Some designs, which were already fabricated, have been discussed in the
next section. Judging from the SEM images, there was an irregularity in the metal inclusion in some
of the designs. Wondering whether this could affect the performance of the meta-DRA, two samples
having varying height (different pattern of variation) were designed and simulated. Both the designs
were meant to resonate around 24 GHz. Only one of the height variations seemed to cause an askew
pattern, but after 40 GHz.
Having established the motive, theory and implementation of the research, comparisons
between various meta-DRA designs were made in Chapter 4. The major factor for comparison was to
find whether the change in the metal gap/width (for the same size of the element) in the meta-DRA
affects the resonance in any way. H, window and half-window inclusions were compared, some
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resonating at 24 GHz and others at 60 GHz. The most common gaps/widths were 20 µm, 25 µm, 30
µm and 50 µm, with 50 µm designs considered to be nominal. Some meta-DRAs had dual
gaps/widths across X and Y-axis. Almost all the designs varied their resonance with the metal
gap/width. This could be due to the change in overall permittivity of the meta-DRA, which shifts the
resonance. The ΔL variable used to optimize the reflection coefficient was plotted against the
optimized dB(S11) values in order to find out the best length for the microstrip feedline underneath
the polymer-base of the meta-DRA. The length was found to be between 0.9 mm and 0.15 mm. The
chapter was concluded with a tabular summary of all the meta-DRAs designed, simulated and
included in the layout that was sent to KIT, Germany, for fabrication.

5.2 Conclusion
The experiments carried out in this thesis go a long way in assuring the use of antennas
made of metamaterials. The results obtained from these meta-DRAs were promising. They have
resonances at desired frequencies of 24 GHz and 60 GHz, which verifies the expected increase in the
relative permittivity of the polymer-base DRA. Also, the power gain from these meta-DRAs was
around 5 dB. This is comparable to a high permittivity RDRA. Hence it was verified that with low
permittivity polymer-base, meta-DRAs can provide similar performance as that of a high permittivity
DRA and also they are easier to fabricate. The shift in the resonance with metal gap/width goes to
show the scope of this research. The meta percentage calculated for all the design focuses on the
effect of metal inclusions in the polymer-base. Any sized polymer can be made to resonate by having
a certain amount of meta in them. However, the non-symmetric designs (variable metal gap/width)
have a complicated behavior that cannot be assessed by the meta percentage calculation. Another
interesting observation that was obtained during the project was the effect of the variation of the
metal inclusion height. This certainly affects the resonance of the meta-DRA structures but not so
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much the motive of resonating the antennas at 24 GHz and 60 GHz. Several errors could affect the
performance of the meta-DRAs such as fabrication tolerances, material property differences,
numerical errors (discretization, meshing) and measurement errors in a network analyzer. These
errors are important and might effect the simulation results. However this is not critical to the present
project related to the effect of varying geometries in meta-DRA performance.

5.3 Scope for Research in Future
Recommended future research scope for this project are:
1. Preliminary fabrication of meta-DRAs have been done at KIT, Germany, to demonstrate
feasibility. These designs should be physically teasted using a network analyzer after completion of
the final meta-DRAs.
2. Only a few types of geometries could be tried out for the metal inclusions in this project. There
could be other patterns or shapes that give better results.
3. After obtaining SEM images of a few fabricated meta-DRAs (H inclusions) from KIT, it might be
interesting to vary the height of meta inclusions and observe the effect on the resonace of the metaDRAs.
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Appendix A
Design Specifications of H and Window meta-DRAs resonating around
24 GHz
A.1 H Inclusions
The first kind of metal (nickel) inclusions tested were of the shape H. The DRA made of a
material with permittivity of 2.5, was filled with these H inclusions. The following sub sections
define the designs in terms of the parameters mentioned in Section 3.2.
Design 1 (H1):
Element Size: 200 by 200μm
Gap: 20μm
Internal Width: 20μm
Dimension of DRA: 4mm by 4mm by 1.8mm
Dimension of Substrate: 15mm by 15mm by 0.781mm
Feed Dimension: 2.2mm by (3.16 + Δl) mm by 0.003mm
ΔL for Feedline: 0mm to 0.15mm, step of 0.05mm.
Number of Inclusions: 17 by 17
Waveport Dimension: Position [2,0,0]; Size => X=11.5mm Z=5mm.
Air box Dimension: Position [-1,0,-1]; Size => 17mm by 16mm by 8mm.
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Figure A.1 The meta-DRA design and top-view of H1.
Design 2 (H2):
Element Size: 200 by 200μm
Gap: 50μm
Internal Width: 50μm
Dimension of DRA: 4mm by 4mm by 1.8mm
Dimension of Substrate: 15mm by 15mm by 0.781mm
Feed Dimension: 2.2mm by (3.16 + Δl) mm by 0.003mm
ΔL for Feedline: 0mm to 0.15mm, step of 0.05mm.
Number of Inclusions: 15 by 15
Waveport Dimension: Position [2,0,0]; Size => X=11.5mm Z=5mm.
Air box Dimension: Position [-1,0,-1]; Size => 17mm by 16mm by 8mm.
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Figure A.2 The meta-DRA design and top-view of H2.
Design 3 (H3):
Element Size: 500 by 500μm
Gap: 50μm
Internal Width: 50μm
Dimension of DRA: 4mm by 4mm by 1.8mm
Dimension of Substrate: 15mm by 15mm by 0.781mm
Feed Dimension: 2.2mm by (3.16 + Δl) mm by 0.003mm
ΔL for Feedline: 0mm to 0.1mm, step of 0.02mm.
Number of Inclusions: 7 by 7
Waveport Dimension: Position [2,0,0]; Size => X=11.5mm Z=5mm.
Air box Dimension: Position [-1,0,-1]; Size => 17mm by 16mm by 8mm.
Design 4 (H4):
Element Size: 200 by 500μm
Gap: 20μm
Internal Width: 20μm
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Dimension of DRA: 4mm by 4mm by 1.8mm
Dimension of Substrate: 15mm by 15mm by 0.781mm
Feed Dimension: 2.2mm by (3.16 + Δl) mm by 0.003mm
ΔL for Feedline: 0mm to 0.15mm, step of 0.03mm.
Number of Inclusions: 7 by 17
Waveport Dimension: Position [2,0,0]; Size => X=11.5mm Z=5mm.
Air box Dimension: Position [-1,0,-1]; Size => 17mm by 16mm by 8mm.

Figure A.3 The meta-DRA design and top-view of H3.

Figure A.4 The meta-DRA design and top-view of H4.
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Design 5 (H5):
Element Size: 200 by 500μm
Gap: 50μm
Internal Width: 50μm
Dimension of DRA: 4mm by 4mm by 1.8mm
Dimension of Substrate: 15mm by 15mm by 0.781mm
Feed Dimension: 2.2mm by (3.16 + Δl) mm by 0.003mm
ΔL for Feedline: 0mm to 0.15mm, step of 0.03mm.
Number of Inclusions: 6 by 15
Waveport Dimension: Position [2,0,0]; Size => X=11.5mm Z=5mm.
Air box Dimension: Position [-1,0,-1]; Size => 17mm by 16mm by 8mm.

Figure A.5 The meta-DRA design and top-view of H5.

A.2 Window Inclusions
The next set of designs include metal inclusions in the shape of a window. The following
sub sections give the designs made with these inclusions.
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Design 1 (W1):
Element Size: 200 by 200μm
Gap: 20μm
Internal Width: 20μm
Dimension of DRA: 4mm by 4mm by 1.8mm
Dimension of Substrate: 15mm by 15mm by 0.781mm
Feed Dimension: 2.2mm by (3.16 + Δl) mm by 0.003mm
ΔL for Feedline: 0.03mm to 0.15mm, step of 0.03mm.
Number of Inclusions: 17 by 17
Waveport Dimension: Position [2,0,0]; Size => X=11.5mm Z=5mm.
Air box Dimension: Position [-1,0,-1]; Size => 17mm by 16mm by 8mm.

Figure A.6 The meta-DRA design and top-view of W1.
Design 2 (W2):
Element Size: 200 by 200μm
Gap: 30μm
Internal Width: 30μm
Dimension of DRA: 4mm by 4mm by 1.8mm
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Dimension of Substrate: 15mm by 15mm by 0.781mm
Feed Dimension: 2.2mm by (3.16 + Δl) mm by 0.003mm
ΔL for Feedline: 0mm to 0.15mm, step of 0.03mm.
Number of Inclusions: 16 by 16
Waveport Dimension: Position [2,0,0]; Size => X=11.5mm Z=5mm.
Air box Dimension: Position [-1,0,-1]; Size => 17mm by 16mm by 8mm.

Figure A.7 The meta-DRA design and top-view of W2.

Design 3 (W3):
Element Size: 200 by 200μm
Gap: 20μm in the X-axis and 50μm in Y-axis.
Internal Width: 20μm in the X-axis and 50μm in Y-axis.
Dimension of DRA: 4mm by 4mm by 1.8mm
Dimension of Substrate: 15mm by 15mm by 0.781mm
Feed Dimension: 2.2mm by (3.16 + Δl) mm by 0.003mm
ΔL for Feedline: 0mm to 0.25mm, step of 0.05mm.
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Number of Inclusions: 17 by 15
Waveport Dimension: Position [2,0,0]; Size => X=11.5mm Z=5mm.
Air box Dimension: Position [-1,0,-1]; Size => 17mm by 16mm by 8mm.

Figure A.8 The meta-DRA design and top-view of W3.

Design 4 (W4):
Element Size: 200 by 500μm
Gap: 20μm
Internal Width: 20μm
Dimension of DRA: 4mm by 4mm by 1.8mm
Dimension of Substrate: 15mm by 15mm by 0.781mm
Feed Dimension: 2.2mm by (3.16 + Δl) mm by 0.003mm
ΔL for Feedline: 0mm to 0.15mm, step of 0.03mm.
Number of Inclusions: 17 by 17
Waveport Dimension: Position [2,0,0]; Size => X=11.5mm Z=5mm.
Air box Dimension: Position [-1,0,-1]; Size => 17mm by 16mm by 8mm.
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Figure A.9 The meta-DRA design and top-view of W4.

Design 5 (W5):
Element Size: 200 by 500μm
Gap: 50μm
Internal Width: 50μm
Dimension of DRA: 4mm by 4mm by 1.8mm
Dimension of Substrate: 15mm by 15mm by 0.781mm
Feed Dimension: 2.2mm by (3.16 + Δl) mm by 0.003mm
ΔL for Feedline: 0mm to 0.15mm, step of 0.03mm.
Number of Inclusions: 6 by 15
Waveport Dimension: Position [2,0,0]; Size => X=11.5mm Z=5mm.
Air box Dimension: Position [-1,0,-1]; Size => 17mm by 16mm by 8mm.
Design 6 (W6):
Element Size: 200 by 500μm
Gap: 20μm in the X-axis and 50μm in Y-axis.
Internal Width: 20μm in the X-axis and 50μm in Y-axis.
Dimension of DRA: 4mm by 4mm by 1.8mm
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Dimension of Substrate: 15mm by 15mm by 0.781mm
Feed Dimension: 2.2mm by (3.16 + Δl) mm by 0.003mm
ΔL for Feedline: 0mm to 0.15mm, step of 0.05mm.
Number of Inclusions: 7 by 15
Waveport Dimension: Position [2,0,0]; Size => X=11.5mm Z=5mm.
Air box Dimension: Position [-1,0,-1]; Size => 17mm by 16mm by 8mm.

Figure A.10 The meta-DRA design and top-view of W5.

Figure A.11 The meta-DRA design and top-view of W6.
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Appendix B
Design Specifications of H and Window meta-DRAs resonating around
60 GHz
B.1 H Inclusions
These meta-DRAs are formed by metal (Nickel) inclusions in the form of H shape as
shown in section 3.3.1. The design parameters are given as below:
Design 1 (h1):
Element Size: 100 by 100μm
Gap: 20μm
Internal Width: 20μm
Dimension of DRA: 1.5mm by 1.5mm by 0.7mm
Dimension of Substrate: 5mm by 5mm by 0.281mm
Feed Dimension: 0.923mm by (0.889 + Δl) mm by 0.001mm
ΔL for Feedline: 0mm to 0.12mm, step of 0.02mm.
Number of Inclusions: 10 by 10
Waveport Dimension: Position [5.1,0,0]; Size => X=4.5mm Z=2.8mm.
Air box Dimension: Position [4,0,-1]; Size => 7mm by 6mm by 8mm.

116

Figure B.1 The meta-DRA design and top-view of h1.
Design 2 (h2):
Element Size: 100 by 100μm
Gap: 30μm
Internal Width: 30μm
Dimension of DRA: 1.5mm by 1.5mm by 0.7mm
Dimension of Substrate: 5mm by 5mm by 0.281mm
Feed Dimension: 0.923mm by (0.889 + Δl) mm by 0.001mm
ΔL for Feedline: 0mm to 0.1mm, step of 0.02mm.
Number of Inclusions: 10 by 10
Waveport Dimension: Position [5.1,0,0]; Size => X=4.5mm Z=2.8mm.
Air box Dimension: Position [4,0,-1]; Size => 7mm by 6mm by 8mm.

Figure B.2 The meta-DRA design and top-view of h2.
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Design 3 (h3):
Element Size: 100 by 100μm
Gap: 20μm in the X-axis and 50μm in Y-axis.
Internal Width: 20μm in the X-axis and 50μm in Y-axis.
Dimension of DRA: 1.5mm by 1.5mm by 0.7mm
Dimension of Substrate: 15mm by 15mm by 0.281mm
Feed Dimension: 0.923mm by (0.889 + Δl) mm by 0.001mm
ΔL for Feedline: 0mm to 0.1mm, step of 0.02mm.
Number of Inclusions: 11 by 9
Waveport Dimension: Position [5.1,0,0]; Size => X=4.5mm Z=2.8mm.
Air box Dimension: Position [4,0,-1]; Size => 7mm by 6mm by 8mm.
Design 4 (h4):
Element Size: 100 by 200μm
Gap: 30μm
Internal Width: 30μm
Dimension of DRA: 1.5mm by 1.5mm by 0.7mm
Dimension of Substrate: 15mm by 15mm by 0.281mm
Feed Dimension: 0.923mm by (0.889 + Δl) mm by 0.001mm
ΔL for Feedline: 0mm to 0.1mm, step of 0.02mm.
Number of Inclusions: 5 by 10
Waveport Dimension: Position [5.1,0,0]; Size => X=4.5mm Z=2.8mm.
Air box Dimension: Position [4,0,-1]; Size => 7mm by 6mm by 8mm.
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Figure B.3 The meta-DRA design and top-view of h3.

Figure B.4 The meta-DRA design and top-view of h4.
Design 5 (h5):
Element Size: 100 by 200μm
Gap: 50μm
Internal Width: 50μm
Dimension of DRA: 1.5mm by 1.5mm by 0.7mm
Dimension of Substrate: 15mm by 15mm by 0.281mm
Feed Dimension: 0.923mm by (0.889 + Δl) mm by 0.001mm
ΔL for Feedline: 0mm to 0.175mm, step of 0.035mm.
Number of Inclusions: 8 by 6
Waveport Dimension: Position [5.1,0,0]; Size => X=4.5mm Z=2.8mm.
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Air box Dimension: Position [4,0,-1]; Size => 7mm by 6mm by 8mm.

Figure B.5 The meta-DRA design and top-view of h5.
Design 6 (h6):
Element Size: 100 by 200μm
Gap: 20μm in the X-axis and 50μm in Y-axis.
Internal Width: 20μm in the X-axis and 50μm in Y-axis.
Dimension of DRA: 1.5mm by 1.5mm by 0.7mm
Dimension of Substrate: 15mm by 15mm by 0.281mm
Feed Dimension: 0.923mm by (0.889 + Δl) mm by 0.001mm
ΔL for Feedline: 0mm to 0.1mm, step of 0.02mm.
Number of Inclusions: 11 by 5
Waveport Dimension: Position [5.1,0,0]; Size => X=4.5mm Z=2.8mm.
Air box Dimension: Position [4,0,-1]; Size => 7mm by 6mm by 8mm.

120

Figure B.6 The meta-DRA design and top-view of h6.

B.2 Window Inclusions
The next set of designs are window inclusions in the DRAs. The design parameters for the 60
GHz meta-DRAs are given as follows:
Design 1 (w1):
Element Size: 100 by 100μm
Gap: 20μm
Internal Width: 20μm
Dimension of DRA: 1.5mm by 1.5mm by 0.7mm
Dimension of Substrate: 5mm by 5mm by 0.281mm
Feed Dimension: 0.923mm by (0.889 + Δl) mm by 0.001mm
ΔL for Feedline: 0mm to 0.09mm, step of 0.018mm.
Number of Inclusions: 11 by 11
Waveport Dimension: Position [5.1,0,0]; Size => X=4.5mm Z=2.8mm.
Air box Dimension: Position [4,0,-1]; Size => 7mm by 6mm by 8mm.
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Figure B.7 The meta-DRA design and top-view of w1.

Design 2 (w2):
Element Size: 100 by 100μm
Gap: 25μm
Internal Width: 25μm
Dimension of DRA: 1.5mm by 1.5mm by 0.7mm
Dimension of Substrate: 5mm by 5mm by 0.281mm
Feed Dimension: 0.923mm by (0.889 + Δl) mm by 0.001mm
ΔL for Feedline: 0mm to 0.125mm, step of 0.025mm.
Number of Inclusions: 10 by 10
Waveport Dimension: Position [5.1,0,0]; Size => X=4.5mm Z=2.8mm.
Air box Dimension: Position [4,0,-1]; Size => 7mm by 6mm by 8mm.
Design 3 (w3):
Element Size: 100 by 100μm
Gap: 20μm in X-axis and 30μm in Y-axis.
Internal Width: 20μm in X-axis and 30μm in Y-axis.
Dimension of DRA: 1.5mm by 1.5mm by 0.7mm
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Dimension of Substrate: 5mm by 5mm by 0.281mm
Feed Dimension: 0.923mm by (0.889 + Δl) mm by 0.001mm
ΔL for Feedline: 0mm to 0.1mm, step of 0.02mm.
Number of Inclusions: 11 by 10
Waveport Dimension: Position [5.1,0,0]; Size => X=4.5mm Z=2.8mm.
Air box Dimension: Position [4,0,-1]; Size => 7mm by 6mm by 8mm.

Figure B.8 The meta-DRA design and top-view of w2.

Figure B.9 The meta-DRA design and top-view of w3.
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Design 4 (w4):
Element Size: 100 by 200μm
Gap: 20μm
Internal Width: 20μm
Dimension of DRA: 1.5mm by 1.5mm by 0.7mm
Dimension of Substrate: 5mm by 5mm by 0.281mm
Feed Dimension: 0.923mm by (0.889 + Δl) mm by 0.001mm
ΔL for Feedline: 0mm to 0.15mm, step of 0.03mm.
Number of Inclusions: 6 by 10
Waveport Dimension: Position [5.1,0,0]; Size => X=4.5mm Z=2.8mm.
Air box Dimension: Position [4,0,-1]; Size => 7mm by 6mm by 8mm.

Figure B.10 The meta-DRA design and top-view of w4.

Design 5 (w5):
Element Size: 100 by 200μm
Gap: 25μm
Internal Width: 25μm
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Dimension of DRA: 1.5mm by 1.5mm by 0.7mm
Dimension of Substrate: 5mm by 5mm by 0.281mm
Feed Dimension: 0.923mm by (0.889 + Δl) mm by 0.001mm
ΔL for Feedline: 0mm to 0.09mm, step of 0.018mm.
Number of Inclusions: 6 by 10
Waveport Dimension: Position [5.1,0,0]; Size => X=4.5mm Z=2.8mm.
Air box Dimension: Position [4,0,-1]; Size => 7mm by 6mm by 8mm.

Figure B.11 The meta-DRA design and top-view of w5.

Design 6 (w6):
Element Size: 100 by 200μm
Gap: 20μm in X-axis and 50μm in Y-axis.
Internal Width: 20μm in X-axis and 50μm in Y-axis.
Dimension of DRA: 1.5mm by 1.5mm by 0.7mm
Dimension of Substrate: 5mm by 5mm by 0.281mm
Feed Dimension: 0.923mm by (0.889 + Δl) mm by 0.001mm
ΔL for Feedline: 0mm to 0.09mm, step of 0.018mm.
Number of Inclusions: 6 by 10
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Waveport Dimension: Position [5.1,0,0]; Size => X=4.5mm Z=2.8mm.
Air box Dimension: Position [4,0,-1]; Size => 7mm by 6mm by 8mm.

Figure B.12 The meta-DRA design and top-view of w6.
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