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ABSTRACT

Electromagnetic metamaterials are artificial effectively homogeneous structures that
can be designed to exhibit specific electromagnetic properties not commonly found in
nature. The prefix "meta” means "beyond™" in Greek. These structures are regarded as
metamaterials because they are beyond our experience and the descriptions we give to
normal bulk materials. These structures have average cell size less than the guided
wavelength and can result in effective medium parameters unattainable in natural
materials. An interesting feature is that they can attain negative permeability and
permittivity. A metamaterial with negative permeability and permittivity is known as Left
Handed Metamaterial (LHM).

In recent years, these structures are widely applied in antennas for fixed and mobile
communications system because of their interesting features when interacting with

electromagnetic waves.

In this project, a planar zero-index metamaterial is designed. The simulation results
show that a zero index of refraction occurs at 10.255 GHz. The zero index of refraction
can be used to enhance the directivity of antennas. A microstrip patch antenna designed at
the same above frequency, showed an improvement in directivity with the help of a zero-
index metamaterial as superstrate. The above antenna is fabricated and experimentally

verified.

The thesis also highlights the design of a metamaterial for steering the beam of a
microstrip patch antenna. The varying refractive index of the metamaterial helps to
achieve the steering of the beam of the antenna.
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CHAPTER 1
INTRODUCTION

1.1 METAMATERIALS

Metamaterials are engineered media whose electromagnetic responses are different
from those of their constituent components. There are several classifications of
metamaterials. They are named based on their fundamental properties, i.e., by the signs of
their permittivity and permeability. The double positive (DPS) metamaterials have both
the permittivity and permeability positive, i.e., € > 0, u > 0. The double negative (DNG)
metamaterials have both the permittivity and permeability negative, i.e., € <0, u <0. The
single-negative (SNG) metamaterials have either the permittivity or the permeability less
than zero. The epsilon negative (ENG) metamaterials have the permittivity less than zero,
i.e., € <0, 4> 0. The mu negative (MNG) metamaterials have the permeability less than
zero, i.e.,, E>0pu<0.

Left-Handed Materials (LHM) were first theorized by Veselago [1] as double
negative materials (DNG) for their simultaneously negative permittivity (€) and
permeability (p). The term “left-handed” describes the fact that the vectors E (electric
field), H (magnetic field) and k (wave vector) form a left-handed triplet, instead of a
right-handed triplet, as is the case in conventional right-handed (RH) media. Although
Veselago’s prediction was brought out in 1967, experimental verifications of the effective
permeability and the left-handedness were presented by Pendry and Smith [2] three
decades later. Thus, in LH media, the Poynting vector S (that points at the direction of
energy propagation and the group velocity) is anti-parallel to the wave vector k (that
points at the direction of phase velocity).

These LH materials possess a negative effective refractive index n (NRI) related to the
phase velocity according to V, = % = ;C , Where c is the velocity of light in free space. For

NRI metamaterials, phase velocity (Ve = ®/) and the group velocity, Vg = ‘;—z are anti-

parallel.
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1.1a)

1.1b)

Figurel.l: a) Right handed medium b) Left handed medium

1.2 APPLICATION IN ANTENNA DESIGN

With the development of metamaterial studies, some research works concluded that
when the ray is incident from inside the zero-index medium (ZIM) into the free space, the
refracted rays will be normal to the interface. This special property provides a unique
method of controlling the direction of emission. In 2002, Enoch [3] experimentally
demonstrated for the first time that energy radiated by a source embedded in a metallic

grids structure will be concentrated in a narrow cone in the surrounding media when the



refractive index of metamaterials is close to zero in some frequency bands, so a great
improvement of directivity was potentially obtained. This material can be used to
improve the directivity of antennas.

An array of continuous thin wires are characterized by a plasma frequency [4, 5],

w 2

Ceff = 1 — w—”z, where wp is the plasma frequency and o is the frequency of the

propagating electromagnetic wave. The refractive index n = /e.;; i approaches zero,

on the condition that the operating frequency is very close to the plasma frequency, where
Letr 1S the effective permeability. According to the Snell’s law, when the ray is incident
from inside the low-index metamaterial or zero-index metamaterial into free space, the
angle of refraction will be close to zero, and the refracted rays will be normal to the
interface. This property provides a unique method of designing high-directive antennas.

The advance of the wireless telecommunications networks ought to develop smart
antenna systems. For a best quality of service, it is necessary to dynamically steer the
radiation of the antennas in privileged directions and to present nulls in all the other
directions for interference minimization. For this purpose, phased arrays are a well proven
technology; however it does not really fit in mobile terminals due to limited space
availability. This thesis proposes the covering of a primary radiating source by a
metamaterial superstrate based on an omega shaped unit cell having a varying index
medium, in order to introduce the beam steering control of the antenna. The tuning of the
metamaterial resonators is obtained by varying the gap impedance of the omega cell by an
appropriate loading through a varactor diode or by using variable capacitor.

1.3 OBJECTIVE
In this thesis, the objective is to design a zero index metamaterial at a frequency of
10.255 GHz and to realize a directive patch antenna using this ZIM.

The thesis also proposes an omega (2) shaped metamaterial for steering the beam
of the microstrip patch antenna.



1.4 ORGANIZATION OF THE THESIS

This chapter present the introduction, problem definition, antenna design application and
objective of this thesis work.
Chapter 2 reports the study of metamaterial parameters. This chapter clearly explains the

procedure for parameter retrieval of the metamaterials.

Chapter 3 presents the design of microstrip patch antenna. The scattering parameter and
radiation pattern of the antenna is observed. The experimental verification of the design is
done and compared with the simulated results.

Chapter 4 explains the design of a zero index metamaterial as a superstrate for microstrip
patch antenna. This chapter analyses scattering parameter and the radiation pattern of the
antenna. The radiation pattern clearly indicates the improvement of directivity of the
antenna. The experimental verification of the design is done for comparison with the

simulated results.

Chapter 5 highlights the design of omega () shaped metamaterial for shifting the beam
of the microstrip patch antenna. This chapter shows the steered radiation pattern.

Chapter 6 presents the summary and conclusions.



CHAPTER 2
STUDY OF METAMATERIAL PARAMETERS

2.1 PARAMETER RETRIEVAL

The electromagnetic properties of a structure are determined by well-defined material
constants, permittivity (€), and permeability (). Therefore, the extraction of the material
constants of a given metamaterial is important for predicting the electromagnetic
properties of the metamaterial.

When a Transverse Electromagnetic (TEM) wave is incident on the structure,
tangential electric and magnetic fields become zero on PEC and PMC surfaces
respectively. Therefore, a fictitious waveguide possessing the PEC surfaces on the top and
bottom walls and the PMC surfaces on the front and back walls can support TEM waves.
If unit cells of a periodic structure are symmetric, the field distributions in the waveguide
for one unit cell are identical with those of the infinite periodic structure. The below
Figure 2.1 is taken from [6].

PEC

Unknown Material

Embedding

distance

Figure2.1: TEM wave incident on a metamaterial with dimension Ly, Lyand L, =d

Figure 2.1 shows the waveguide simulation scheme for acquiring S-parameters of an
unknown material. The PEC boundary condition is applied to the upper and bottom walls
at the waveguide, and the PMC boundary condition is applied to the front and back walls.



The length and width of the material with thickness L, (d) are Ly and Ly, respectively. The
scattering parameters at the material’s interface are obtained by shifting a phase reference
plane from the ports to the material’s interfaces (En,). After the S-parameters are obtained,
the material constants can be extracted by using the following formulae.

The equation for reflection coefficient and wave impedance are given by

= 1-(83,—S{1) + \/[ 1_(5221_5121)]2 —landz= 11+ 851 )-T1a @2.1)
2511 2511 1-(S11+521 ) 12

The solution that satisfies the condition | I'12| <1 is chosen.

Vi _ 1+ Tyy - Co ;

—_——_- = = + B .

& 1= T, X, V& I, [Injz|+jarg@) =Y ..cocce... (2.2)

where ¢y is the speed of the wave in free space and d is the thickness of the metamaterial.

. Y .
NOW, Sr = Sryreal _J Sryimag = = and ur = uryrea| ‘J uryimag = XY ............. (23)
X

Refractive index of the metamaterial can be calculated as n =./,-€,



CHAPTER 3
DESIGN OF MICROSTRIP PATCH ANTENNA

3.1 GENERAL EXPLANATION

Antennas play a very important role in the field of wireless communications. Some of
them are Parabolic Reflectors, Patch Antennas, Slot Antennas, and Folded Dipole
Antennas. Each type of antenna is good in its own properties and usage. It can be said that
antennas are the backbone and almost everything in the wireless communication without
which the world could have not reached at this age of technology. Patch antennas play a
very significant role in the world of wireless communication systems. They are widely
used in aircraft, spacecraft and other application for small size, low cost and light weight.

A microstrip patch antenna [7] is very simple in the construction using a conventional
microstrip fabrication technique. The most commonly used microstrip patch antennas are
rectangular and circular patch antennas. These patch antennas are used as simple and for
the widest and most demanding applications. The below Figure 3.1 is taken from [8].

P /

A N/

Radiating R:ldi:lling
slot #1 slot #2

€, Substrate

Ground plane

Figure 3.1: Microstrip patch antenna

A microstrip patch antenna is a thin square patch on one side of a dielectric substrate
and the other side having a plane to the ground. The simplest microstrip patch antenna



configuration would be the rectangular patch antenna. The patch in the antenna is made of
a conducting material, Cu (Copper). A patch antenna has more advantages compared to
the other type of antennas due to its cheap cost, portability, installation etc. The
integration of these antennas is very easy to other electronic media than the conventional
antennas. The basic antenna element is a strip conductor of length (L) and width (W) on a
dielectric substrate with constant (g;); thickness or height of the patch being (h) with a
height and thickness (t) is supported by a ground plane. The rectangular patch antenna is
designed so as it can operate at the resonance frequency. The length of the patch for a
rectangular patch antenna normally would be 0.333A <L < 0.5 A, A being the free space
wavelength. The thickness of the patch is selected to be in such a way that is t << A. The
height, h, of the dielectric substrate that supports the patch usually ranges between 0.003

A and 0.05X so as the dielectric constant, €, of the substrate ranging between 2.19 and 12.

Microstrip feed line is used in this project which is one of the simplest form of feeding
the patch. Because the dimensions of the patch are finite along the length and width, the
fields at the edges of the patch undergo fringing. This is illustrated by the Figure 3.2
which is taken from [8].

L

< >
m

Ground Plane

\

Figure 3.2: Fringing field of microstrip patch

The amount of fringing is a function of the dimensions of the patch and the height of
the substrate. Fringing influences the resonant frequency of the antenna. The fringing
fields around the antenna can help in explaining why the microstrip antenna radiates.
Consider the side view of a patch antenna, shown in Figure 3.2. The current at the end of
the patch is zero (open circuit end), the current is maximum at the centre of the half-wave
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patch and (theoretically) zero at the beginning of the patch. At the end of the patch the
voltage is at a maximum (say +V volts). At the start of the patch antenna (a half-
wavelength away), the voltage must be at minimum (-V Volts). Hence, the fields
underneath the patch will resemble that of Figure 3.2, which roughly displays the fringing
of the fields around the edges. The electric field at the centre is zero and maximum to
positive on one side and max to the negative on the opposite side. It is the fringing fields
that are responsible for the radiation. The fringing fields near the surface of the patch
antenna are both in the +y direction as shown in figure. Hence, the fringing E-fields on
the edge of the microstrip antenna add up in phase and produce the radiation of the

microstrip antenna. The smaller permittivity or dielectric constant is (&), the more

“bowed” the fringing fields become; they extend farther away from the patch. Therefore,
using a smaller permittivity for the substrate yields better radiation.

For a microstrip line shown in Figure 3.3, electric field lines reside in the substrate
and parts of some lines exist in air. As W/h >> 1 and & > 1, the electric field lines

concentrate mostly in the substrate. Fringing in this case makes the microstrip line look
wider electrically compared to its physical dimensions. Since some of the waves travel in

the substrate and some in air, an effective dielectric constant € IS introduced to

account for fringing.

Figure 3.3: Microstrip line and its electric field lines



3.2 PROPOSED STRUCTURE

A patch antenna is designed for a resonant frequency of 10.255 GHz. The structure
dimension is as shown below in Figure 3.4. The substrate used was Rogers 5880 with
dielectric constant 2.2 and loss tangent 0.0009. The length (L) and width of patch (W)
were 9.1 mm and 17.5 mm respectively. Substrate height was about 0.787 mm with
metal thickness of about t = 0.035 mm.The substrate size is about 30 mm x 24.895 mm.

24.895

19.79mm

S

Figure 3.4: Patch antenna corresponding to a resonant frequency of 10.255 GHz.

The figure simulated in CST Microwave Studio is shown in Figure 3.5.

Patch

Substrate

Y

.

z

Figure 3.5: Geometry of patch simulated in CST Microwave Studio



3.3 CALCULATION OF DIMENSION

The design equation of the patch is given below.

1 2
The width of the patch is, W = U
P 2f0\/uo€o\/ Ert+1 @)

where f; is the resonating frequency, €, is the permitivity of substrate , u, and €, are

permeability and permittivity of free space.

-1

—[1+120]7 @

E-+1 &

+

The effective dielectric constant IS €reff =

where h is the height of the substrate. The extended length of patch due to fringing field

w
AL (Ereff +0.3)(—+0.264
can be calculated as  — = 0.412—~ (& ik )
h (Ereff_0-258)(7+0.8)

1

2fr /Erefflvloso

3.4 SPARAMETER AND RADIATION PATTERN

The actual length of patch can be obtained by L =

The S parameter obtained after simulation in CST microwave is given as

S - Parameter [Magnitude]

—S1,1

5 6 7 8 9 10 11 12
Frequency / GHz

Figure 3.6: S parameter of patch antenna
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It can be clearly identified from the figure that the resonating frequency is 10.255 GHz
where S11 (reflection coefficient) is about 0.0389.

The radiation pattern diagrams of the patch antenna at the resonant frequency are shown

in Figure 3.7 and 3.8.

Farfield Directivity Abs (Phi=0)

180

Theta / Degree

Frequency = 10.255

Main lobe magnitude =  5.86
Main lobe direction = 0.0 deg.
Angular width (3 dB) = 67.5 deg.

Figure 3.7: Elevation pattern of patch antenna

The above Figure 3.7 shows the elevation pattern of patch antenna with 3dB angular

width A@ = 67.5%. The main lobe magnitude is 5.86 in the linear scale.
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Farfield Directivity Theta

180

Phi / Degree

Frequency = 10.255

Man lobe magntude =  5.87
Man lobe drection = 270.0 deg.
Angular width (3 dB) = 103.4 deg.

Figure 3.8: Azimuth pattern of patch antenna

The above Figure 3.8 shows the azimuth pattern with 3dB angular width A¢ = 103.4°.

Directivity of the antenna is given by D = A;_Zcb = 5.87 (linear scale).
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CSsT

~ e-field (f=10.257;2=10) [1] (peak)

Type: E-Field

Cutplane normal: 0,0, 1

Cutplane position: 10

Component: Abs

2D Maximum; 8238

2D Max, position:  -0.4231, 7,305, 10
Frequency: 10,25700092316

Phase: 157.5

Figure 3.9: Electric field contour plot of patch antenna

The above figure shows the electric field contour plot of patch which indicates spherical
wavefronts. This shows that directivity of patch antenna is less.

3.5 EXPERIMENTAL VERIFICATION

The simulated microstrip patch antenna is experimentally verified. It can be seen that
experimental results agrees well with simulated results in spite of the fabrication and
random errors in the measurement. The fabricated patch antenna is designed for a
resonant frequency of 10.255 GHz. The substrate used was Rogers 5880 with dielectric
constant 2.2 and loss tangent 0.0009. The length (L) and width of patch (W) were 9.1 mm
and 17.5 mm respectively. The substrate height was about 0.787 mm with a copper
thickness of 0.035 mm and a size of about 30 mm x 24.895 mm. The experimental set up
for measurement of S parameter is shown in Figure 3.10. In the experiment, transmission
and reflection coefficient are measured by Agilent N5230A vector network analyser with
a standard X-band waveguide as receiver. The Figure 3.11 shows the comparison between
simulated and experimental results of S11.
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Figure 3.10: Experimental set up for measurement of S11 and S21 of patch antenna

E —m=— 8§11 Experiment
1.0 S ®  S11 Simulation

0.9
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S$11 Magnitude

1 L 1 ' !

8 9 10 11 12
Frequency(GHz)

-
-
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Figure 3.11: Comparison between simulated and experimental results of
S11 of patch antenna
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From Figure 3.11, it is clear that the resonant frequency of the proposed structure is
observed around 10.255 GHz with S11 in magnitude 0.0389 through the simulation,
while the measured spectra shows resonance at 10.29 GHz with S11 magnitude 0.0299
which agrees with the simulated resonance frequency. It can also be seen from Figure
3.12 that, the transmission is maximum about 80% at the resonant frequency of

10.29GHz. Hence the simulated result is verified with experimental results and it is

I L 1

10 12
Frequency(GHz)

Figure3.12: Experimental result of S21 of patch antenna

confirmed that the patch resonates at the designed frequency.
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CHAPTER 4
DESIGN OF ZIM METAMATERIAL AS PATCH COVER

4.1 GENERAL EXPLANATION

A wave passing through a zero-index medium (ZIM) has a spatially uniform phase,
characterized by a quasi-infinite wavelength. With the development of wave optics, the
refractive index is now recognized as a measure describing the reduction of the speed and
wavelength of light compared to their free-space counterparts, following the simple
relationsv = c/nand A = Ao/n. (The frequency ® = 2mc/hg = 2mv/A doesn’t vary in a
“linear” optical material)[9]. In a general case where the wave has a propagation
factor e_i(wt_kz), the refractive index (and consequently the wave vector, k = n/c)
assumes a complex value n=n’+in", where exp(i2nn'z/Ao) describes the phase advance the
wave acquires during its propagation, and exp(—2znn"z/Ag) gives the exponential decay of
the field magnitude.

Within an ENZ (epsilon near zero) material, the wave exhibits little or no spatial
variation, as the wavelength X = Ao/n approaches infinity. The speed of light in the
material, as indicated by v = ¢/n, becomes superluminal, posing an apparent contradiction
to relativity. However, this velocity is the “phase velocity”, which describes the rate at
which the phase of the wave propagates. In contrast, the optical power or information
travels at the “group velocity,” which is limited by relativity, so causality still holds.
Consequently, at zero index, vp—oo and vg—0. In general, any material with |n| < 1 will be
dispersive (with the index of refraction depending on wavelength), and any modulated
signal in the material will travel below the speed of light in vacuum, albeit with a

superluminal phase velocity for certain frequencies.

According to Snell’s law, when the ray is incident from inside the low-index
medium or zero-index medium (LIM/ZIM) into free space, the angle of refraction will be
close to zero, and the refracted rays will be normal to the interface. This property
provides a unique method of designing high-directive antennas.

17



4.2 PROPOSED STRUCTURE

The Figure 4.1 below shows the unit cell structure of the zero index metamaterial
which has a plasma frequency of 10.255 GHz. The unit cell dimensions are w = 4mm, t =
1 mm, d=0.787 mm, s =3.5mm, h=16.6 mmand | = 10 mm.

Figure 4.1: Unit cell structure simulated in CST microwave with dimensions marked.

This structure can be seen as a metallic thin-wire array. So the structure is characterized
by a plasma frequency. The two-layer structure is excited by a plane wave, and the four
sides of the structure are set to boundary conditions. These figures are shown as Figure
4.2 and 4.3.

18
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Figure 4.2: Blue: H;= 0 (PMC), Green: E; = 0 (PEC), Violet: Open space
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Figure 4.3: The two ports given for calculation of S parameters
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4.3 SPARAMETER AND REFRACTIVE INDEX

The structure is simulated in CST Microwave Studio and S-parameters are obtained.
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Figure 4.4: Magnitude and Phase of S11 and S21

The magnitude of S11 has minimum value of about 0.0009 and S21 has maximum value

of 0.99 at 10.255 GHz, which is the plasma frequency. The phase of S11 and S21 shows a

zero degree crossing at the same plasma frequency.
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Figure 4.5: Refractive index, permittivity and permeability of metamaterial unit cell
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It was found that at 10.255 GHz, both the real and imaginary parts of the effective
permittivity are zero, which lead the refraction index at 10.255 GHz, very close to zero,
for the unit cell. The structure is based on Rogers 5880 (lossy) substrate with loss tangent
0.0009. The unit cell was repeated with identical periodic metallic patterns printed on
both sides of the substrate. The Rogers 5880 (lossy) substrate has a thickness of 0.787
mm and a dielectric constant of 2.2. The metallic pattern is as shown below in Figure 4.6.

Smm.__imm 0.5m
— — H
3.5mm =,,,m | I |
-
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: : : : B
imm

30mm

Imm

=

Figure 4.6: Metamaterial slab with repetition of unit cell

The size of the above metamaterial slab is 30 mm x 36 mm with Cu cladding thickness of
0.035 mm on both side of substrate.
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Port 2

Figure 4.7: Simulated structure of metamaterial slab in CST Microwave Studio

The combined effect of the two slabs provides a near zero refraction around

10.255 GHz as similar as single unit cell.

In a zero-index medium (ZIM), the wave moves without changing its phase such
that wavelength in medium becomes infinite. This can be identified by the propagation of
electric field vector through the periodically arranged zero phase index metamaterial
system with almost constant magnitude throughout the medium.

LI R A S AR R R R AR R N L AR AR L L

METAMATERIAL METAMATERIAL

Figure 4.8: Electric field propagation through the metamaterial indicates constant phase
inside the medium as the field arrows are not flipped upon many distances.
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4.4 METAMATERIAL SUPERSTRATE FOR PATCH

The above zero-index metamaterial operating at 10.255 GHz is used as a superstrate
over a patch designed at the same frequency. The substrate used for patch was Arlon Cu
233 LX (lossy) with dielectric constant 2.33 and loss tangent 0.0013. The length (L) and
width of patch (W) were 8.847 mm and 17 mm respectively. Substrate height was about
0.787 mm with metal thickness of about t = 0.035 mm. The substrate size is 30 mm x
24.645 mm. The figure simulated in CST Microwave Studio is as shown below in Figure
4.9.

Metamaterial »

Patch Antenna »

Figure 4.9: Simulation of metamaterial superstrate over patch antenna in CST
Microwave Studio

Directivity will be improved when wave is coming out of the zero refracting medium
in superstrate case. In superstrate case, the radiation pattern of an antenna is changed.
Metamaterial nearly acts as a lens. So the beam is less diverging in the case of superstrate
owing to the beam shaping comparing to the empty medium. Improvement in the
directivity is good application of zero refractive index medium. As zero phase index
refers infinite wavelength. It means the wavelength is very large for near zero phase
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index. Since wavelength is very large (nearly infinite) we can say phase is constant.
Here, metamaterial allows us to control the direction of emission of a source in order to
collect all the energy in a small angular domain around the normal. Hence we are
correcting the spherical wavefront coming out of the antenna through zero phase
correction to increase directivity. The correction of spherical wave front to planar can be
understood from the Figure 4.10 below.
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e-field (f=10.255,y=0) [1] (peak)
Type: E-Field
Cutplane normal: 0, 1,0
Cutplane poskion: 0
Component; Abs
20 Maximum: 1528
20 Max, postion: 15,94, 0, -11.29
Frequency: 10,25499916077

Figure 4.10: Correction of spherical wavefront to planar wavefront

From the Figure 4.10, it can be understood that the wavefront becomes less diverging
after passing through the zero refracting metamaterial superstrate. That indicates the
improvement in directivity of the patch antenna.
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4.5 RADIATION PATTERN AND IMPROVEMENT IN DIRECTIVITY

Farfield Directivity Abs (Phi=0)

180

Theta / Degree

Frequency = 10.255

Main lobe magnitude =  19.9
Main lobe direction = 0.0 deg.
Angular width (3 dB) = 25.6 deg.
Side lobe level = -4.6 dB

Figure 4.11: Elevation pattern of patch antenna with superstrate

The above Figure 4.11 shows the elevation pattern with 3dB angular width A0 for patch
antenna with superstrate. A6 has decreased from 67.5° (without superstrate) to 25.6° (with

superstrate).
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Farfield Directivity Theta

180

Phi / Degree

Frequency = 10.255

Main lobe magnitude = 19.9

Main lobe direction = -90.0 deg.
Angular width (3 dB) = 80.977deg.

Figure 4.12: Azimuth pattern of patch antenna with superstrate

The above Figure 4.12 shows the azimuth pattern with 3dB angular width A¢ for patch
antenna with superstrate. A¢ has decreased from 103.4° (without superstrate) to 80.977°
(with superstrate). Directivity is improved from 7.68 dB to 13 dB, which is equal to
improvement from 5.87 to 19.9 in linear scale.
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4.6 VARIATION OF DIRECTIVITY WITH DISTANCE
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Figure 4.13: Variation of directivity of patch antenna with distance between antenna
and superstrate

The above figure shows the variation in directivity of the antenna with the change in

the distance between superstrate and patch. When the distance is about 14.6 mm (about

M2), the directivity becomes maximum i.e. 13 dB.

Distance b/w
superstrate & Directivity(dB)
patch
13 11.3
13.1 11.6
13.25 11.88
13.4 12.1
14 12.56
14.1 12.7
144 12.75
14.6 13
14.7 13
14.8 13
15 12.9
15.2 12.87
15.3 12.8
15.6 12.7

Table 4.1: Variation of Directivity with distance between superstrate and patch antenna
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Figure 4.14: Variation of directivity (dB) of patch antenna with frequency

Frequency(GHz) Directivity(dB)

8.5 1.6

9 5.8

9.5 10.8

9.872 12.8
10.255 13

10.5 12.2

11 8.6

115 8.3

Table 4.2: Variation of Directivity with frequency of operation

The above figure gives the variation of directivity of the antenna with frequency. It can be
seen that, at 10.255 GHz, the directivity is maximum which is the operating frequency.
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4.7 EXPERIMENTAL VERIFICATION

The simulated transmission of the electromagnetic wave is compared with the
experimental results, which agrees well with the measured values of the transmitted field
despite the fabrication and random errors in the measurements. The layout of the zero
refractive index metamaterial structure is shown in Figure 4.15. It consists of 3X6 array
of the unit cell structure patterned on the each side of the Rogers 5880 board of thickness
0.787 mm with a copper thickness of 0.035 mm and the dielectric constant of the board is
2.2 with loss tangent 0.0009.

Figure 4.15: Fabricated board of the proposed structure

The experimental set up for the measurement of scattering parameter is shown in
Figure 4.16. In the experiment, transmission and reflection coefficient are measured by
Agilent N5230A vector network analyser with a standard X-band waveguide as
transmitter and receiver. The two metamaterial structures are kept at an optimal distance
of 16.6 mm and a linearly polarized electromagnetic wave is incident on the structure and
on the other side of the structure, we measured the transmitted wave using a X-band
waveguide, since the structure was small. The Figure 4.17 Figure 4.18 shows the
comparison between simulated and experimental results of S11 and S21.
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Figure 4.16: Experimental set up for measurement of S parameter for metamaterial
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Figure 4.17: Comparison between simulated and experimental results of

S11 of metamaterial
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Figure 4.18: Comparison between simulated and experimental results of
S21 of metamaterial

The simulated and measured results are comparable and agree well with each other. The
resonant frequency of the proposed structure is observed around 10.255 GHz with S11 in
magnitude 0.0009 through the simulation, while the measured spectra shows resonance at
the same frequency with almost same S11 magnitude which agrees with the simulated
resonance frequency. It can also be seen from Figure 4.18, that, the transmission is
maximum almost 100% at the resonant frequency of 10.255 GHz. Hence the simulated
result is verified with experimental results and it is confirmed that the resonant frequency
at which metamaterial shows its zero refraction is 10.255 GHz. This structure is kept in
front of patch antenna and again the S-parameter is found. The experimental set up for
this is shown in the below Figure 4.19.
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Figure 4.19: Experimental set up for measurement of S parameter for antenna with
metamaterial
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Figure 4.20: Comparison between simulated and experimental results of
S11 of antenna with metamaterial
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Figure 4.21: Experimental results of S21 of antenna with metamaterial

From Figure 4.20, it is clear that the resonant frequency of the proposed structure is
observed around 10.255 GHz with S11 in magnitude 0.043 through the simulation, while
the measured value shows resonance at the same frequency 10.255 GHz with S11
magnitude 0.051 which agrees with the simulated resonance frequency. It can also be
seen from Figure 4.21 that, the transmission is maximum about 80 % at the resonant
frequency of 10.255 GHz. Hence the simulated result is verified with experimental results
and it is confirmed that the patch antenna with superstrate resonates at the designed
frequency .This superstrate increases the directivity of patch antenna from 5.86 to 19.9 in
linear scale, which was shown through simulation in detail before.
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CHAPTER S

DESIGN OF METAMATERIAL FOR ANTENNA BEAM
STEERING

5.1 GENERAL EXPLANATION

Electronically scanned phased arrays are widely used in various civil and military
applications including radar, broadcasting, cellular communications, satellite
communications, and weather forecasting. However, the implementation of phased arrays
has been limited to base stations, military applications, and high-end commercial
products, regardless of their numerous technical advantages. The primary hindrance of
the wide-scale deployment of phased arrays is the high cost associated with
transmit/receive (T/R) modules. Phase shifters are critical elements within these T/R
modules that create phase shifts between antenna elements and steer the antenna beam to
the desired direction. In many cases, the cost of phase shifters is up to nearly half of the
cost of an entire electronically scanned phased array [10]. Moreover these shifters are
large and complex. There have been continued efforts in developing phase shifters using
solid-state devices, microelectromechanical systems (MEMS) structures, or ferrite
materials. Nevertheless, the cost of phase shifters using all these techniques is still too
high for phased arrays to be widely used in low-end commercial products in the
foreseeable future. Therefore, there is an immense need to develop next generation
ultralow cost phased arrays using novel approaches.

In this thesis, a new scheme to utilized realize beam steering antenna, in which the
beam is steered by a metamaterial-based active radom which is simpler and economical.
The phase shift is achieved by varying the refractive index of the metamaterial structure.
Larger refractive index results in larger phase shift, thus larger beam-steering angle. By
inserting some lumped elements like variable capacitors or inductors into these
metamaterial structures, the left-handed properties of these metamaterials can be
electrically controlled for steering the beam of microstrip patch antenna. Thus a phase-
controlled radom can be obtained to realize a steering antenna system without employing

traditional complex microwave feeding network.
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5.2 PROPOSED STRUCTURE

The Figure 5.1, below shows the unit cell of a omega-type metal inclusion which acts
as a varying index metamaterial depending on the variable capacitance connected to its
gap. The substrate used for the metamaterial is having a dielectric constant of 4.0 with a
loss tangent of about 0.02. The thickness of the substrate is about 0.8 mm with a basic
cell dimension of R=1.1 mm, g = 0.5 mm, w = 0.5 mm. The substrate is 3.9 mm along the

x and y directions, 0.8 mm along z.

Figure 5.1: Geometry of the Omega pattern

The basic unit cell is composed of two Q patterns in a back-to-back configuration as
shown in figure 5.2. The two omega metallic pattern has a copper cladding thickness of
0.035 mm. For pure magnetic excitation, namely for a magnetic dipole induced by the
incident magnetic field H, the orientation of the magnetic field is along the z axis which
is collinear to the axis of the split ring of the unit cell. In addition, in order to induce an
electrical activity, the E field is oriented along y axis which is parallel to the arms of the
omega patterns and the propagation of electromagnetic wave is along x axis. The plasma

frequency @y of this structure iS inversely proportional to the square root of inductance

and capacitance of the C loops.
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Figure 5.2: Back to back configuration

By connecting a variable capacitor across the gap (g) of the two omega (Q2) patterns,
the plasma frequency of the structure can be varied. By adding a variable capacitor C to
the gap, the net capacitance adds up since its effect is that of parallel connection. The
shifting of plasma frequency can be understood from the S parameter curve. The structure
is excited by a plane wave, and the four sides of the structure are set to boundary
conditions. These figures are shown as Figure 5.3 and 5.4.
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Figure 5.3: Blue: H; =0 (PMC), Green: E; =0 (PEC), Violet: Open space

port 2
portl I

Figure 5.4: Simulation of metamaterial superstrate over patch antenna in CST Microwave
Studio

The incident electromagnetic wave is given to port 1, which gets transmitted through

the material and reaches port 2. This type of arrangement is used to find the S-parameter
of the structure using CST Microwave studio.
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5.3 S PARAMETER AND REFRACTIVE INDEX
From the below figure (Figure 5.5), it can be clearly identified that as the variable

capacitance C is varied, the plasma frequency wp varies. As C is increased, plasma

frequency decreases.
Variable .
) Plasma frequency (p) S11indB
Capacitance (C)
0.3 pF 10.61 GHz -20.013 dB
0.8 pF 9.75 GHz -20.534 dB
1.6 pF 9.11 GHz -20.995 dB

Table 5.1: Variation of S11 with variable capacitance

S - Parameter [Magnitude]

-0.019953
2|

4 |

-10
12 -
14 |
-16
_18 -
-20

-20.995 ; ;
8.5394 9 9.5

10 10.5 11 " 11.706

Frequency / GHz
e S11 for C=0.3 pF

== S11 for C=0.8 pF

Figure 5.5: Variation of S11 of the metamaterial with variable capacitor
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The refractive index can be extracted as per the parameter retrieval method explained
in Chapter 2. The refractive index plot corresponding to each capacitance value is plotted
in Figure 5.6 to Figure 5.8. As the capacitance value increases from 0.3 pF to 1.6 pF, the
refractive index plot shifts from right to left. This can be seen as the zero refraction point
shifts from 10.61 GHz to 9.11 GHz as variable capacitor is changed from 0.3 pF to 1.6pF.

Variable Plasma frequency () Refractive index
capacitance (C)

Table 5.2: Variation of Refractive index with variable capacitance

The unit cell structure of the back to back omega (Q2) pattern is repeated such a way
that the arms of the omega pattern are interconnected along the y direction. This is shown
in Figure 5.9. The unit cell is repeated as 3 X 3 array with a Cu cladding thickness of
about 0.035 mm. The figure below (Figure 5.10) shows the metamaterial slab simulated
in CST microwave studio. Here port 1 is the incident port and port 2 is the transmitting
port. The S-parameter of this repeated back to back omega (Q) pattern is same as that of
unit cell. Hence, the refractive index of the pattern varies in accordance with the tuning

capacitor.
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Figure 5.6: Refractive index of the metamaterial Vs frequency for C = 0.3 pF
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Figure 5.7: Refractive index of the metamaterial Vs frequency for C = 0.8 pF
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Figure 5.8: Refractive index of the metamaterial Vs frequency for C = 1.6 pF
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Figure 5.10: Simulated structure of metamaterial slab in CST Microwave Studio
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5.4 VARIATION OF REFRACTIVE INDEX AT A PARTICULAR FREQUENCY

From the refractive index plots in Figure 5.11 to Figure 5.13, it is clear that the
refractive index values vary as variable capacitor C varies. Since the refractive index
graph shifts from right to left as capacitance value increases from 0.3 pF to 1.6 pF, the
value of refractive index becomes less negative. For higher values of capacitance, the

refractive index values become more and more positive. This is shown in Table 5.3

below.
Variable Plasma frequency Refractive index at
Capacitance (C) (op) 9.4GHz
0.3 pF 10.61 GHz -6.134
0.8 pF 9.75 GHz -3.252
1.6 pF 9.11 GHz 1.962

Table 5.3: Variation of Refractive index at 9.4 GHz with variable capacitance

When an electromagnetic wave of frequency 9.4 GHz passes through this omega
structure with varying capacitance, the wave experiences different phase shifts each time
when the refractive index varies. This can result in steering the beam in different direction

according to varying capacitance.
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Figure 5.11: Refractive index highlighted at 9.4 GHz for C = 0.3 pF
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Figure 5.12: Refractive index highlighted at 9.4 GHz for C = 0.8 pF
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Figure 5.13: Refractive index highlighted at 9.4 GHz for C = 1.6 pF



5.5 PATCH ANTENNA WITH RESONANT FREQUENCY 9.4 GHz

A microstrip patch antenna is designed for a resonant frequency of 9.4 GHz. The
structure dimension is as shown below in Figure 5.14. The substrate used has a dielectric
constant 2.2 and loss tangent 0.0009. The length (L) and width of patch (W) were 9.7 mm
and 18 mm respectively. Substrate height was about 0.787 mm with metal thickness of
about t = 0.035 mm. The substrate size is about 30 mm x 25.68 mm.

25.68mm

Figure 5.14: Geometry of the patch antenna corresponding to a resonant

frequency of 9.4 GHz.

The radiation pattern of this patch antenna is given in Figure 5.15.
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Farfield Directivity Theta

0

180
Phi / Degree

Frequency = 9.4

Main lobe magnitude = 3.8
Main lobe direction = 90.0 deg.
Angular width (3 dB) = 70.5 deg.

patch without steering

Figure 5.15: Radiation pattern of patch antenna without beam steering

This is the radiation pattern of the antenna without beam steering which is simulated

through CST Microwave studio.

5.6 PATCH ANTENNA WITH BEAM STEERING

By varying the phase of the electromagnetic wave radiated by the patch antenna having
resonant frequency 9.4 GHz, its beam can be steered in different angles. To achieve this,
the varying refractive index omega () pattern is kept as superstrate to this patch antenna.
A four layer metamaterial slab (shown in Figure 5.16 and 5.17) are stacked parallely

along x direction.
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Figure 5.16: A four layer of omega pattern metamaterial slabs

Metamaterial
Stack

Figure 5.17: 9.4 GHz resonating patch with metamaterial for steering the beam
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When the wave passes through this metamaterial structure with varying capacitance
connected in between the gap of the omega pattern, its phase undergoes different shifts

due to varying refractive index, which results in changing the direction of main lobe. The

table below shows the variation of direction of main lobe as capacitance varies.

Varl_able Plasma frequency | Refractive index | Direction of main
capacitance )
©) (op) at 9.4 GHz lobe in degree
0.3 pF 10.61 GHz -6.134 134°
0.8 pF 9.75 GHz -3.252 111°
1.6 pF 9.11 GHz 1.962 85°

Table 5.4: Variation of main lobe direction with variable capacitance

The radiation pattern of the patch antenna corresponding to this varying capacitance is
shown in Figure 5.18 to 5.21.
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Main lobe magnitude =  3.43
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Angular width (3 dB) = 71.3 deg.

= patch with C = 0.3pF

Figure 5.18: Radiation pattern of the antenna with C=0.3 pF
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Farfield Directivity Theta
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Frequency = 9.4 Theta / Degree
Main lobe magnitude =  3.31
Main lobe direction = 111.0 deg.
Angular width (3 dB) = 69.2 deg.

e patch with C =0.8pF

Figure 5.19: Radiation pattern of the antenna with C=0.8 pF
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— patch with C = 1.6pF

Figure 5.20: Radiation pattern of the antenna with C=1.6 pF
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Farfield Directivity Theta
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— patch without steering
— patch with C = 0.3pF
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= patch with C = 1.6pF

Figure 5.21: Radiation pattern of the antenna with and without steering

From the radiation pattern diagram it can be seen that, when there is no metamaterial
superstrate the direction of main lobe of the patch antenna is along 90°. When the
capacitance increases the main lobe shifts towards anticlockwise direction and when the
capacitance decreases, the main lobe shifts towards clockwise direction. In this
arrangement the beam is steered from 85° to 134°. Hence, the back to back omega pattern

can be used for beam steering of an electromagnetic wave.
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CHAPTER 6

SUMMARY AND CONCLUSION

This thesis reports a metamaterial structure showing zero refractive index at 10.255

GHz for constant spatial distribution of electric field.

A microstrip patch antenna was designed for the same above frequency.

The 10.255 GHz resonating metamaterial was kept as superstrate to the microstrip
antenna, which resulted in improvement in the directivity of the patch antenna. This
improvement of directivity resulted due to narrowing of the beam width of the wave

coming out of the zero-index metamaterial.

The simulated structure is experimentally verified for its S parameter, which showed
a close agreement to each other.

This thesis also reports the realization of a back to back connected omega pattern for
steering the beam of a patch antenna designed at 9.4 GHz. The advantage of this
pattern is that, its cost and complexity is far less compared to the phased array
systems currently being used for beam steering purpose. Also the size of the structure
is small enough compared to the huge arrangement usually being used to achieve
beam shifting.
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