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CHAPTER 1
INTRODUCTION

11 Textured Surfaces

The word meta originated from the Greek word perd. It is a prefix which can be used to
mean beyond, transcending or more comprehensive. In electromagnetic (EM) theory, the
term metamaterial (MM) is usually given to an engineered/artificial material which
possesses properties not found in its constituent elements. MMs can exhibit many
unconventional properties like negative refraction, reversed Doppler shift, reversed Goos-
Hénchen shift and many others [1]. MMs in the true sense are 3D structures. The unit cell
of an MM is arranged periodically along all the three axes (x, y, and z). When the unit
cell is arranged periodically along only two axes, i.e., in a single plane, then it creates a
metasurface (MS). So metasurfaces can be considered to be the 2D equivalent of
metamaterials. The focus of this dissertation will be metasurfaces. Since MSs are mostly
created by periodically repeating the same unit cell in a plane, we can also call them
textured surfaces. In this dissertation, the term textured surfaces and metasurfaces
are used interchangeably. The three main branches of textured surfaces that this

dissertation will revolve around are presented in Fig. 1.1.

Textured Surfaces

‘ ; : Chiral
High Impe%a?sc)e Surfaces Partially Re:LeF;:g)ng Surfaces Metasurfaces
(CMS)

Fig. 1.1. The three main branches of texture surfaces that will be the discussed in the dissertation.

Another special case of textured surfaces having periodicity along only one direction will
be discussed. These are the Spoof Surface Plasmon Polaritons (SSPP) structures, and they

also possess some interesting properties worth discussing.
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Introduction | Ch. 1

1.1.1 Dimensional Constraints

In their book titled Electromagnetic Metamaterials: Transmission Line Theory and
Microwave Applications [2], Caloz and Itoh define a metamaterial as a material which is
effectively homogeneous. This means that the cell size and the periodicity of the MM are
much smaller than wavelengths of the incident electromagnetic waves at the operating
frequencies. The same condition also holds true for MSs. In effectively homogeneous
media, the refractive phenomena are predominant when compared to the
scattering/diffraction phenomena. Such a medium can be described in terms of an
effective permittivity €. and an effective permeability uer. Once o and ueo have been
defined, the medium can then be described by the effective surface impedance Z; =
m . The effective parameters depend upon the nature of the unit cell constituting
the medium. Therefore, by changing and adjusting the unit cell geometry, the effective
parameters can be changed, which in turn changes the properties of the medium itself.
Therefore, metamaterials and metasurfaces derive their properties from the nature of their

unit cells.

1.1.2 Advantage of Periodicity

Consider an arbitrary infinite 1D periodic structure as shown in Fig. 1.2. It has a

periodicity d in the z-direction.

= unit cell
-

Fig. 1.2. Arbitrary periodic structure having periodicity in the z-direction.

Any EM field component in this structure can be described as

—Jjk.ond

v(x,y,z+nd)=e w(x,,2) (L.1)

where ko is the complex phase shift between neighbouring cells and is given by ko= —
jo with f = propagation constant and a = attenuation constant. Equation 1.1 is often called
the periodic boundary condition (PBC). The component of the field satisfying (1.1) can

also be described as

2 |



Introduction | Ch. 1

w(x,y,z)= e’ k:"ZP(x, V,2) (1.2)

where P(x, y, z) is a periodic function which depends upon the periodicity of the

concerned structure such that P(x, y, z) = P(x, y, z + d). Equation 1.2 tells us that the wave

passing through a periodic structure gets modulated by the periodic function P(x, y, z).

Now, utilizing the fact that P is a periodic function, it can be expressed as a Fourier series

and written as

2m
d

Pey.2)= Ya,(x.y)e

n=—0

(1.3)

where a, = Fourier series coefficients describing the fields in the x- and y-directions.

Using (1.2) and (1.3), the field can be represented as

w(xy,2)= Y a,(xy)e (1.4)
2m
where k., =k20+7; n=0,t1,+2,.. (1.5)

Equation 1.4 and 1.5 together constitute the mathematical representation of the Bloch-
Floquet Theorem used for the analysis of periodic structures. This states that in a periodic
structure the wave consists of a superposition of an infinite number of plane waves which
have come to be known as spatial harmonics. The fundamental wave 1s the wave
corresponding to n = 0. For positive n, we have the positive spatial harmonics and for
negative n, we have the negative spatial harmonics. The Bloch-Floquet theorem is a
powerful tool to analyze periodic structures since they suggest that the entire periodic
structure can be analyzed simply by studying a unit cell after applying the necessary

PBCs on its boundaries.

While it is true that MSs are made periodic in nature, their unique properties do not
depend on the periodicity. In fact, Caloz and Itoh demonstrate in [2] that even aperiodic
MSs can exhibit properties similar to periodic MSs. The reason is because MSs operate at
wavelengths where the periodicity and unit cell size are both << A where only the
fundamental Bloch-Floquet wave is predominant. Suppressing the periodicity suppresses
the different spatial harmonics while leaving behind the fundamental mode. However,
since the MS predominantly operates in this fundamental mode region, its properties do

not change drastically.

3|
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The properties of the MS depend mainly on the unit cell geometry and nature rather than
the periodicity. The introduction of periodicity is more of a convenience than a necessity.
Making the MS periodic helps immensely with the analysis since the resulting periodic
MS can be very easily analyzed using the Bloch-Floquet Theorem. This reduces a lot of

computational load. A non-uniform MS is much more difficult to analyze.
1.1.3 Unique Properties and Uses of Textured Surfaces

Textured surfaces possess a lot of interesting and unique properties which make them
valuable assets in the domain of electromagnetic engineering. Some of the properties and

uses of the textured surfaces presented in Fig. 1.1 will now be discussed briefly.
A. High Impedance Surfaces

Sievenpiper High Impedance Surfaces (HIS) [3] can act as Artificial Magnetic
Conductors (AMCs) providing in-phase reflection [4] (in-phase reflection means that
after reflection from the HIS, the initial phase of the incident wave is still preserved and
no additional phase is added by the reflection phenomenon.) and/or Electromagnetic
Band-gap (EBG) structures which result in surface wave suppression [5]. They can be
used to design filters [6], phase shifters [7] as well as quasi-TEM waveguides [8], which

have near uniform E-field distributions across the waveguide aperture.
B. Partially Reflecting Surfaces

Partially reflecting surfaces are utilized to design Fabry-Pérot Cavities (FPCs) [9]. An
FPC is a cavity consisting of two walls. One of the walls is a conducting sheet which
completely reflects the incident EM waves while the other is a PRS which mostly reflects
the incident EM wave while also allowing a small fraction to be transmitted through it.
The EM waves escaping this cavity are highly directive in nature. When an antenna is
placed inside an FPC and the FPC resonance is designed to match the antenna resonance,
the radiated waves from the antenna exiting the FPC are highly directive in nature. This
phenomenon is used to design highly directive antenna systems [10]. The operating

principle of the FPC will be discussed explicitly in Chapter 3.
C. Chiral Metasurfaces

CMSs can rotate the polarization plane of an incident EM wave. They are used mainly to

design polarization rotators [11]. If certain symmetries of the unit cell are broken, CMSs
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can also perform an interesting phenomenon called asymmetric transmission (AT) of
linearly polarized (LP) incident EM waves [12]. The essence of AT is the difference
between the forward and backward cross-polarized transmission coefficients of a
structure. This can be utilized to create direction of propagation dependent polarization
rotators [13]. It should be noted however that the AT property is reciprocal in nature.

More about this will be discussed in Chapter 3.
D. Spoof Surface Plasmon Polaritons

“Spoof” SPP [14] is very similar to the Surface Plasmon Polariton (SPP), which is a type
of surface wave observed at optical and ultraviolet frequencies on metal-dielectric
interfaces, and can be obtained by using 1D periodic structures. By adjusting the
geometry of the periodic structures, the SSPPs can be made to exist even at microwave
frequencies where normal SPPs do not exist. They are a type of TM surface wave and are
confined very close to the surface while decaying exponentially in both directions away
from the surface. This high field confinement property can be used to reduce crosstalk
between adjacent components in a system. The SSPPs also have a much shorter
wavelength compared to the free-space wavelength. This property can be used to design

miniaturized circuits [15].

1.2 Motivation of the Thesis

Textured surfaces are used with antennas, in microwave circuits as well as for wave-front
engineering. They have been an area of extensive research for decades and continue to be

so even to this day.

In this thesis, we study and analyze such textured surfaces to better understand the
underlying principles of the various unique characteristics they possess. Through analysis,
these properties can then be exploited to create practical antennas and microwave systems
which can prove to be useful in daily applications and which will ultimately benefit the

electromagnetic society.

The chapters 4 through 9 are not inter-related since the main aim of this thesis is to
investigate different types of textured surfaces and find practical applications which

require their usage.
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1.3 Organization of the Thesis

The remainder of this dissertation is divided the following chapters:

Chapter 2.

Chapter 3.

Chapter 4.

Chapter 5.

Chapter 6.

Chapter 7.

Chapter 8.

Literature Review - The second chapter provides a literature survey
report highlighting the works that have been presented by researchers
throughout the ages. This literature survey acts as the foundation of the
dissertation.

Analyzing the Textured Surfaces - The third chapter analyzes each of
the four textured surfaces and explains the origins of their unique

properties.

A Dual-band AMC Reflector with UHF-RFID Reader- In this chapter,
a practical UHF-RFID reader system is presented. It consists of a dual-

band circularly polarized antenna and a dual-band AMC reflector.

An AMC having very high Angular Stability - This chapter presents an
AMC which has an angular stability of 88°. This means that the operating

frequency of the AMC remains fixed even for an incident angle of 88°.

FPC Antenna with AMC ground and Reduced Cavity Height - A PRS
is used to create a dual-band Fabry-Pérot Cavity Antenna (FPCA). To
reduce the cavity height, an AMC ground plane is used instead of a metal
ground plane. The details and properties of this FPCA are discussed in this
chapter.

A Multiband Multifunctional Chiral Metasurface - In this chapter, an
ultrathin double layered CMS is presented. It can perform both symmetric
as well as asymmetric transmission of incident LP waves within different
frequency bands. It can also perform asymmetric LTC polarization
conversion. All the operational bands can be tuned to meet user

specifications.

A Multiband Meta-Mirror - An ultrathin CMS is designed which can act
as a meta-mirror within five frequency bands. A meta-mirror is a mirror
which does not change the handedness of an incident CP wave with

respect to an observer after reflection.
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Chapter 9. A Tri-band SSPP based End-fire Antenna- In the penultimate chapter,
an SSPP based antenna is presented. It exhibits end-fire radiation within
three frequency bands. It can also perform beam scanning within the third
band. The design and characteristics of the antenna are discussed in the

chapter.

Chapter 10.  Conclusions - In the final chapter, the main contributions of the thesis

are summarized, and future scopes of research are discussed.
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CHAPTER 2
LITERATURE REVIEW

In this chapter, the available literature on the four different types of textured surfaces
discussed in Chapter 1 will be reviewed. The chapter is divided into four main sections.
Sections 2.1, 2.2, 2.3 and 2.4 review the available literature on HISs, FPCs using PRS, CMSs
and SSPPs respectively.

21 HIS

Since its inception in 1999 [1], a lot of research has been conducted on the high impedance
surfaces. They have been designed for frequencies as low as 25MHz (High Frequency; HF
band) [2] as reflectors in wireless power transfer (WPT) applications. An HIS surface
designed to work at 263MHz (Very High Frequency; VHF band) can be found in [3]. A
polarization dependent HIS surface is used as a reflector at 500MHz (Ultra High Frequency;
UHF band) [4] for RF energy harvesting application. HIS structures designed in the UHF
band are also found [5, 6]. While most HISs work within the upper UHF and SHF (Super
High Frequency) bands (1-30GHz) [7-12], they have also been designed for 60GHz, [13, 14]
which lies within the EHF (Extremely High Frequency; millimeter-wave) band (30-
300GHz). Theoretically, the HIS maintains its functionality for both very low as well as very
high frequencies. From a practical standpoint, as the frequency decreases (approaching the
kHz range), the size of the HIS structure will increase substantially since it contains an array
of multiple unit cells. If not properly miniaturized (by increasing the capacitance and/or
inductance), the resulting structure will be very large in size. As the frequency increases
(approaching the THz range), the size of the HIS structure will continue decreasing and after
a certain point, the fabrication process of the individual unit cells will become difficult and
expensive. High Impedance Surfaces usually contain periodic patches on a grounded

dielectric substrate with metallic vias connecting the patches to the ground plane.
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Let us consider that an HIS surface is lying in the xy plane and a plane wave is normally
incident on it from the +z direction. The E-field of the incident wave might have a number of
different orientations. It might be oriented towards the +x direction (Ex) or the +y direction
(E)) or any direction in between. If the response of the HIS surface remains the same for all
incident FE-field orientations, then it is called a polarization independent HIS surface.
However, if the response of the HIS is dependent on the E-field orientation, then it is called a
polarization dependent HIS surface [15-19]. Polarization dependence can be brought about
by using rectangular patches in a square lattice [15], [19], by offsetting the position of the
metallic vias or by utilizing more than one metallic via [16, 17]. Polarization dependent HIS
surfaces have been used as polarization rotation/polarization conversion surfaces since they
can be used to control the phase difference between the reflected phases of Exand E,. In [15],
a horizontal dipole is placed over a polarization dependent HIS to achieve circular
polarization while in [16], three different polarization states of the horizontal dipole (LHCP,
RHCP and linear) are achieved by simply changing the orientation of the dipole above the
polarization dependent HIS.

The AMC (in-phase reflection) property of the HIS is used to design electromagnetic
reflectors, which when used with antenna systems reduce the antenna profile height and
achieve a more compact antenna design [7], [9], [20-23]. This reflection mechanism is

discussed elaborately in Chapter 3.

When microstrip antenna arrays are designed on grounded dielectric, surface waves which
propagate along the dielectric surface cause the mutual coupling to increase between adjacent
elements of the array. This leads to performance degradation of the array. The surface wave
suppression property of the HIS is used to reduce this mutual coupling between the adjacent

elements of such arrays [24-27].

The idea of designing a surface that reflects the impinging incident wave in-phase and
counter-phase at the same time was proposed in [28]. This was achieved by using a
combination of metallic cells and AMC cells. This resulted in destructive interference in the
boresight direction. The incident energy will be reflected in other directions depending upon
the design, thereby reducing the RCS of the object. The combination of the PEC and AMC

are arranged in such a way that every PEC unit cell is surrounded by AMC unit cells and
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vice-versa. The resulting structure looks very similar to a checkerboard design and hence
these types of surfaces are known as “Checkerboard AMC” surfaces. Significant RCS
reduction has been achieved when the phase difference between the two elements is within
the range 180° + 37% and the directions of the scattered lobes can be found using array theory.
It was later shown that the by replacing the PEC element by a different AMC element, the
10dB RCS reduction bandwidth (BW) can be further improved [29-33]. In [32], authors have
further improved the RCS reduction BW by using a “blended” checkerboard surface. The
simplest form of such a surface consists of two different AMC elements where one AMC

element is single band while the other AMC element is dual band.

Impedance waveguides are rectangular waveguides with HIS as the sidewalls. These HIS can
also be tunable in some cases. The HIS usually contains square patch Sievenpiper
mushrooms with metallic vias. However, the HIS design can be varied and even the vias can
be removed for some cases. Varactors can be connected between the HIS unit cells for
tunability. Such waveguides show many interesting properties. In oversized impedance
waveguides, mode hopping occurs; in single mode impedance waveguides, multi mode
propagation occurs and in below cut-off impedance waveguides, forward as well as
backward wave propagation occurs. Such properties are discussed in detail in [34] where the
authors also provide an analytical model predicting the response of the impedance surface
even for oblique incidences. Impedance waveguides can be used to design quasi-TEM
waveguides [35], phase shifters [36, 37], filters [38] and feed quasi-optic amplifier arrays
[39].

High-speed digital systems use hundreds of gates that switch simultaneously. However, a
degradation of the signal occurs when the noise produced by the simultaneous switching of
these gates approaches the noise tolerance of static CMOS circuits. Each digital gate on a
printed circuit board (PCB) is usually connected between two power planes representing the
power supply Vpp and the reference plane. The simultaneous switching noise (SSN) becomes
acute when the noise generated by the active devices contains dominant frequency harmonics
that fall within the resonant modes of the power planes. Therefore, to mitigate this SSN, the
power plane resonance must be reduced. The resonance of parallel plates is usually reduced

by connecting a combination of a decoupling capacitor (decap) and a series resistor [40].
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However, such arrangements cannot produce sufficient suppression beyond S00MHz for
most PCBs due to the dominance of the lead inductance of the capacitors. Therefore, instead
of using this method, one of the plates of the power plane pair is replaced with an HIS [40-
42]. The band-gap of the HIS helps in SSN mitigation.

Gap waveguide (GW) technology is one of the more recent technologies to utilize high
impedance surfaces. A parallel plate waveguide when designed with a PEC top plate and a
PMC bottom plate (or vice versa) and separated by a gap < 4/4 creates a stop-band for all
directions in the gap [43]. In practice, the PMC plate can be replaced by an AMC/HIS plate.
On placing a conducting section (ridge/groove) in the middle of the PMC region, we get a
very confined TEM wave propagation [44]. This wave follows the ridge/groove outline and
does not spread to the surrounding regions. GWs have also been used to design quasi-TEM

waveguides [45], power splitters [43], [46, 47] and filters [48].

2.2 FPC using PRS

The FPC was first used to increase the directivity of an antenna in 1955 by G. V. Trentini
[49]. Since then, numerous high gain FPCAs have been designed by researchers. Although
most of the FPCAs are LP in nature, several CP FPCAs are also present [50-53]. The FPCAs
presented in [53-55], are operational around 60GHz which falls within the millimeter-wave

band.

In general, the PRS used to design the FPC is made of periodic metallic patterns on a
dielectric substrate. However, the PRS can also be made using a pure dielectric without any
metallic patterns on it. In [56], authors design an all dielectric PRS which has a stair-case
profile height and use it to create a compact FPCA with high gain. In [57, 58], the PRSs of
the FPCs are made of two thin flat dielectric layers spaced A/2 apart. Although this increases
the total cavity height of the antenna, it also increases the operational bandwidth of the

FPCA.

Since the FPCA is inherently a resonant antenna, it has a very narrow frequency band of
operation. To increase the operating frequency range, PRS layers which have a positive

reflection phase gradient must be used. This ensures that the cavity resonance condition is
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satisfied within a larger range of frequencies. PRSs with positive reflection phase gradients

have been used in [50], [52], [57], [59-61]. Such FPCAs have wide 3dB gain bandwidths.

Sometimes, the PRS is made using an absorbing surface (AS) and a reflective surface (RS).
The AS mostly consists of resistors and is used to reduce the radar cross-section (RCS) of the
FPCA. Such high gain and low RCS FPCAs are presented in [62, 63]. These antennas can be
utilized in stealth applications. In [64], authors use a polarization conversion metasurface on
top of the PRS to reduce the RCS while in [65], authors use a metamaterial ground plane for

RCS reduction of the FPCA.

Several instances of active reconfigurable FPCAs are also found in literature. In [66], a
reconfigurable FPCA is proposed with phase-agile reflection cells placed above the antenna
ground plane to tune the operating frequency range from 5.2-5.95GHz. By using tunable HIS
or PRS, beam steering can be achieved. Such beam scanning FPCAs are presented in [67-

74].

The cavity height of the FPCA can be reduced by controlling the reflection phase of the
ground plane. Therefore, using HIS/MMs instead of metallic reflectors can help reduce the

cavity height of the FPCA. This has been demonstrated in [75, 76].

While most FPCAs found in literature operate within a single continuous frequency band,

some dual-band FPCAs have also been reported [77-81].

23 CMS

Metasurfaces (MSs) are the 2D equivalent of metamaterials. They often possess properties
which are not found in conventional materials [82]-[84]. They can modify the amplitude,
phase as well as the polarization plane of an incident electromagnetic (EM) wave either in
reflection [85]-[87] or transmission [88]-[90]. Chiral MSs (CMSs) can rotate the polarization

plane of an incident wave.

Polarization converters have found a place in many electromagnetic applications such as
antenna design, remote sensing, and imaging [91]. Linear to circular polarization converting

(LTC) metasurfaces are sometimes used as partially reflecting surfaces (PRS) to create

13|



Literature Review | Ch. 2

circularly polarized (CP) Fabry-Perot cavity antennas with enhanced gain [92], [93]. Cross-
polarization converters (CPC) are used to convert horizontally polarized radar antennas to
vertically polarized antennas to reduce influence of ground/sea clutter. Dual band and
multiband polarization converters are needed for frequency hopping radars.

In 2006, Fedotov et al, [94] brought to light another interesting property possessed by
certain MSs which was termed asymmetric transmission (AT). The term AT arises from the
fact that the transmission coefficients in the forward and backward directions using an MS
are different. For linearly polarized (LP) incident waves, the cross-polarized transmission
coefficients in the forward and backward directions are different. It should be noted here that
although AT resembles a nonreciprocal response to some extent, it is not truly nonreciprocal
in nature. In order to achieve AT of LP incident waves, the MS must have more than one
layer. Metasurfaces which exhibit AT for LP incident waves can be used like isolators. For
instance, at a certain frequency, a forward incident wave having an x-directed E-field
component (Ey) is transmitted through the MS and the outgoing wave has a y-directed E-field
component (Ey). However, a backward incident wave having E\ is not transmitted though the

MS at that frequency. Instead, it gets reflected.

Many bi-layered and multilayered MSs can be found in literature which exhibit the AT
property [95-113]. The AT phenomenon has been achieved in the microwave [95], [100-
104], THz [114, 115], infrared [116, 117] as well as visible [118, 119] frequency regimes. In
[120, 121], MSs with broadband AT responses have been studied. While most of the reported
structures exhibit the AT property over a single frequency band, MSs which exhibit AT over
more than one frequency band can also be found in literature: dual-band [100, 101], [122-

124] and triple-band [102, 103].

Metasurfaces with good angular stability have been reported in [95], [103, 104] and [125]. In
[125], an angular stability of 70° has been achieved, but the CMS only works in a single

narrow frequency band and has low transmission efficiency.
2.4 SSPP

Owing to their high field confinement, SSPP based transmission lines have been used to

design compact antennas [126-140]. Most of the SSPP based antennas perform frequency
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dependent beam scanning in the broadside direction [126], [128], [132], [136], [138-139]. In
[130], authors propose an SSPP based antenna which can perform continuous beam scanning
in the lateral direction. In [135], a circular microstrip patch array is fed by an SSPP based
transmission line and the resulting antenna can perform broad-angle beam scanning from the

forward direction to the backward direction.

While it is seen that most of the SSPP based antennas radiate in the broadside direction, some
end-fire SSPP based antennas have also been reported [129], [133], [137]. In [131], authors
designed a bi-directional SSPP based end-fire radiating antenna by loading parasitic strips at

the two ends of the SSPP transmission line.

SSPP based transmission lines have been used to design a splitter/combiner [141], circulator
[142] and band-pass filter [143]. The concept of the cutoff frequency of the SSPP modes has
also been used to design FSSs [144-145] which act as spatial filters. In [146], authors design
a capacitor-loaded SSPP based transmission line which provides reconfigurable dispersion

control and high selectivity filtering.
2.5 Conclusions

The available literature on the four types of textured surfaces discussed in Chapter 1 has been
presented in this chapter. It is seen that a lot of research has been conducted on these textured

surfaces and they have been used for a plethora of applications over the years.
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CHAPTER 3
ANALYZING THE TEXTURED SURFACES

This chapter provides an analysis of each of the four textured surfaces mentioned in the

previous chapter. It will be divided into 4 main sections. Section 3.1 describes the HIS,

Section 3.2, describes the PRS, Section 3.3 describes the CMS and Sec. 3.4 describes the

SSPP. A conclusion section is added at the end to summarize the contents of the chapter.

3.1 High Impedance Surface - HIS

The High Impedance Surface, abbreviated popularly as HIS, was first introduced to the

microwave community by Daniel F. Sievenpiper in 1999 [1]. It possesses unique

properties by virtue of its geometry and periodicity which makes it very useful in multiple

applications. Ever since its introduction in 1999, the HIS has continued to grow in

popularity and usefulness throughout the years.

3.1.1 Analysis

The Sievenpiper HIS consists of a 2D array of metallic
patches placed above a metallic ground plane. To make the
arrangement robust, the metallic patches are usually placed
on a grounded dielectric layer. Each metallic patch is
connected to the ground plane by a metallic via (Fig. 3.1).
When the periodicity of this 2D array is much smaller
compared to the wavelength of operation, this whole
arrangement can be described using an effective medium
model and its qualities can be represented by a single

parameter, the surface impedance (Zy).

A. Lumped Equivalent Circuit Model of the HIS

e I W W
e 26 %6 26
626 2%
0202000
0009090

Top view

LT T T T T 1T T

Cross section view

Fig. 3.1. Mushroom type HIS [1].

On examining the HIS unit cells, it can be seen that the gap between the neighboring

metallic patches gives rise to a capacitance, C, while the current along adjacent patches

gives rise to an inductance, L (Fig. 3.2(a)). The equivalent circuit of the HIS is similar to
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a parallel RLC circuit (Fig. 3.2(b)). The equivalent surface impedance of the HIS can be

written approximately as:

Z :% 3.1)
S 1-0’LC
) 1
with a resonance frequenc W, =—F— . 3.2)
e '~ JLe

Similar to parallel RLC circuits, the impedance of the HIS is inductive at low frequencies
and capacitive at high frequencies. At resonance (w = wy), the surface impedance

becomes infinite and thus the array of grounded patches exhibits very high impedance.

(a) (b)

Fig. 3.2 (a) Capacitance and inductance of the unit cells and (b) equivalent lumped circuit model.

3.1.2 Unique properties of the HIS

A. Surface wave suppression (EBG Property)

Consider a surface having permittivity &, permeability x4 and surface impedance Z placed
along the yz plane as shown in Fig. 3.3. There are two types of surface waves which can
exist on such an impedance surface. These are the TM (Transverse Magnetic) and TE

(Transverse Electric) surface waves.

Surface wave propagation X
along interface k e y z

>

Impedance surface with Z g MU
Fig. 3.3. Surface wave propagation along an impedance surface.

They have different field distributions which are illustrated in Fig. 3.4. Both the surface

waves will decay exponentially (with decay constant o) away from the surface.
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Fig. 3.4. Field arrangements of the TM and TE surface waves propagating along the impedance surface.

(J = surface current density)

For TM surface waves (H. = H. = E, = 0), the surface impedance of the arbitrary

impedance surface turns out to be [1]:

S|
-
R

Z(IM)y=—==1%, (3.3)
.

Similarly, for TE surface waves (Ex= E. = H, = 0), the surface impedance of the arbitrary

impedance surface turns out to be [1]:
-E _;
ZS(TE):Ty:ij‘u . (3.4)

From (3.3) and (3.4), it can be seen that an impedance surface can support a TM surface
wave only when its surface impedance is inductive while it can support a TE wave only

when its surface impedance is capacitive.

Revisiting the expression for the surface impedance Z; of an HIS (equation 3.1), it is clear
that the HIS supports TM waves at low frequencies and TE waves at high frequencies. At
frequencies near resonance, the surface exhibits very high impedance (ideally infinite)
which is modeled as an open circuit. Neither the TM nor the TE surface wave is allowed
to propagate within this band of frequencies. The HIS therefore acts as an electronic filter
and prevents propagation of surface waves within this “stop-band”. Thus, an HIS is often

referred to as an Electromagnetic Band Gap (EBG) structure.
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To illustrate this stop band, an HIS unit cell (Fig. 3.5) is simulated in CST Microwave
Studio and analyzed using the Eigenmode Solver of CST with periodic boundary
conditions (PBCs) on all four sides of the plane of the unit cell. The dispersion diagram is
shown in Fig. 3.6. The waves located to the left of the light line are fast waves (f < ko; f =
phase constant of the wave along the HIS and ky = vacuum wavenumber). They are

weakly bound to the surface and radiate away as leaky waves.

‘ |
FR-4 ‘ metallic via

—_——

ground plane

(a) (b)

Fig. 3.5. (a) An HIS unit cell consisting of a square metallic patch on a grounded dielectric substrate.
(b) The patch is connected to the ground plane with a metallic via.

The substrate used is FR-4 (=4.3, tand =0.02) with a thickness of 1.52mm.

The waves located to the right of the light line are slow waves (f > ko) and they are tightly

bound to the surface. They propagate along the surface with very little radiation.

15 Waves to the left of the light line are fast A\Iaves to the right of the light line are
waves. They are not bound to the surface slow waves. They are bound to the
but are radiative leaky waves. surface and propagate along the

/ interface instead of radiating away.

[
o

7~

Stopband for bound surface waves
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|
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Fig. 3.6. Dispersion diagram of a typical HIS.

The region highlighted in Fig. 3.6 is a frequency band where neither the TMo surface
wave nor the TE; surface wave can propagate along the surface. The portion of the TE;
surface wave which falls within this stop-band lies to the left of the light line and hence

radiates away as a leaky wave with little propagation along the surface.
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B. In-phase reflection (AMC Property)

Consider that a plane wave is incident on the impedance surface shown in Fig. 3.3. Near
the surface, standing waves are formed by the interactions between the forward wave
(incident wave; Erand Hy) and the backward wave (reflected wave; E, and Hp). The

standing waves can be expressed as:
E(x)=E, e’ +Ee’™, H(x)=H, e’ +He’™ (3.5)

The surface impedance Z; can be obtained from the boundary condition on the interface

(x=0) as:

E(x=0) E, +E, _7

= =Z,. (3.6)
H(x=0) H,+H,
However, for both the forward and backward waves, we have
E
LBy 3770, (3.7)
H, H,

The reflection phase of such an impedance surface is nothing but the phase difference

between the forward and backward waves. This can be expressed as:

{2))

Using (3.6) and (3.7) with (3.8), the final expression for the reflection phase (@) is written

¢ =Im (3.8)

as:

Zs — Zo
¢ = Im{]n(z Z ﬂ . (3.9)

When |Zs| = |Zy|, the reflection phase crosses + m/3. When the surface has very high
impedance (Z; — ), the reflection phase turns out to be zero. Since an HIS has Z; — oo
at resonance, it exhibits a zero reflection phase at resonance. In many papers [2-6], the
reflection phase bandwidth of the HIS is defined as the range of frequencies where -n/2 <

¢ <7/3. Some authors [7-9] have also defined this range as -n/4 < ¢ < /4.
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The in-phase reflection property of the HIS is exploited to design reflectors which can be
placed very close to antenna systems. For conventional reflectors (which are made using
good conductors), the distance between the antenna and the reflector must be /4 (where 4
is the wavelength corresponding to the operating frequency of the antenna) in order to
achieve constructive interference between the direct wave and the reflected wave. To
understand why this happens, let us look at Fig. 3.7(a). The EM wave radiated by the
antenna travels in both the forward (towards the right) and backward (towards the left)
directions in Fig. 3.7(a). By the time the backward wave reaches the reflector, it has
gained an additional phase = (2n/1)*(4/4) = n/2. When it gets reflected by the conductor, a
phase shift of =n is added to it as well. Finally, when this reflected wave reaches the
position of the antenna, it again gains a phase = (2n/1)*(4/4) = n/2 . Therefore, the total
phase gained by the reflected wave = /2 + n/2 +x, which is 0 when reflector phase shift
is taken to be — w and 2m when the reflector phase shift is taken to be +n. This leads to the

constructive interference between the direct and reflected EM waves.

ood conductor
g \ antenna antenna
1Y
direct wave
n/2 ||direct wave
0
+n reflected wave

reflected wave
Constructive

Constructive interference

interference

d=A/4

d<<A
(@) (b)

Fig. 3.7 (a) Antenna with conventional reflector, (b) antenna with HIS reflector.

However, in case of an AMC/ HIS reflector, the phase shift introduced by the reflector =
0° at the design frequency. If the reflector is now placed very close to the antenna (d << 1)
the reflected wave undergoes a negligible phase shift throughout its round trip. Therefore,
the AMC reflector can be placed very close to the antenna and still achieve constructive
interference between the direct and reflected wave as shown in Fig. 3.7(b). Using an
AMC reflector in place of a conventional reflector leads to an overall reduction in the

height of the antenna system. This is also clear from Fig. 3.7.
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C. Steps to determine the reflection phase

To analyze the unit cell in CST, periodic boundary conditions (PBCs) are applied on all
four sides of the unit cell as shown in Fig. 3.8(a). The two Floquet ports located above
and below the unit cell can launch EM plane waves whose electric and magnetic fields
are uniform over the unit cell. Since AMC unit cells have a ground plane on the bottom
of the substrate, only the information from the upper port of Fig. 3.8(a) is needed to
extract the reflection phase of the AMC. Now, the phase reference plane of this
arrangement is located somewhere in the space between the upper port and the top surface
of the unit cell. So, the location of the AMC unit cell surface and the phase reference
plane are different. In order to get the correct value of the AMC reflection phase from this
arrangement, a PEC surface, located at the same position as the AMC unit cell, must be
used as a reference. The phase reference plane is the same for both the AMC surface as
well as the PEC surface. Therefore, we need to perform two simulations separately. For
the first simulation, the AMC unit cell is used and the simulated values of the reflection
phase ¢amc are noted. For the next simulation, the AMC unit cell is replaced by a PEC
surface at the same location and the simulated values of the PEC reflection phase ¢prc are
noted. Finally, to get the actual reflection phase of the AMC unit cell, we use the equation
GaMC, Normalized = Gamc — drec + 180°[10]. The 180° is added to consider the PEC reflection
phase. In this way, the propagation phase between the phase reference plane and the
AMC surface is cancelled. So, ¢amc, Normaiizea 18 the actual phase we are looking for. Even
during the measurement process, the fabricated AMC has to be replaced by a metal layer
having the same dimensions as the AMC and the reflection phase of the metal layer has to

be noted. Then, the above equation has to be utilized to get the normalized AMC phase.

180

£ 120 | - \

a 60 .

8 Reflection phase

2 0 - ! «=T () af resonance
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= -60

5 \L

2 -120 ~

& .180 | T ——
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Frequency (GHz)

(a) (b)

Fig. 3.8 (a) PBCs and Ports during CST analysis. (b) Reflection phase diagram of the HIS of Fig. 3.5.
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To demonstrate the in-phase reflection property, the reflection phase versus frequency
curve of the AMC designed in Fig. 3.5 is shown in Fig. 3.8(b). The reflection phase is 0°
at around 6.2GHz.

A perfect electric conductor (PEC) has zero surface impedance and is similar to a short
circuit. It has a reflection phase of + © and no tangential E-field can exist on its surface
(Etwan=0). Similarly, a perfect magnetic conductor (PMC) has infinite surface impedance
and is similar to an open circuit. It has a reflection phase of 0 and no tangential H-field
can exist on its surface (Hwu» = 0). Based on these properties, it can be seen that an HIS
also acts as a PMC, but only at its resonance frequency. On moving away from the
resonance, the reflection phase no longer remains zero, the surface impedance decreases
gradually and H.,» eventually gains some non-zero value. Since the HIS mimics the PMC
only within a definite range of frequencies, it is often called an artificial magnetic
conductor (AMC). The properties of the PEC, PMC and AMC are summarized in Table
3.1. It should be noted that the reflection magnitude of the PEC, PMC as well as AMC lie
very close to 1 since all three of them are essentially reflectors. The reflected wave of the
PEC is completely out of phase with the incident wave while the reflected waves of the

PMC and AMC (at resonance) are completely in phase with the incident waves.

Table 3.1. Comparing the PEC, PMC and AMC.

Properties PEC PMC AMC
Surface e
0 0] (at resonance)
Impedance
Reflection 0
Phase +7 0 (at resonance)
. Hian=0
T tial
all;igeigsla Etan=0 Hean=0 (at resonance)

3.1.3 Effects of the metallic vias on the EBG and AMC properties

In [11], George Goussetis et al., study a 2D periodic metallic array of patches printed on a
grounded dielectric substrate and show that the AMC and EBG properties of the HIS are
influenced by two distinct resonance phenomena. It is the presence of the vias

(connecting the metallic patches to the ground plane) that impose an EBG at the same
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frequency as the AMC property. This statement can be verified by observing the
reflection phase diagram (Fig. 3.8) and the dispersion diagram (Fig. 3.6) of the HIS
designed in Fig. 3.5. The £ n/2 reflection phase bandwidth lies within 5.6-6.8GHz while
the surface wave stop-band lies within 4.5-6.7GHz.

When an array of metallic patches (a Frequency Selective Surface; FSS) is kept close to a
ground plane (without any metallic vias), there are two types of resonance phenomena

which occur:

i. Array resonance —This is similar to the resonance of the FSS in free space where the
surface currents excited on the array elements are in phase with the incident wave and the
wave reflected by the FSS undergoes a phase reversal. It is responsible for the EBG
property.

ii. Fabry-Pérot type resonance — This resonance occurs at a different frequency due to
the cavity formed between the ground plane and the FSS. It excites much stronger surface
currents on the array elements which are not in phase with the incident wave. The
reflected wave does not undergo any phase shift. This is responsible for the AMC
property (in-phase reflection property).

To demonstrate the existence of the two types of resonance, the authors in [11] design a

square patch FSS with unit cell dimension = 6.9mm and square

patch length = 6.1mm placed on a grounded dielectric substrate i

with thickness 1.13mm and &; = 3.2 as shown in Fig. 3.9. There

are no metallic vias connecting the patches to the ground plane. 6.9mm

A plane wave is incident on this surface. The reflection phase,

induced current magnitude and induced current phase are then

plotted by the authors till 50GHz. The natures of all these Fig. 3.9, Unit cell,
curves are plotted in Fig. 3.10. The in-phase reflection (AMC)

phenomenon occurs near 17GHz while the EBG phenomenon occurs near 40GHz. While
it is obvious that the AMC and EBG properties are far apart, they can be made to overlap
by adjusting the periodicity of the array as well as the substrate thickness. As the array
periodicity increases, the AMC frequency increases while the EBG frequency decreases.

Similarly, as the substrate thickness decreases, the AMC frequency decreases while the

EBG frequency increases. Therefore, the two frequencies can be made to overlap by
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carefully choosing the periodicity of the patch array and the substrate thickness as the

authors demonstrate in [11].

AMC property (FP resonance) EBG property
Current Magnitude = max Current Magnitude # max
Current Phase = 07 Current Phase = Q°
Reflection phase = 0° Reflection phase = +180°
A A
i SO =~ — ]
— 180 Sri 0.12
g % -
B.-D 90 N ‘-.. N 0-09 c
Q i’ 0.\. . %
e 0 \: .............. 0-06 3
b [ ] —
p -90 A 0.03 3
= / A S >
o / ~ -— S
-180 - _ 0
0 10 20 30 40 50
Frequency (GHz)
— — — — Reflection Phase
Current Magnitude =s=2==-- Current Phase

Fig. 3.10. Reflection phase, induced current magnitude and induced current phases of the 2D array of
metallic patches on a grounded dielectric without the presence of vias.

3.1.4 Effect of angle of incidence on the AMC property

Consider that an AMC surface is present on the xy plane and a plane wave is normally
incident on it from the +z direction. In this case, the angle of incidence (say ) = 0°. For

oblique incidence (0 # 0°), the wave is either TM polarized or TE polarized (Fig. 3.11).

-]
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Dielectric Slab

Unit Cells k

Ground Plane

Fig. 3.11. TE and TM polarized oblique incident waves.

The surface impedance seen by a TM polarized incident wave differs from that of a TE
polarized wave [12]. Moreover, the surface impedance also varies as @ changes. This
leads to shifting in the in-phase reflection frequency and forces the AMC structure to
operate within a narrow range of incident angles [3, 10]. Therefore, one of the inherent

disadvantages of the HIS is its low angular stability.
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3.2 Partially Reflecting Surface - PRS

A PRS is a highly reflective sheet usually made using a frequency selective surface
(FSS). An FSS is a 2D periodic sheet which is capable of providing EM pass-bands stop-

bands. FSSs are usually used to design spatial EM wave filters.

In 1899, Charles Fabry and Alfred Pérot introduced a resonator consisting of two thin
highly reflective parallel plane mirror segments [13, 14]. Optical waves could only pass
through the cavity if they satisfied the resonance condition of the cavity. It later became
popular as the Fabry- Pérot Interferometer or Fabry- Pérot Cavity (FPC) Resonator. It was

mainly used in the field of laser optics and spectroscopy.
3.2.1 Working Principle of the FPC made using PRS

In 1955, Giswalt von Trentini demonstrated that by placing an antenna inside an FPC
with one cavity wall made of a metallic reflector (PEC) and the other cavity wall made of
a PRS, the directivity and gain of the antenna can be improved significantly [15]. Figure
3.12 sheds light into the working of the FPC. A PEC sheet and a PRS are placed parallel
to each other. The distance between them is ‘L’ units. This creates the FPC. Now, a

radiating source, i.€., an antenna, is placed within the FPC.

EC PRS
I

FPC | -

Transmitted Rays

(2Ltana)sina
: Ltana

AN VA VAAL A MV AVMANANNN o

Fig. 3.12. Ray diagram demonstrating working principle of an FPC.
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The radiated waves originating from the antenna bounce back and forth inside the cavity
and a portion of the waves is also transmitted through the PRS as TO, T1, T2, etc.
Considering that the phase of the PRS at the operating frequency @prs and the phase of
the PEC is —r radians, the phase difference between Ray 0 and Ray 1 (A¢i1) can be

expressed as:
2r ) 2r
Ap, = (7)2L tan o sin @ — (7)2L SECO — T + Ppps (3.10)

where A = wavelength corresponding to the operating frequency. The 1% term in the RHS
of (3.10) arises due to the path difference AB, the 2" term arises due to the two additional
reflection paths AC and CD, the 3™ term is the phase added after reflection from the PEC
while the final term is the phase added after reflection from the PRS. The transmitted
waves T0O and T1 also undergo a phase shift after transmission but the phase shift is same
for both rays and hence does not show up in the phase difference of (3.10). The phase

difference between TO and T# can similarly be written as:

Ap, = (2—7m)2L tan  sin @ — (2—m)2L SECA — NTT + NP ppg
A A
(3.11)
4
=n (—T)LCOSQ—E+¢PRS =ne

Considering the reflection coefficient of the PRS as Re!?’® the magnitudes of T0, T1 and

Tn are /(1 — R2), R\/(1 — R2) and nR,/(1 — R?) respectively. Assuming that the PEC

and PRS are infinite, the E-field in the far-field region can be expressed as an infinite sum

of these partial transmissions as

E= iF(a)EoR"e-’A‘/’” VI-R® = iF(a)Eo (Re’” )'V1-R? (3.12)
n=0 n=0

where F(a) is the antenna element pattern. Since R < 1, Z(Rej‘”)" = 1/(1-Re/?). Putting

n=0

this into (3.12), the magnitude of the E-field can then be expressed as

1-R*
1+R*—2Rcosg

| EH E, IF(a)\/ (3.13)
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_ 1-R’
1+ R* —2Rcos¢

and the power pattern S F(a) (3.14)

To ensure maximum power radiation, the denominator of (3.14) must be made minimum
and the condition cosp = 1 (p = 2Nn; N = 0, 1, 2...) must be satisfied. To ensure

maximum radiation in the a = 0° direction, the condition that needs to be satisfied is
4
(—7”)L — T+ @ = 2NTL (3.15)

This is the Fabry-Pérot cavity resonance condition, and it ensures maximum radiation in
the broadside direction (a = 0°). In the most general case, when the ground plane is not a

PEC, the resonance condition can be modified as
4
(- 7)L + @Ponp T Pprs= 2N1 (3.16)

where pgnp = reflection phase of the ground plane at the frequency corresponding to A.

For the condition of maximum power radiation,
S=|——|F 2 a 3.17

and the directivity/gain enhancement factor (1 + R)/(1 - R) is determined by the reflection

coefficient magnitude of the PRS.
3.2.2 Narrow operating region due to resonance condition

In general, the phase of the PRS, ¢prs, and the ground plane, pgnp, decrease with
increasing frequency. This means that the resonance condition of (3.16) is satisfied for a

very narrow range of frequencies. Therefore, the FPC is inherently narrowband in nature.

3.3 Chiral Metasurface - CMS

The word chirality originates from the Greek yeip which is used to mean ‘hand’. A
structure is said to be chiral when it has mirror-asymmetry. This means that the image is
always different from the object irrespective of its orientation. Our left and right hands
are perfect examples of chiral structures. A chiral medium is one whose constituent

molecules are chiral in nature. Such a medium can exhibit optical activity, which is the
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rotation of the polarization plane of EM waves traveling through it. This phenomenon
was initially observed many years ago (in the early 1800s) by Arago and Biot in the
optical frequency domain [16]. It was also observed in the microwave domain by Bose
[17] in 1898. However, since the chirality was a consequence of the molecular
arrangements and orientations, they could not be controlled at will. This changed after the
advent of MMs and MSs. It was seen that on using appropriate unit cell geometries, MSs
and MMs could exhibit chirality and optical activity which could be controlled by
controlling the unit cell geometry. Such MSs are often called chiral MSs or CMSs.

3.3.1 Polarization plane rotation

CMSs can exhibit both magnetoelectric coupling (bianisotropy) and polarization rotation.
In a generalized bianisotropic medium, the relations between the induced dipole moments

and external fields at that location are given as

pe:aee'E_F&em'H and pm: ame’E+ amm'H, (3.18)

where p. = electric dipole moment, p,, = magnetic dipole moment, £ = local electric field,
H = local magnetic field and @,e, Xem, Tme, Amm are the electric, electro-magnetic,
magneto-electric, and magnetic polarizability tensors respectively. When the periodicity
and size of the unit cells are much smaller than the operating wavelength, the microscopic
dipole moments p. and p, can be averaged in space and orientation to get the
corresponding macroscopic £ and H polarization densities. These average densities can
then be related to the tensor susceptibilities of the medium, ),,. After doing this, the

constitutive relations can be written in the most general form as [30]

D=¢-E+&-H and B=C-E+ u-H, (3.19)

[ ) — 80 (j + %ee) 52:“0_Eem
gOﬂO Zme /’lO (] + me ) (320)

where I = identity tensor, &, = free space permittivity, y, = free space permeability, D =

with

AN
T [wll

electric response of the medium and B = magnetic response of the medium. Therefore,
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each of the electric and magnetic responses of the medium depends upon both the electric

and magnetic excitations.

It should be noted however that bianisotropy does not always cause polarization rotation.
If the electrical and magnetic responses of the material are parallel to the corresponding
electric and magnetic excitations, then there is no polarization plane rotation despite
magnetoelectric coupling. It is only when the electric and/or magnetic responses are
perpendicular to the corresponding electric and magnetic excitations that the polarization
plane of the incident wave is rotated. Since CMSs can exhibit polarization rotation as well
as magnetoelectric coupling, a part of the electric and/or magnetic responses in such MSs
are perpendicular to the electric and magnetic field excitations. Therefore, using a CMS

will ensure polarization plane rotation.
3.3.2 Asymmetric Transmission of LP and CP waves

Let us consider an EM wave travelling along the z-direction with its E-field oriented
along the x- or y-direction. For a reciprocal medium lying in the xy plane, the forward
(T") and backward (T?) transmission matrices relating the incident and transmitted E-

fields can be expressed in the linear basis as

., (T. T . T. -T
sz[ = ny and sz[ - ”‘J (3.21)
T;/x T;/y _T;C)/ T;’y

where Tj; corresponds to the transmission coefficient of an i-directed E-field component
due to an incident j-directed E-field component. In the circular basis, the transmission

coefficients can be expressed as

]‘«circ_(Trr Z;IJ:(];x"_Tyy_'_i(];y_Tyx) I, -T,+iT,+T,)
Tlr T;l Txx_Tyy_l(Txy—i_Tyx) 7;x+]—;/y_l(7;y_Tyx)

J (3.22)

where the subscripts ‘/” and ‘7’ correspond to left-hand CP (LHCP) and right-hand CP
(RHCP) respectively.

The phenomenon of asymmetric transmission (AT) was first demonstrated by Fedotov et
al. [18] in 2006 for incident CP waves using a periodic tilted fish-scale metallic pattern
etched on one side of a substrate. It should be remembered that AT is a reciprocal

phenomenon.
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A. AT for CP waves

In order for a structure to exhibit AT for CP waves, we must have T,; # T} If we consider

an MS lying in the Xy plane, then it achieves AT for CP waves only if its unit cells

(1) do not have any mirror symmetry with respect to the xz- or yz- plane and

(i1) do not have C4 (90°) rotational symmetry.

If (1) is not satisfied, then we have T,,= T,x = 0 and hence 7,; = T} If (i1) is not satisfied,
then we have T = T), and |T| = |T)x|. This also leads to 7,; = 7). When both the
conditions are satisfied, the MS can exhibit AT for CP waves. A single patterned metallic
sheet can exhibit AT for CP waves if the unit cells satisfy (i) and (ii). The asymmetry
parameter, Al, is used to measure the degree of asymmetry of the structure. For CP waves,

Alsire (i=1orr) is given as

2

T

I _
Acirc_ 1l

‘2

~TL] = -AL. . (3.23)

B. AT for LP waves

In order to achieve AT for LP incident waves, we must have Txy # 0, Tyx # 0 and |Txy| #
|Tyx|. To satisfy these conditions, we need to break certain symmetries of the MS unit cell

which is again assumed to lie in the xy plane. These are listed as follows:

(1) The unit cell cannot have any mirror symmetry with respect to the xz- or yz-
planes.

(11) The unit cell cannot have any C4 (90°) rotational symmetry.

(ii1))  The unit cell cannot possess any mirror symmetry with respect to a plane
perpendicular to the z-axis.

All three of these conditions must be met simultaneously to ensure AT of LP waves.

While (i) and (ii) are satisfied using a single layered anisotropic unit cell metallization,
(ii1) tells us that the symmetry of the unit cell along the direction of wave propagation (z-
direction) must be broken as well. Although this can be done by patterning the metal on a
substrate, the resulting AT is negligible. Therefore, an additional metallic pattern has to
be incorporated at the bottom of the substrate to ensure noticeable AT for LP waves. This
means that more than one layer of metallization is needed to successfully achieve the AT

of LP waves. A double layered chiral metasurface (CMS) lacking C4 rotational symmetry
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can satisfy all the necessary conditions mentioned above. For LP waves, the asymmetry

parameter, A'jin, (1 =X or y) is given as

2 2
A§n=‘Tyx‘ —‘Txy‘ = -Aj, . (3.24)

3.4 Spoof Surface Plasmon Polariton - SSPP
3.4.1 Surface Plasmon Polaritons

Surface Plasmons (SPs) are coherent delocalized electron oscillations which exist only at
interfaces across which the sign of the permittivity changes, i.e., Re{¢} changes sign.
Metals can usually be characterized by a negative permittivity at optical and infrared
frequencies. So, SPs usually exist at air-metal interfaces at these frequencies. Since they
are primarily charge oscillations, they also produce EM fields. The motions of the charges
as well as the corresponding EM fields are together called surface plasmon polaritons
(SPPs). These are a type of surface waves which are guided along the air-metal interface.
Photons and electrons are capable of exciting SPPs. However, in case of photons, a
prism/grating/defect in the metal surface is also required to match the SPP and photon
wave vectors (i.e., their, momentum). For a surface wave to propagate along a metal
surface, the E-field has to be polarized perpendicular to the surface. Otherwise, the
boundary conditions imposed by Maxwell’s equations will require the E-field to be zero.
Therefore, only a TM type surface wave can exist on the air-metal interface with its H-
field parallel to the surface and E-field perpendicular to the surface. Hence, the SPP is a

TM type surface wave.

A. Dispersion Relation

The dispersion relation of the SPP can be derived from the Fresnel reflection coefficient
for TM incidence (I'rm). Consider the illustration shown in Fig. 3.13. It shows the
interface between two media. Medium 1 has a permittivity and permeability of ¢; and po
respectively while Medium 2 has a permittivity and permeability of & and po
respectively. We have ¢; = €og/1, €2 = €062 and ¢ =1 /m where ¢, and ¢, are the
relative permittivity of Medium 1 and 2 respectively while g0 and po are the free space

permittivity and permeability respectively.
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Fig. 3.13. Field configurations for TM incidence at the interface between two media.

E; and H; are the incident £ and H fields, E, and H, are the reflected £ and H fields while
E; and H; are the transmitted £ and H fields. The propagation constant in Medium 1 is f;

(B1 = w/Upe1) and the propagation constant in Medium 2 is f2 (62 = w+/UoEz). The
incident angle is 8;, the reflected angle is 6, and the transmitted angle is ;. The reflection

coefficient can then be written as

ﬁcos¢9t— ﬁcosﬁi P B
o= \ | & _ & &
" Hy Hy & & ’
2 cosf, + |~ cosb, +
&, & & &

where we have utilized the fact that f;. = ficosf; and f2. = pacos6,. For the plasmonic

(3.25)

resonance and propagation mode generation at the interface, we set 'y = co. This
implies that a reflected wave exists when there is no incident wave and is often
encountered in resonance systems. For this case, the denominator of (3.25) = 0 and we

have

&4_&:0

&, &

(3.26)

If we consider Medium 1 to have a positive permittivity, i.e., & = positive, then the 2™
term of (3.26) is positive. Therefore, the 1% term must be negative in order to satisfy
(3.26). This means that > has to be negative (i.e., & has to be negative). Taking the 2"
term of (3.26) to the right hand side and squaring both sides, we get

2, 2 2, 2
& B. =& B>

or & (B -B)=¢" (B - B.). (3.27)
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In order to satisfy the phase matching condition at the interface, we have f;x = fax = fx.

Continuing with (3.27),
& (B -BH=¢’ (B -B.),
or Bl —&)="B"—& "B,

2 2 2
or B. (e —¢&,)(g +&,)=¢ a)zﬂogz —& a)zluogl >

or p.=2 | fnfr (3.28)
c grl +gr2

Equation 3.28 is the dispersion relation of the SPP. Since ¢,> is negative, we must have
&1+ &2 = negative in order to ensure that the square root term of (3.28) is positive and S«

= purely real. This corresponds to a guided wave propagating along the x-direction. Then

we have
B.=~B -8B = QJeﬂ (1-—2, (3.29)
c grl + ng
and Bo. =B =B ZQ\/% (FL) . (3.30)
¢ Eaté,

Since €2 = negative, in (3.29), we have ¢.2/(¢,1 + &2) > 1 and S = purely imaginary. This
means that the wave gets attenuated as we move away from the interface along the z-
direction in medium 1. In (3.30), B2° = negative and so B2 is also purely imaginary. In
fact, f2. is an even larger imaginary number compared to f;. indicating that the SPP
decays more rapidly (with respect to the decay rate in medium 1) as we move away from
the surface within medium 2 which has a negative permittivity.

The resultant wave corresponds to a wave trapped along the interface while decaying
exponentially as we move away from the interface. An illustration of an SPP wave
existing in the air-metal interface is presented in Fig. 3.14. The SPP is a combination of
the electron oscillations within the metal and the EM mode that exists in air. It decays
exponentially away from the surface along both the +z and —z directions. The E-fields are
perpendicular to the interface while the H-fields are parallel to the interface. The
attenuation of the SPP along the z-direction is shown to the right of Fig. 3.14. The wave

falls off rapidly within the metal while it falls of relatively slowly in air.
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Fig. 3.14. Illustration of an SPP wave existing in air-metal interface.

While working close to the resonance, &+ &2 = 0 and f: becomes very large. This in
turn implies that the wavelength of the SPP becomes very short while both f£;. and f2.
become very large imaginary numbers. The SPP mode then becomes very tightly
confined to the surface of the metal. Since the SPP mode is highly confined to the surface,
it can be used in circuits to reduce cross-talk and interference between adjacent circuit
elements. Since the wavelength of the SPP mode is much smaller than the free space

wavelength, it can be used to design miniaturized circuits.

Using the Drude model of electrical conductivity, the relative permittivity of a metal at
very high frequencies can be approximated as &2 = 1 — (wp/w)* where wp is the plasma
frequency of the metal with wp = \/m (n = electron density; e = electron charge;
m = effective electron mass; gy = free-space permittivity). When o > wp, &2 becomes
positive and the metal becomes transparent to EM radiations. To calculate the value of the

asymptotic frequency limit of the dispersion relation, we solve (3.28) for kx> co. We then

have
grl + gr2 = 0
@ 2
or 8,]+(1—(—P))=0
10}
@p

(3.31)

or 0= W =
NIESC

The asymptotic frequency limit is considered to be wsp (SP for surface plasmon) and its

value is given by (3.31). When medium 1 is air, &7 = 1 and we have wsp = wp/v/2.The

dispersion relation graph of the SPP at an air-metal interface is shown in Fig. 3.15.
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Fig. 3.15. Dispersion curve for an SPP wave existing in air-metal interface.

The blue line (v = cky) in Fig. 3.15 is the light-line which corresponds to no dispersion.
As kx increases, the dispersion curve (red line) moves further away from the light-line and
the dispersion becomes noticeable. The fact that the curve is located to the right of the
light-line implies that the SPP is a bound mode with a phase velocity less than the

velocity of light in free space.
3.4.2 Spoof Surface Plasmon Polaritons

In 2004, Pendry ef al. [19] demonstrated that drilling holes in a periodic fashion on a PEC
surface introduces a bound surface state on the PEC which mimics the SP mode, provided
that the periodicity and hole dimensions are much smaller than the operating wavelength.
This “spoof” surface plasmon exhibits a dispersion relation similar to the SP discussed in
the previous subsection. The authors also demonstrated that by adjusting the dimensions
of the holes, the frequency of the surface plasmons can be shifted and changed to regions
where they do not exist naturally. Therefore, the authors showed that it is possible to
design a structured surface such that it can exhibit this “spoof” surface plasmon behavior
even in microwave frequencies. These “Spoof” Surface Plasmons Polaritons (SSPPs),
mimicking the nature of the actual SPPs, can be obtained by using periodic engineered
surfaces. These SSPPs share the high field confinement and miniaturized wavelength

properties possessed by the actual SPPs.
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3.5 Conclusions

The four different types of textured surfaces that are the primary focus of this dissertation
are analyzed in this chapter. The origins of their unique properties are also discussed. In
the following chapters, these properties will be exploited and utilized to design textured
surfaces which can be used for different applications within the microwave frequency

domain.
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CHAPTER 4

A DUAL-BAND AMC REFLECTOR
WITH UHF-RFID READER

4.1 Introduction to RFID

The radio frequency identification (RFID) technique has emerged as a low cost and effective
technique for tagging and tracking items in various industries in the market [1]. The UHF-
RFID band is one of the most extensively used frequency bands for RFID operations. The
RFID system usually consists of an RFID tag and an RFID reader. Both have in-built
antennas which help them communicate wirelessly with each other. The tag is usually
connected to the item which has to be marked/ tracked and the reader acts as an interrogator

to identify and locate the tag.

Although both the tag and the reader antennas can be linearly polarized (LP), this often leads
to orientation mismatch loss when the tag and reader antennas are not aligned properly. In the
worst case, when the E-field principle planes of the tag and reader are oriented orthogonally,
the reader will receive no information from the tag. To mitigate this issue, it is desirable to
equip either the reader or tag with a circularly polarized (CP) antenna. Since the RFID tags
are usually small in size, it is often more convenient to equip the reader with a CP antenna.
Such CP reader antennas can detect tags irrespective of the tag orientation. Dual-band reader
antennas (UHF-RFID/WLAN) can then send information received from tags to data centers
via the WLAN channel. Most of the CP RFID reader antennas in literature cover only a
single band. In [2]-[7], single-band CP UHF-RFID reader antennas are designed. Chen et al.
[8] use stacked annular rings to achieve CP at the UHF-RFID band. A dual-band CP antenna
is also presented in [9]. A compact dual-band CP antenna is presented by authors in [10], but

the antenna has low gain in the UHF-RFID band.
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4.2 Objective

The main aim of this chapter is to design a dual-band RFID reader antenna that radiates CP
waves within both the UHF-RFID band (902-928MHz with a center frequency of 915MHz)
and the 2.45GHz WLAN band with good gains in both operating bands. The 915MHz
channel can be used by the reader for UHF-RFID tag detection while the 2.45GHz channel

can be used to transmit the acquired information to the necessary base-stations.
4.3 Antenna and AMC design

A. Circular Patch Antenna

The geometries of the top and bottom layers of the deigned antenna are shown in Fig. 4.1
with Lv = 14.3 mm, Lh = 15.8 mm, W =2 mm, R =79 mm, L = 100 mm, L1 = 9 mm and
W1 = 6 mm. The basic antenna design revolves around a circular patch with a radius of 79
mm having a primary resonance near 1GHz. Two perpendicular slots are introduced on the
patch (Fig. 4.1(a)) which shift the first resonance to 915MHz and introduce a second
resonance at 2.45GHz. All the simulations in this chapter are performed using the CST
Studio Suite software. The substrate used is FR-4 (&- = 4.2, tand = 0.02) with a thickness of
1.52 mm. The metal layer used is Copper with ¢ = 5.8 x 107 S/m.

- METAL SUBSTRATE

(a) (b)
Fig. 4.1. Circular patch antenna (a) top and (b) bottom.
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Crossed dipoles are also used to introduce circular polarization [11]. As stated in [11], the
main principle of operation for generating CP consists of two orthogonal elements having

lengths such that:

1. the real parts of their admittances are equal;

ii. the angles of the admittances differ by 90°.

This principle has been extended to the orthogonal slots etched on the circular patch in the
presented design. A similar principle has been used in [12]. It should be noted that the CP at
915MHz is not produced due to the crossed slots. It is produced because of the circular patch
along with its feeding point location. The effect of the crossed slots on this first band is only
the frequency shift due to the increased current path lengths. The second band CP (at
2.45GHz) is influenced by the crossed slots. The cross-slot lengths are designed and
optimized such that their admittances satisfy the above two conditions at 2.45GHz. This is
illustrated in Fig. 4.2. At 2.45GHz, the current primarily flows along the horizontal and
vertical slots. The optimized lengths and admittances of the slots allow the horizontal and

vertical components of the current to generate a 90° phase shift between them leading to CP

behavior.

80 | Re(Yn) — = — Re(y,) ——- 44
60 | Arg (Y}) Arg (Y,) - a2 7
-———— o
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Fig. 4.2. Real part and argument of the individual slot admittances

(subscript h = horizontal slot; subscript v = vertical slot).

It is found after simulation that the 3dB axial ratio (AR) bandwidth (BW) at the UHF-RFID
band is low (as will be seen in Fig. 4.5(b)). To increase the AR-BW, four slits are introduced
on the ground plane (Fig. 4.1(b)). This enhances the AR-BW at 915MHz. Varying Lv keeps
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the second band fixed and shifts the first band. Varying L1 and W shift the first band while
keeping the second band fixed. Varying Lh affects both the bands. Therefore, the two
required resonances of the antenna can be tuned independently. Considering the circular
patch center to be at the origin of the rectangular coordinate system with x along the

horizontal and y along the vertical, the feed point is at x =9 mm, y = 9 mm.
B. Dual-Band AMC Unit Cell

The four slits on the antenna ground plane result in unwanted radiation below the antenna
plane (as will be seen in Fig. 4.7(a)). To mitigate this issue, a dual-band AMC is designed to
act as a reflector with two reflection phase nulls near 915MHz and 2.45GHz simultaneously.
As discussed in Chapters 2 and 3, the AMC can be placed very close to an antenna and still
act as a good reflector owing to its reflection magnitude of 1 and reflection phase of 0° at
resonance. This ultimately reduces the height of the antenna system and makes it more
compact. The top view of designed unit cell is shown in Fig. 4.3(a). FR-4 is used as the
substrate of the AMC with a thickness of 1.52 mm. On the bottom of the substrate is the
metal ground plane. Since the unit cell is symmetric about the x- and y-axes, it is independent

of the orientation of the E-field in the xy plane, i.e., independent of the azimuth angle ¢.

150 _ = —~— 1
120
— 90 i
8 60 Phase: ¢ =0 §
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Q 30 $¢=90 92 °§
g 0 Magnitude: ¢ = 0" —— =
@ -30 90" T .88 ¢
= 60 b= g—
-90
-120
-150 0.80
840 870 900 930 960 2380 2400 2420 2440 2460 2480 2500
Frequency (MHz)

(a) (b)
Fig. 4.3. (a) AMC until cell (Grey = metal, white = substrate). (b) Reflection phase and magnitude plot.

The reflection phase graphs of the unit cell illustrated in Fig. 4.3(b) show the dual band
nature and ¢ independence of the presented AMC structure. Increasing/decreasing the inner

structure width shifts the second resonance of the AMC to the left/right.
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Varying the gap between the inner and outer structure also affects the second resonance
while the first resonance remains fixed. Increasing the length of the outer loop while keeping
the unit cell dimensions same (decreasing the inter-element spacing) affects only the first
resonance while the second remains fixed. Therefore, independent tuning of the two

resonances of the AMC is possible.

A 5 x 5 array of unit cells is designed and placed 30 mm (Ao1smuz/11; Ao1smu, = free-space

wavelength at 915MHz) below the patch antenna to function as a reflector.

4.4. Antenna Characteristics

To verify the simulation results, a prototype of the antenna is designed along with the AMC
reflector consisting of 25-unit cells. The fabricated prototype with feeding mechanism is

shown in Fig. 4.4.

PATCH

SMA
AMC Reflector w

: T COAXIAL CABLE
|_| COAXIAL CABLE FEED il ;

(b) (©

Fig. 4.4. Fabricated antenna with AMC reflector containing 25-unit cells (a) Top View, (b) Side view

illustration and (c) 3D view.
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Measurements are performed inside an anechoic chamber. A VNA is used for measurements.
A wideband TEM horn antenna connected with the VNA is used to measure the radiation
pattern characteristics of the patch + AMC antenna. The Si1 is measured by connecting the
patch + AMC antenna to a single VNA port and noting the S11 data. The radiation pattern and
axial ratio are measured by using the horn antenna as a transmitting antenna and the patch +
AMC as a receiving antenna. The different configurations of measurement are illustrated in
Fig. 4.5 (a). The practical measurement setup is shown in Fig. 4.5 (b). The port extension

feature of the VNA is used to bring the reference plane to the tip of the coaxial cables

connecting the SMA connectors of the two antennas.
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Fig. 4.5 (a) Different measurement configurations. (b) Practical setup for performing the measurements.
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The axial ratio is measured using both the S»1 magnitude and the S»1 phase data. AT first, the
co- and cross-pol Sz1 magnitudes are taken. These correspond to Ey, Ex and oy, o«
respectively. Then, the difference between the two orthogonal phases A (¢y - ¢x) is
calculated. Assuming that the transmitting horn antenna has good polarization purity, the
difference between the two phases gives an approximation of the difference between the two
orthogonal polarizations. Using the magnitude and phase information, the Axial Ratio

(linear) can be calculated as done in [14] by using the following formula:

4.1)

AR = Ex2+ Ey?+ \/(Ex*+ Ey*+2Ey2Ex2cos (Ap)
Ex2+ Ey?— \/(Ex*+ Ey*+2Ey2Ex2cos (Ap)

The AR can be then be converted to dB. The sense of polarization can be understood from
the sign of the phase difference A¢. If it is positive, the sense is LHCP and if it is negative,
the sense is RHCP. [14]. A reading is also taken by rotating the patch + AMC antenna by 45°
about the z-axis. This is used to confirm that the phase is indeed reducing (for RHCP) and
increasing (for LHCP). The handedness of the CP can also be determined by using Stokes

parameters as discussed in Chapter 7.

The reflection coefficient graphs for the standalone patch (patch without any AMC) and the
patch + AMC structure are similar in nature with both showing good matching at the UHF-
RFID band and WLAN band, as seen in Fig. 4.6(a). It can also be seen from this figure that
measured —10 dB S11 BWs of 24MHz (903-927 MHz) and 48MHz (2424-2472 MHz) are
obtained at the UHF-RFID and WLAN bands, respectively. This results in percentage BWs
of 2.6% (UHF-RFID) and 2% (WLAN) with center frequencies of 915MHz and 2.45GHz.
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(b)
Fig. 4.6 (a) Reflection coefficient magnitude vs. frequency. (b) Axial ratio (AR) vs. frequency.

The AR versus frequency plots of Fig. 4.6(b) display the effects of the ground slits in
enhancing the 3dB AR-BW, especially in the UHF-RFID band. This can be explained by
observing that at 915MHz, a significant portion of the current is concentrated along the patch
circumference (Fig. 4.7(a)). This means that they are concentrated along the ground slits. As
the currents move along the horizontal slits, they produce a horizontal component. While

they circulate along the vertical slits, they produce a vertical component.

These horizontal and vertical components have similar magnitudes but a phase difference of
90°. It can be seen from Fig. 4.7(a) (four marked areas) that the current bends away from the
circumference while they move over the location of the ground slits. Therefore, the presence
of the slits affects the current flow along the circumference. This leads to a significant
enhancement of the AR at 915MHz. However, for 2.45 GHz, the current magnitudes are
comparatively lower along the patch circumference as seen from Fig. 4.7(b). This means the
ground slits have a smaller impact on the AR enhancement at 2.45GHz. This is exactly what

is observed from Fig. 4.6(b).
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(@

Phase 9"/ ”r St

b
Fig. 4.7. Simulated surface current distribution(s zA/m) at (a) 915MHz and (b) 2.45GHz.

It can also be noted from Fig. 4.7(b) that at 2.45GHz, the induced surface currents are
concentrated more along the horizontal slot length Lh. Therefore, Lh affects the second band
more significantly at 2.45GHz. It is the presence of the horizontal slot which is mainly
responsible for the second band at 2.45GHz. Lh and Lv are tuned to ensure that the
orthogonal current components at 2.45GHz have similar amplitudes and 90° phase
difference. At 915MHz, the current distribution is spread throughout the circular patch.
Therefore, introducing the slots affects the current path length significantly. The induced
surface currents at this frequency are distributed along both the horizontal and vertical slots
(Lv and Lh). Therefore, both Lv and Lh affect the first resonance band. Addition of the AMC
reflector does not significantly affect the axial ratio. Measured 3dB AR-BWs of 48MHz
(902-950MHz) and 47 MHz (2423-2470MHz) are obtained at the UHF-RFID and WLAN
bands, respectively, resulting in BWs of 5.25% (UHF-RFID) and 2% (WLAN).

The standalone patch exhibits significant radiation below the ground plane, especially at
915MHz, due to the presence of the four slits. This also results in very low gain in the
positive broadside direction (+z-direction) above the patch antenna. The dual-band AMC
reflector placed A91smu-/11 (30 mm) below the ground plane helps reduce the back-lobe level

and results in constructive interferences to increase the main lobe gain.

The far-field radiation patterns are shown in Fig. 4.8. There is a significant change in the
915MHz radiation pattern after adding the AMC reflector. The gain increases from 0.58dBi
(simulated; standalone patch) to 3.1dBi (measured; patch + AMC). The back-lobe maximum

decreases from —4 to —14.1dBi. The improvement is similar in both the xz and yz planes.
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The change in the radiation pattern at 2.45GHz is less prominent, with the gain increasing
from 6.12dBi (simulated; standalone patch) to 6.2dBi (measured; patch + AMC). The back-
lobe maximum decreases from around —12dBi to around —24dBi. The simulated cross-pol
(opposite handedness) radiation pattern at 915MHz is presented in Fig. 4.8(c) while the

simulated as well as measured cross-pol radiation patterns at 2.45GHz are shown in Fig.

4.8(d).
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Fig. 4.8. Radiation patterns at (a) Co-pol 915MHz, (b) Co-pol 2.45GHz, (c) Cross-pol 915MHz and (d) Cross-
pol 2.45GHz. Vertical markings are in dBi.

Table 4.1. Effects of introducing the AMC reflector.

Property Frequency Patch Only Patch + AMC  Patch + AMC
(25 unit cells) (16 unit cells)
Size (mm?) 100 x 100 210 x 210 168 x 168
915MHz 0.58dBi 3.1dBi 1.87dBi
(simulated) (measured) (simulated)
Gain _ '
2.45GHz 6.12dBi 6.2dBi 6.18dBi
(simulated) (measured) (simulated)
Radiation 915MHz 55.8% 57.14% 55.93%
Efficiency
) 2.45GHz 73.74% 74.31% 73.87%
(simulated)
915MHz -4dBi -14.1dBi -8.1dBi
Back-lobe (simulated) (measured) (simulated)
AT 2.45GHz -10.28dBi -24.5Bi -24.1dBi
(simulated) (measured) (simulated)

A comparison between the standalone patch and the final structure (patch + AMC) is
presented in Table 4.1. The table also shows how the properties of the antenna system are

affected when 16 unit cells of the AMC are used (Patch + AMC 16 unit cells) instead of 25.
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It can be seen that the gain of the antenna using 16 unit cells reduces significantly (when
compared to the 25 unit cells case) at 915MHz while the back-lobe maximum also increases.
In applications where the antenna must be smaller in size, the AMC unit cells can be reduced
from 25 to 16. In doing so, the total antenna size reduces from 210mm x210mm to 168mm X
168mm. This does not affect the matching or the AR-BW much. However, the penalty of
reducing the system size is the reduction of gain at 915MHz from 3.1dBi to 1.87dBi and the

increase in the back-lobe maximum from -14.1dBi to —8.1dBi.

The AR versus elevation angle (theta) is presented in Fig. 4.9. The measured AR remains
below 3 dB up to at least £60° in both the xz and yz plane for both 915MHz and 2.45GHz.
This gives the antenna a good broadside angular range for circular polarization operation at
both the frequency bands. The antenna radiates RHCP waves and has a gain of 2.91dBic and
6.05dBic at 915MHz and 2.45GHz, respectively.

xz plane simulated

5 a xz plane simulated -/ _ 5 ® ® xzplane measured A
~ 22}
_,_-g 4 m = xzplane measured .\ 35 4 n yz plane simulated
— £ A
23 vz plane simulated -g 3 A 4 yzplane measured
" A 4 yzplane measured , © =
o o
= 2 =2
= A L] = nn =
<1 L <1 - =k a
AT A bk
0 0 : : ‘ ‘ ‘ ‘
90 -60 -30 0 30 60 90 90 -60 -30 0 30 60 0
Theta (degrees) Theta (degrees)
(a) (b)

Fig. 4.9. Simulated axial ratio (dB) versus angular variations at (a) 915MHz and (b) 2.45GHz.

Seeing that the reflector does not affect the antenna characteristics much at 2.45GHz, it might

be assumed that a single band AMC reflector (at 915MHz) will give similar results.

However, using a single band AMC leads to a degradation in the AR versus angular (theta)
variation plot at 2.45GHz in both the xz and yz planes. This can be seen from Fig. 4.10. In
the xz and yz planes, the 3dB AR range reduces to 6 = £50° and 0 = +42° (for single band
AMC) from the values of £75° and £60° (for dual-band AMC). This means that the fields
present within the region 6 = +45° to +90° and 6 = -45° to -90° interact with the second band
of the AMC reflector. Therefore, the dual-band AMC is used.
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Fig. 4.10. Comparisons of AR vs. elevation angle between dual-band AMC and single-band AMC.

Table 4.2. Comparisons with other dual-band UHF-RFID readers present in literature.

Property Ref. [10] Ref. [13] Patch + AMC
Size 0.18A x 0.18A x 0.02A 0.67A x 0.67A x 0.08A | 0.64A x 0.64A x 0.09A
No. of ports 2 2 1
3.1% (915MHz) 4.4% (920MHz) 5.25% (915MHz)
AR BW
0.9% (2.45GHz) 8.2% (2.45GHz) 2% (2.45GHz)
-0.6dBic (915MHz) 6.6dBic (920MHz) 2.91dBic (3.1dBi)
Gain (915MHz)
1.2dBic (2.45GHz) 7.9dBic (2.45GHz) 6.05dBic (6.25dBi)
(2.45GHz)
Radiation 45% (915MHz) . 57.14% (915MHz)
. Not given
Efficiency
(simulated) 34% (2.44GHz) 74.31% (2.44GHz)

In Table 4.2, the presented structure has been compared with two papers presenting dual-

band CP antennas radiating at 915 MHz and 2.45GHz [10], [13]. Both use FR-4 substrates

and have two ports. The sizes of the antennas are presented in terms of the operating

wavelength at 915MHz. While [10] is compact, it has vias and shorting pins which make
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fabrication cumbersome. Although [13] has higher gain and AR BW in the WLAN band, it
has two ports and a very complex design while being larger in size than the presented
structure (Patch + AMC). The Patch + AMC structure is simple to design and fabricate while
also having a single port and good antenna gains at both bands. The efficiencies of the

presented antenna can be increased by using a lower loss substrate.

4.5 Conclusions

In this chapter, a circular patch antenna with dual-band circular polarization at the UHF-
RFID and WLAN bands is presented. Two perpendicular slots are etched on the patch to
down-shift the first resonance to 915MHz (UHF-RFID band) and introduce a new resonance
at 2.45GHz (WLAN band). Four slits are etched on the ground plane to improve axial ratio
(AR) mainly in the first band. A dual-band AMC reflector having 25-unit cells is placed a
small distance below the patch to reduce the back-lobe level and improve the gain at both
bands. The antenna radiates RHCP waves at both bands. Measured 3dB AR bandwidths of
5.25% and 2% are achieved at UHF-RFID and WLAN bands respectively with gains of
2.91dBic (3.1dBi) (UHF-RFID) and 6.05dBic (6.25dBi1) (WLAN). The antenna can be used
with RFID readers for detecting tags and sending the information via the WLAN band.
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CHAPTER 35

AN AMC HAVING VERY HIGH ANGULAR
STABILITY

5.1  Objective

In this chapter we focus on the angular dependence of AMC structures. While AMCs operate
well under the normal incidence of a plane EM wave, the resonant frequency fy tends to shift
for oblique incidence as discussed in Chapter 3. This usually degrades the in-phase reflection
property and the AMCs are forced to operate within a very narrow range of wave incident

angles [1, 2].

The main aim of this chapter is to design an AMC structure which has very good angular
stability. Self-complementary unit cells (SCUCs) are used to design the proposed AMC.
SCUCs form a series resonant grid/self-resonant grid (SRG), which tends to have good
angular stability as reported in [3—5]. The structure in this chapter is optimized such that fy

remains fixed with variations of the incident E-field polarization angle, ¢.
5.2 AMC unit cell geometry and Equivalent Circuit

The unit cell has been designed and analyzed using CST Studio Suite. The unit cell
dimensions are shown in Fig. 5.1(a). The conductor layer is copper with ¢ = 5.8 x 10’ S/m.,
and the dielectric substrate is FR-4 (e, = 4.4; tano = 0.02; thickness = 1.52 mm). The left and

right parts of the unit cell are complements of one another.

Considering the asymmetry of the structure about the x and y axes, the equivalent circuit seen
by an incident wave with x-directed E-field (Ex) will differ from that seen by an incident
wave with y-directed E-field (Ey). The equivalent circuits along these two orthogonal

directions are shown in Figs. 5.1(b), (c).
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Fig. 5.1 (a) Unit cell geometry. Equivalent circuit of unit cell for (b) Ey incidence and (c) Ex incidence.

As discussed in [9], an AMC structure such as a Jerusalem cross having both an inductance
and capacitance within the unit cell can attain high angular stability when the vias to the
ground plane are removed. It is also shown that the resonant frequencies obtained for such
SRGs are independent of the incident field angles for both transverse electric (TE) and

transverse magnetic (TM) incidence.

Considering that self-complementary structures inherently possess both a capacitance as well
as inductance, they are good candidates for SRGs. Ccy, Ccix, Ce2x and Lcy, Lex are the
capacitances and inductances coupled between adjacent unit cells (Figs. 5.1(b) and (c)). If we
take the inductive impedance of the grounded dielectric layer to be Zs then the total

impedance seen by the incident wave of Fig. 5.2(a) is Z; = Zunit i || Za.
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Zunir i 18 the impedance of the unit cell. For Ex incidence, Z; = Z, and Zunit i = Zunit x. For E),
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(a) (b)
Fig. 5.2 (a) Plane wave incidence on the AMC. (b) Parallel connection between

cell impedance and grounded dielectric impedance.

The capacitances (Ciy, Cay, C3y) of the equivalent circuit dominate the impedance for E,
incidence while the inductances (Lix, Lax, L3x, L4x,) dominate for E, incidence. Considering
that the £90° reflection phase bandwidth (BW) depends upon the square root of the ratio of
L/C [3, 4]; the structure should exhibit larger BW for E, incidence as compared to E,
incidence. For incident waves having both E, and E, components, the BW will increase as Ex
increases and decrease as E) increases. For Ey, the major impedance contribution comes from
the inductances of the left-side complement, while for E), the major contributions come from
the capacitances of the right-side complement. For E\, the equivalent circuits of the two
complements of the cell are connected in series while for Ey, they are connected in parallel.
For both cases, they ultimately form an SRG. To maintain the same fy along the x and y
directions, the product of the equivalent L and C contributing to the resonance in both
directions must match. The proposed structure is designed and optimized in such a way that
the above condition is satisfied. Therefore, changing the basic structure will result in the loss

of the polarization-independent response.
5.3 Simulated response of the AMC

In order to analyze the AMC unit cell, periodic boundary conditions (PBCs) are added to all
four sides of the unit cell in the xy plane as discussed in Subsection 3.12 C of Chapter 3.
The AMC unit cell is subjected to a normally incident plane wave (theta, & = 0°) and the E-

field polarization angle phi, ¢, is varied. For ¢ = 0°, the normally incident wave has E-field
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along y-axis while for ¢ = 90°, the E-field lies along x-axis. Fig. 5.3(a) shows that fy, which

is 6.48GHz, remains constant for all these variations. As analyzed in the previous section, the

BW increases as the value of ¢ increases from ¢ = 0° (§85MHz) when E lies entirely along the

y-axis, to ¢ = 90° (500MHz) when

E lies entirely along the x-axis. The response of the

structure to both TE and TM polarized waves for various incident angles (6) is presented in

Fig. 5.3(b). It can be seen that the BW decreases with an increase in € for TE waves, and

increases with an increase in 6 for TM waves. This observation is similar to [6, 7].
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Fig. 5.3 (a) Simulated reflection phase for different E-field polarization angles phi (¢) and normal incidence (0
=0°). (b) Simulated TE/TM reflection phase for different incident angles (6).

It can also be seen from Fig. 5.3(b) that for TE incidence, fy remains fixed at 6.48 GHz with

varying 6. The £90° reflection phase

BW decreases from 85 MHz (6 = 0°) to 33 MHz (6 =

88°). For TM incidence, fy also remains constant throughout the angular variations at 6.48
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GHz. The £90° reflection phase BW increases from 500 MHz (6 = 0°) to 1.15 GHz (8 = 88°).
The reflection phase magnitudes in all the cases of Fig. 5.3 are very close to 1 and are not

plotted separately.
9.4 Evaluation of the Equivalent Circuit Parameters

The values of the inductances and capacitances of the unit cell shown in Figs. 5.1(b) and (¢)
are obtained in this section. The approximate values of the inductances (L) are calculated

using the following equation [9]

L(nH)=2x10"x10x/ x[ln(%j +1.193+ 0.2235(—Wl” j]Kg
w+

(5.1)

with K, =O.57—O.1451n%; %>0.05,

where / = length of the conducting strip, w = width of the conducting strip, # = metallization
thickness = 0.035mm and / = substrate thickness = 1.52mm. The value of the inductance of
the grounded dielectric can be calculated approximately as Ls= poh, where po = free-space
permittivity. The approximate values of the capacitances (C) are calculated using the

following equation [10]

K'(®), (=D K'(kl)}

C= e[so o
K(k) 2 K(k)

(5.2)

with K =K(K); k=—S5—; k?=1-k and k, ——SnhC=/4h)
g+2w sinh(z(g +2w)/4h)

K(k) = complete elliptic integral of the first kind, e = length of the capacitor, g = gap between
the plates, w = width of the conductor and /4 = dielectric thickness.

The calculated values of the equivalent circuit parameters for both £y and E, incidence using
(5.1) and (5.2) are shown in Table 5.1. The equivalent circuits of Figs. 5.1(b) and (c) are then
drawn in Advanced Design System (ADS) and the theoretical values calculated in Table 5.1
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are plugged into the circuits. The responses of the circuits are then observed. Finally, the
values of the inductances and capacitances are optimized so that the equivalent circuit
response for E, incidence matches the phi = 0° curve of Fig. 5.3(a) and the equivalent circuit

response for Ey incidence matches the phi = 90° curve of Fig. 5.3(b).

Table 5.1. Approximate theoretical values of the equivalent circuit parameters.

For Ey incidence (Fig. 5.1(b))

( =2Crrclym: O.Zipgmm Liy=2.5nH Ley =0.5nH
T e (w=1.6mm, I-8.8mm) G, | )
Gy =220pF Lay = 0.49nH ~ Coy=1.6pF
(g=1.omm. w=2mm, (w=3.25mm, 1=3.6mm) (g=1.6mm, w=3.6mm,
c=3.25mm) ' - e=1.6mm)
C3y = lpF _
(g:l .6mm’ W=5.4mm, L3y 2. lilH ~
e=1.15mm) (w=2.15mm, | = 8.8mm) Lo=1.8nH

For Ex incidence (Fig. 5.1(c))

Cch = O.SPF

Cclx = 1.48pF . . L]x = 2nH
(g=2mm, w=6mm, e=1.6mm) (g—4.3er2r1n,6xr—n1).6mm, (w=1.6mm, 1 =6mm)
Lox =0.72nH L3x =2.77nH Lax = 0.4pF
(w=1.6mm, 1 =3.25mm) (w=Imm, I=7mm) (w=3.6mm, 1=3.25mm)
Clx — 1.9pF _
(g=1.6mm, w=2.2mm, Lex 0'4_an .
_ (w=1.6mm, 1 =2.15mm) Le=1.8nH

e=3.6mm)

Table 5.2. Optimized values of the equivalent circuit parameters.

For Ey incidence (Fig. 5.1(b))

Cey = 0.79pF Liy=0.7nH Ley=1.3nH
Ciy = 2.1pF Loy = 0.46nH Cay = 1.49pF
Csy = L.IpF Lsy, = 1.15nH La— 1.54nH
Ceix = 1.6pF Ce2x = 0.32pF Lix=7.1nH
Lox =0.65nH L3x =3.46nH L4 =1.15pF
Cix = 1.16pF Lex =2.8nH Ly=1.54nH
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The optimized values of the circuit parameters are now presented in Table 5.2. The

theoretical and optimized values of the capacitances are quite close to one another.

However, it is noted that the values of some of the inductances after optimization are very
different from the theoretical value of Table 5.1. This is because Equation 5.1 gives the
inductance of a metallic strip when it is isolated and has a uniform current throughout its
length. However, in case of the unit cell of Fig. 5.1(a), the individual metallic strips are
interconnected, and the currents induced along them do not necessarily have uniform
magnitudes along the entire lengths of the strips. So, (5.1) is used simply to get a rough
estimate of the inductance values with the aim of optimizing them through ADS to get the

desired responses.
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Fig. 5.4. CST and ADS response comparison for (a) Ey incidence and (b) Ex incidence.
The comparisons between the ADS and CST unit cell responses using the optimized circuit
parameters are plotted in Fig. 5.4. It is seen that the circuits designed using the optimized
parameters give an ADS response which is very close to its CST counterpart for both the E\

and E) equivalent circuits.
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5.5 Experimental Verifications

The measurements of the proposed AMC structure reflection phase are carried out in an
anechoic chamber with two horn antennas working in the C band. A metal sheet of similar
dimensions as the AMC structure is also used to normalize the reflection phase. The structure
is placed in the far-field of the antennas and measurements are carried out. The measurement

configurations are illustrated in Fig. 5.5 (a) and (b).

The two horn antennas are connected to the VNA ports. The Port extension feature of the
VNA is used bring the reference planes to the horn antenna feed locations. In order to get the
phase measurements of the metasurface, two sets of measurements have to be taken. First,
the phase of the metasurface kept at a distance d from the horn antennas is taken for normal
incidence as shown in Fig. 5.5(a) left. This is considered ¢@ms. Then, the metasurface is
replaced by a metal sheet having the same dimensions as the metasurface and kept exactly at
the same location as the metasurface as shown in Fig. 5.5(a) right. The phase is again
measured. This is considered @pec. In order to get the phase response of the metasurface, we
perform @wms - @pec + . The 7w is added to account for the reflection phase. This gives us the
reflection phase of the metasurface. The measurement configurations for TE and TM
measurements are shown in Fig. 5.5(b). For each angle ©, the metasurface is replaced with

the metal sheet to get the reference phase like the normal incidence case.
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Fig. 5.5 (a) Phase measurement configurations for normal incidence. (b) TE and TM incidence phase

In order to experimentally verify the simulation results, a prototype of the AMC with 14 x 14

measurement configurations.

unit cells (196mm x 196mm) is fabricated as shown in Fig. 5.6(a).

The polarization independent behavior of the structure is confirmed by the measured plots of
Fig. 5.6(b). A constant resonant frequency of 6.48GHz is maintained while ¢ changes from
0° to 90°. The +£90° reflection phase BW also increases from 87MHz (1.4%) for ¢ = 0° to
521MHz (8%) for ¢ = 90°. The angular stability for both TE and TM waves is also confirmed
from Fig. 5.6(c), which shows that there is no shift in resonant frequency fy for both TE and

TM polarized waves.
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Fig. 5.6 (a) Fabricated prototype with 196 unit cells. Measured reflection phases for

(b) various phi and (c) various TE and TM oblique incidence angles.

The TE BW decreases from 87MHz (1.4%) to 36MHz (0.6%) with fo = 6.48GHz while the
TM BW increases from 521MHz (8%) to 1.18GHz (18.21%) with f) = 6.48GHz as 6 varies
from 0° to 88°. The AMC exhibits large BW for TM polarized waves while the BW is

relatively narrow for TE waves.

A comparison of the angular stability of the presented structure with the best angular
stabilities reported in the literature is provided in Table 5.3 with 4y = free space wavelength
at the frequency where reflection phase = 0°. It is noted that the SCUC has higher angular

stability than other previous works.
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Table 5.3. Comparisons with previous works.

Unit cell size Thickness, h Angular stability
[3] 10.2 Ao/10.5 ho/24 76°
[4] 13 X0/6.5 Mo/34 75°
[4] 13 ho/10.6 /30 80°
[6] 10.2 /17 Ao/57 75°
[8] 13 Mo/7.2 Xo/37 77°
This work 4.4 Mo/3.4 Xo/30.4 88"

5.6 Conclusions

This chapter presents an artificial magnetic conductor (AMC) with self-complementary unit
cells (SCUCs). The use of SCUC:s results in very high angular stability of the structure; up to
an incident angle of 88° for both transverse electric and transverse magnetic polarized
incident waves with no shift in the resonant frequency fy. No other structure in literature has
zero frequency shifts throughout the whole range of incident angle variations. Another
interesting feature of this structure is the gradual increase of the +90° reflection phase
bandwidth with an increase in E-field polarization angle from ¢ = 0° to ¢ = 90° while
maintaining the same fj. These two features make the structure unique and useful in

applications where angular stability and polarization independent fy are the primary concerns.
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CHAPTER 6

FPC ANTENNA WITH AMC GROUND
AND REDUCED CAVITY HEIGHT

6.1 Objective

As discussed in Sec. 3.2 of Chapter 3, the EM radiation of an antenna placed within a
resonant Fabry-Pérot Cavity (FPC) and designed to operate at the resonant frequency of the
FPC is highly directive in nature. Such an antenna is called an FPC Antenna or an FPCA in
short. It is used in cases where a high gain is needed, and the size of the antenna is not a

major constraint.

One inherent disadvantage of the conventional FPCA is its narrow 3dB gain bandwidth. This
is because the cavity resonance condition is satisfied at only a single frequency, f- and the
field interference within the cavity becomes less constructive as we move away from f.. This
leads to a reduction in the directivity of the radiated beam. The 3dB gain bandwidth (BW) is

therefore an effective measure of how wideband an FPCA actually is.

One way to increase the 3dB gain BW of FPCAs is by using a PRS whose reflection
coefficient phase increases with frequency. This ensures that the resonance condition is
satisfied even when the frequency is increased. This method is used in [1] and [2] to achieve
wider 3dB gain BWs. However, both these antennas use two or more PRS layers to achieve a
wider bandwidth. This leads to an increased cavity height and bulky configuration. The
positive reflection phase gradient can also be achieved by using a single PRS layer. In [3],
the authors use a single PRS layer with metallization on both sides of the substrate to achieve

a positive reflection phase gradient.

The main objective of this chapter is to design a dual-band FPCA with reduced cavity height
which uses only a single PRS layer with positive reflection phase gradients within both

operating bands - the 2.4GHz and 5.8GHz WLAN bands. The reduced cavity height and
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single PRS layer makes the FPCA compact and rigid while the positive reflection phase of
the PRS gives it good 3dB gain BWs within both the operating bands. An AMC is used as
the antenna ground plane. The cavity height is reduced by manipulating the reflection phases

of both the PRS and AMC ground plane.
6.2 PRS and AMC Unit Cell designs

All simulations are performed in CST Studio Suite. The unit cells are analyzed with PBCs on
all four sides of the xy plane. Both the antenna with AMC ground plane and the PRS are
designed on FR-4 substrates (¢, = 4.2, tand = 0.02, thickness = 1.52 mm). The metal layer
used in all the designs is Copper with ¢ = 5.8 x 107 S/m.

6.2.1 PRS Unit Cell

In [9], the authors use two periodic arrays of closely resonating structures, each printed on
the opposite side of a dielectric substrate, to design a PRS which achieves a positive
reflection phase gradient. Using the same principle, the proposed PRS also consists of two
arrays of closely resonating elements printed on either side of the FR-4 substrate. However,
the resonating elements used in this chapter are different from the ones used in [3]. The top

and bottom unit cells of the proposed PRS are shown in Fig. 6.1.

METAL SUBSTRATE
PORT 1
PBC
PBC PBC
PBC
y
T—"» = |" PORT 2

(a) (b) (c)
Fig. 6.1. PRS (a) top, (b) bottom and (c) CST analysis ports and PBCs.

The top unit cell consists of a cross-shaped printed metallic structure while the bottom unit

cell consists of a square patch present inside a square loop. The resonating structures on the
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top (Fig. 6.1(a)) and bottom (Fig. 6.1(b)) together help in creating a positive reflection phase
gradient. The dimensions of the top and bottom unit cells are optimized by varying the gaps
and element dimensions until the positive reflection phase gradients lie within the two bands
of operation. Since the PRS allows transmission of EM waves through it at certain

frequencies, the information of both Port 1 and Port 2 of Fig. 6.1(c) are required.

The simulated phases and magnitudes of the reflection coefficients in the two bands are
shown in Fig. 6.2. The positive reflection phase gradient extends from around 2.3GHz to
2.5GHz in the first band and from 5.7GHz to 5.9GHz in the second band. It can be seen that
the reflection coefficient magnitudes are quite high, which should result in high gain

enhancement [4].
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Fig. 6.2. Reflection coefficient magnitudes and phases of the PRS within the (a) 2.4GHz band and (b) 5.8GHz
band.

The reflection phases at 2.4GHz and 5.8GHz are 145° and 135° respectively. These values

will be required in calculations performed in the following section.




FPC Antenna with AMC Ground and Reduced Cavity Height | Ch. 6

(c) (d)
Fig. 6.3. E-field distributions (V/m) at (a, b) 2.4GHz and (c, d) 5.8GHz.

The E-field distributions on the top and bottom geometries of the PRS unit cell are shown in
Fig. 6.3. In the bottom geometry, most of the E-fields are concentrated in the gap between the
outer square loop and inner square patch at both 2.4GHz and 5.8GHz. In the top geometry,
the E-fields are concentrated along the upper and lower portions of the cross at 2.4GHz and
along the four corners of the cross at 5.8GHz. The interactions of the top and bottom
geometries help in generating positive reflection phase gradients at both 2.4GHz and
5.8GHz.

6.2.2 AMC Ground Plane

The resonance condition of the FPC discussed in Chapter 3 is presented here once again for

convenience. The equation is as follows:
4r
(_7)L+¢GND+¢PRS:2NTC; N=0,+£l1, £2.... (6.1)

where L = FP cavity height, pgnp = reflection phase of the ground plane and ¢prs = reflection

phase of the PRS layer at the frequency corresponding to /.

Equation 6.1 tells us that the Fabry-Perot cavity height L depends on the reflection phases of
both the PRS layer and the ground plane (it depends on the sum of gprs and pcnp). Therefore,
L can be reduced significantly by manipulating ¢onp and @prs. Variations of geyp can be
achieved by using an AMC ground plane instead of the normal metallic ground plane which

has a fixed poyp of -m radians. If the cavity height L, resonance frequency f. and PRS
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reflection phase ¢prs are fixed, then the value of ggnp required to satisfy (6.1) can be
calculated.

In this chapter, L is fixed at (d246H2)/6 (= 20 mm). The reflection coefficient phase of the
PRS, ¢prs, is 145° at 2.4GHz and 135° at 5.8GHz (obtained in Subsection 6.2.1). To
calculate the required value of pcnp at 2.4GHz, we put f = 2.4GHz, gpprs = 145°, N=0 and L
= 20 mm in (6.1). This yields peyp = —25°. The required value of pcyp at 5.8GHz can be
calculated similarly by putting f. = 5.8GHz, pprs = 135°, N =1 and L = 20 mm in (6.1). This
results in pgyp = 144°. Therefore, the designed AMC ground plane should exhibit a
reflection phase of —25° at 2.4GHz and 144° at 5.8GHz in order to satisfy the cavity
resonance condition. The designed unit cell of the AMC ground plane and its reflection
coefficients are shown in Fig. 6.4. It can be seen that the reflection phases are very close to

the calculated values at both 2.4 GHz and 5.8GHz.
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Fig. 6.4 (a) AMC unit cell geometry. (b) Reflection coefficients within the (b) 2.4GHz and (c) 5.8GHz bands.

Observing the reflection phases of the PRS and the AMC within the two frequency bands
from Figs. 6.2 and 6.4, it can be concluded that pgyp + @prs increases with frequency from

2.3GHz t02.5GHz and from 5.7GHz to 5.9GHz.
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6.3 Patch Antenna

A patch antenna with asymmetric cross slots and diagonally opposite truncated corners is
designed to act as the radiator. The antenna is fed via a coaxial cable located near the edge of

a microstrip line, as shown in Fig. 6.5(a).

If a patch antenna is designed with only the corner truncations, it radiates an RHCP wave
near 2.5GHz. After the addition of the asymmetric cross slots, the patch radiates an RHCP
wave at 2.4GHz as well as an additional LP wave at 5.8GHz. The current distributions of the
patch antenna at 2.4GHz and 5.8GHz are shown in Figs. 6.5(b) and (c). The addition of the
slots serves two purposes. It shifts the first band slightly to the left (from 2.5GHz to 2.4GHz;

due to increased current path length) and adds a second resonance near 5.8GHz.

| \
T_",
3.2mm

28.17mm

Coax feed

(b) (c)
Fig. 6.5 (a) Patch antenna geometry. Induced surface currents (A/m) at (b) 2.4GHz and (c) 5.8GHz.
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The widths of the slots are made equal. Increasing/decreasing the widths results in left/right
shift of the first resonance due to the increased/decreased current path length. The current
concentration around the slots at 5.8GHz can be observed from Fig. 6.5(c). Since the current
are concentrated along both the cross slots, the lengths of both the shorter and longer slots
affect the 5.8GHz band. Additionally, the longer slot also affects the 2.4GHz band.
Therefore, the two bands can be adjusted and shifted by varying the lengths of the cross slots.

6.4 Fabry-Pérot Cavity Antenna

The proposed FPCA is shown in Fig. 6.6(a). The patch antenna described in the previous
section is used as the primary radiator. It is placed on the AMC ground plane where it is
surrounded by 40 AMC unit cells. The gaps between the patch and the AMC unit cells are
shown in Fig. 6.6(a). The PRS layer, consisting of 25 unit cells, is placed above the patch
antenna-AMC ground plane layer. Although the initial height of the cavity was fixed at
20mm (= (42.4GH2)/6), the final cavity height was chosen to be 22.5mm after optimization. To
verify the simulation results, a prototype of the simulated antenna is fabricated as shown in
Fig. 6.6(b). A vector network analyzer (VNA) from Agilent Technologies having model
number E5071B (300kHz to 8.5GHz) is used for all measurements. The Si; of the antenna
under test (AUT) is measured by connecting it to the VNA. The radiation patterns, gains, and
axial ratio of the AUT are measured inside an anechoic chamber. The measurement setup is

shown in Fig. 6.6(c).

PRS layer
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ground  PRG top
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AMC h Z
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Fig. 6.6 (a) Simulated FPCA. (b) Fabricated FPCA and (c) Measurement setup with inset picture of the VNA.

6.4.1 Experimental Verifications

The reflection coefficient curves of the FPCA are shown in Figs. 6.7(a) and (b). The red
dashed lines labeled “Patch” in both the figures represent Si1 of the unloaded patch antenna
(described in Sec. 6.3). It can be seen that there is not much difference between Si; values for
the unloaded patch and the FPCA. This means that the loading effect of the AMC ground
plane and the PRS layer on the patch antenna is minimal. The FPCA achieves a —10dB Si;
BW of 8.1% (2.31GHz-2.52GHz) in the 2.4GHz band and 6.1% (5.61GHz—5.96GHz) in the
5.8GHz band. It can be observed from Fig. 6.7(c) that the loading of the AMC ground and
PRS layer slightly increases the AR magnitude of the patch antenna without changing the
3dB AR-BW. The FPCA achieves a 3dB AR-BW of 7.9% (2.31GHz-2.49GHz). The
measurement configurations are the same as shown in Fig. 4.5 of Chapter 4. The Axial Ratio

and sense of CP are measured as discussed in the first two paragraphs of page 59 (Chapter 4).
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Fig. 6.7. Si1 parameters of the FPCA within (a) 2.4GHz band and (b) 5.7GHz band.
(c) AR vs. freq within 2.4GHz band.
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Near field contour plots shown in Fig. 6.8 demonstrate the fact that the E-field magnitude is

uniform throughout the FP cavity at 2.4GHz while it is concentrated near the central portion

of the cavity at 5.8GHz.
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(b)
Fig. 6.8. E-field distributions (V/m) within the FP cavity at (a) 2.4GHz and (b) 5.8GHz.
The gain enhancements achieved by the FPC at both 2.4GHz and 5.8GHz are clearly visible
by observing the radiation patterns of Fig. 6.9. Compared to the unloaded patch antenna, the
peak gain of the FPCA is increased by around 9dB in the first band and around 8dB in the
second band. The proposed antenna has a peak measured gain of 14.3dBi (14.1dBic RHCP)

at 2.4GHz and 15.5dBi at 5.8GHz.
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Fig. 6.9. Far field radiation patterns at (a) Co-pol 2.4GHz, (b) Co-pol 5.8GHz, (c) Cross-pol (opposite
handedness) 2.4GHz and (d) Cross-pol 5.8GHz.

The cross-polarized radiation pattern at 2.4GHz is measured using a patch antenna with

opposite handedness.

The antenna achieves high efficiencies within both 2.4GHz and 5.8GHz bands. The
simulated efficiency of the antenna is found to be > 84% within the 2.4GHz band and > 87%

within the 5.8GHz band. The radiation efficiency versus frequency plot is shown in Fig.

6.10(a).
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Fig. 6.10. (a) Simulated radiation efficiencies within the two bands.

Peak gain vs. frequency plots within the (b) 2.4GHz band and (c) 5.8GHz band.

Figures 6.10(b) and (c) present the peak gain vs. frequency plots of the FPCA in both the
frequency bands. The antenna achieves a 3dB gain BW of 7.8% (2.34GHz-2.53GHz) in the
first band and 5.5% (5.64GHz-5.96GHz) in the second band. Therefore, the proposed

antenna achieves good 3dB gain BWs using only a single PRS layer.

In Table 6.1, the proposed antenna is compared with other dual band FPCAs found in
literature. The proposed antenna has the smallest cavity height among all the antennas
presented. It also has the highest 3dB gain BW in both the bands. Only the FPCA presented
in [11] has a higher 3dB gain BW in the second band. However, it uses two PRS layers to
achieve this high gain BW. Therefore, the advantages of the proposed antenna over existing

dual band FPCAs are clearly highlighted in the table.
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Table 6.1. Comparisons of the proposed FPCA with dual-band FPCAs found in literature.

Ref. | No. of Frequency @ Cavity height Lateral
PRS bands (w.r.t lower dimensions
layers (GHz) band) (w.r.t lower
band)
[5] 2 10.6 1\10.6GHz SAx 5A 14.5 4.5
13.2 15 4.6
[6] 2 2.45 0.45\2.456H; 1.3 x 1.34 14.9 7
5.6 14 11
[7] 1 6.95 0.5X6.95GHz 2.5 x 2.5A 16.5 1.44
13 20.9 3.35
[8] 1 19.75 0.5\19.75GH, 530 x 530 16.2 4.5
29.75 18.5 24
[9] 1 5.6 0.28X5.6GHz 1.5Ax 1.5 10.1 4.1
10 15.2 2.7
This 1 2.4 0.18X2.4GHz 1.5 x 1.5A 14.3 7.8
work 5.8 (14.1dBic) 5.5
15.5

6.5 Conclusions

In this chapter, a dual-band Fabry-Pérot Cavity Antenna (FPCA) operating at two important
WLAN bands (the 2.4GHz band and 5.8GHz band) is presented. It radiates RHCP waves at
2.4GHz and LP waves at 5.8GHz. The proposed antenna uses only a single PRS layer to
achieve good 3dB gain bandwidth in both bands. The cavity height of the antenna is also
significantly reduced by using an AMC ground plane. The dimensions of the proposed
antenna are 1.54246nz X 1.54246nz X 0.184246H, (187.5mm x 187.5mm x 22.5mm) where
J24GHz 18 the free space wavelength at 2.4GHz. The antenna achieves a 3dB axial ratio
bandwidth (AR-BW) of 7.9% at 2.4GHz with peak measured gains of 14.3dBi and 15.5dBi at
2.4GHz and 5.8GHz respectively. The antenna also exhibits a 3dB gain BW of 7.8% within
the first band and 5.5% within the second band. The following US FCC UNII bands can be
used by the antenna: U-NII-2C, U-NII-2C/3, U-NII-3, U-NII-3/4. These fall within the 5.61-
5.875GHz WLAN band. The corresponding channels are: 124, 128, 132, 136, 140, 144, 149,
153,157, 161, 165, 169, 173.
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CHAPTER 7

A MULTIBAND MULTIFUNCTIONAL
CHIRAL METASURFACE

7.1 Objective

The phenomenon of asymmetric transmission (AT) has already been discussed in Subsection
3.3.2 of Chapter 3. It was also noted that multi-layered chiral metasurfaces (CMSs) lacking
C4 rotational symmetry can exhibit this AT phenomenon for incident LP waves. As
discussed in Chapter 2, researchers have presented numerous bi-layered and multilayered
MSs which can exhibit AT over the years. Although the AT phenomenon has been studied

extensively, there are still a few issues that should be addressed. These are listed as follows:

(1) Multiband CMSs found in literature have reported a maximum of 3 AT bands till
date.

(11) The nature of the transmitted wave does not change in any of the AT exhibiting MSs
found in literature, i.e., an LP wave is transmitted as an LP wave (only the E-field
direction is changed) and a CP wave is transmitted as a CP wave (only the
handedness is changed).

(111)  For MSs which exhibit AT of LP incident waves, the forward and backward co-
polarized transmission coefficients are the same. This fact can be utilized to design a
symmetric co-polarized pass-band for the MS (co-polarized transmission coefficient
> 0.8).

(iv)  Only a handful of the presented AT exhibiting MSs have good angular stability. Most
of the other structures have poor angular stability and their operations are confined to

a narrow range of incident wave angles.

The aim of this chapter is to design a CMS which has (i) good angular stability and can
perform (ii) asymmetric CPC transmission of LP waves within more than 3 frequency bands,

(111) asymmetric LTC transmission and (iv) symmetric co-polarization transmission. The
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proposed CMS can therefore act as a propagation direction dependent LTC polarization
converter as well as direction independent co-polarized pass-band filter. These added
functionalities increase the usefulness of the MS. Multiple bands ensure integration with a
wide range of applications in different frequency bands and make the proposed CMS very
useful.

7.2  Unit Cell Geometry and Response

The microwave substrate used for the proposed CMS is Arlon AD-430 with &, = 4.3, tano =
0.003 and thickness = 1.52 mm. Copper is used to draw the metallic portions of the unit cells
with ¢ = 5.8 x 107 S/m. The unit cell design has been performed using CST Studio Suite with
periodic boundary conditions (PBCs) set on all four sides. An incident wave traveling
towards the —z direction is considered to be the forward wave and an incident wave traveling
towards the + z direction is considered to be the backward wave. The E-field of the LP
incident wave can be oriented either along the x-axis (£, component) or along the y-axis (E,
component). When the incident E-field has an x-directed component (Ex), we define Ry = co-
polarized reflection coefficient, R,» = cross-polarized reflection coefficient, 7.x = co-
polarized transmission coefficient and 7). = cross-polarized transmission coefficient.
Similarly, when the incident E-field has a y-directed component (£)), the x and y subscripts

are interchanged.

Initially, a metallic circular ring (inner radius R1 = 3.2 mm, width W1 = 1 mm and split gap
S = 1.5 mm) is taken as the top unit cell and a 90° rotated version as the bottom unit cell. The
unit cell periodicity is L-cell = 12 mm. The ring is designed to have a circumference =~ A, at
6GHz (4 = Ao/sqrt(er)). After simulation, it is found that the MS has a Co-T band for both Ex
and E, incidence (7x and 7,, > 0.8) centered around 3.8GHz (= 6GHz/1.5) and a CPC
transmission band for E; incidence (7)x > 0.8) around 11.2GHz (= 3 x 3.8GHz). The shift in
resonance frequency (from 6GHz to 3.8GHz) is due to the additional capacitance of the split
gap, the capacitance between the top and bottom unit cells and between the adjacent unit
cells. At the first operational band (3.8GHz), the circumference of the circular ring is =1.51 ¢
(A ¢ = guided wavelength at 3.8GHz). Two rectangular metallic strips of length L =4 mm and
width W1 are then added at the two ends of the split gap. This increases the effective
perimeter of the circular ring and hence both the Co-T and CPC bands shift to the left. The
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modified circular ring now resembles the Greek letter omega, Q. Finally, with the aim of
increasing the number of operational bands, a semicircular arc of inner radius R2 and width
W2 is capacitively coupled to this omega shaped structure. This is the final unit cell structure
and is shown in Fig. 7.1(a) - (¢) with Rl = 3.2 mm, W1 = 1 mm, R2 = 4.5 mm, W2 = 0.5
mm, L-arc = 5t mm, L = 4 mm, S = 1.5 mm, L-cell = 12 mm. Each unit cell therefore
consists of an omega shaped metallic structure coupled electromagnetically to a semicircular
metallic arc. The metallic patterns on the bottom surface are 90° rotated versions of the top
metallic patterns. The resulting CMS lacks C4 symmetry. It also has more than one layer.

Therefore, it can exhibit AT for LP waves.

y A
]
L-cell v
| pieLecTric [ cONDUCTOR

(a) (b) (c)
Fig. 7.1. Unit cell (a) top view, (b) bottom view and (c) 3D view.
The reflection and transmission coefficients of the MS for both orientations of the E-field (Ex
and E,) are presented in Fig. 7.2 for a forward wave. By observing Fig. 7.2(a), it can be seen
that for E, incidence the MS provides 1 Co-T band (7x > 0.8) around 3.3GHz and 2 CPC
transmission bands (7). > 0.8) around 9.8GHz and 11.5GHz respectively. Similarly, by
observing Fig. 7.2(b), it can be seen that for Ey incidence the MS provides 1 Co-T band (7},
> (.8) around 3.3GHz and 3 CPC transmission bands (7%, > 0.8) around 5.7GHz, 6.3GHz
and 12.8GHz respectively. Interestingly, there is another band near 4.1GHz in Fig. 7.2(b)
where the incident LP wave is converted to a CP wave. This LTC polarization conversion
band will be studied in the later sections. The 5 CPC transmission bands and the LTC
transmission band of the MS are asymmetric in nature. However, the Co-T band is symmetric

in nature. Figure 7.3 sheds light on the different operations of the MS. The handedness of the
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CP wave in the LTC band is defined with respect to the propagation direction. At 4.1GHz for
E, incidence on Side 1 (forward wave incidence), the transmitted wave is RHCP with respect
to the direction of propagation of the forward wave. Similarly, at 4.1GHz for E\ incidence on
Side 2 (backward wave incidence), the transmitted wave is RHCP with respect to the

direction of propagation of the backward wave.

.
v"
.

°© o
)] [+ ]
e
y

Magnitude
[=]
B
> | =]
i
— "'.‘..

o
N
|

0 T T -| = T T — «-; =-ld — T T
3.0 3.7 44 51 58 65 7.2 79 86 93 10.010.7 11.4 12.1 12.8 13.5

Frequency (GHz)

(a)
- T
@ - L E—

0.8 _
n . 3
@ H : :
o E 5
3 0.6 - i
=
& : \
o 0.4 - H-HH
= - \

0.2 =

0 T T : I‘“r y T .. T L. T T T
3.0 3.7 44 5.1 58 65 7.2 7.9 86 9.3 10.0 10.711.4 12.1 12.8 13.5
Frequency (GHz)
(b)

Fig. 7.2. Simulated co— and cross-polarized reflection and transmission parameters for a —z directed LP incident

plane wave (forward wave) having (a) Ex component and (b) Ey component.
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Fig. 7.3. Transmission bands of the MS when (a) —z directed LP plane wave (forward wave) is incident on the

top surface (Side 1) and (b) + z directed LP plane wave (backward wave) is incident on bottom surface (Side 2).

The plot of the AT parameter is presented in Fig. 7.4. It can be seen that the asymmetric
parameter is close to 0.8 around 5.7GHz, 6.3GHz, 9.8GHz, 11.5GHz as well as 12.8GHz.
Therefore the MS achieves a high degree of asymmetry within these CPC transmission

bands.
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Fig. 7.4. Simulated asymmetric transmission parameter Ay’ for the CMS.

In [1], authors present a continuous omega-shaped metasurface. However, there are several
key differences between [1] and this work. Firstly, the unit cells of the top and bottom in [1]
are continuous and there is no separation between adjacent unit cells. Secondly, although the
unit cells have been termed omega-shaped, they resemble a square wave pulse and the MS

looks like a train of square wave pulses. Thirdly, there are no metallic strips capacitively
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coupled to the unit cells. Finally, the resulting MS of [1] exhibits a single CPC AT band
whereas the proposed MS exhibits 5 CPC AT bands, 1 LTC AT band and 1 Co-T band.

71.2.1 Effects of adding the semicircular metallic arcs

The best way to understand the impact of adding the semicircular arcs is to plot the
transmission parameters of the CMS with and without the arcs. This has been done in Fig.
7.5. It can be observed from Fig. 7.5(a) that for an incident wave having E, component, the
arcs give rise to the CPC band at 11.5GHz. Similarly, from Fig. 7.5(b), it can be noted that
for an incident wave having E, component, the arcs give rise to the CPC bands at 5.7GHz,
6.3GHz and 12.8GHz. Therefore, the addition of the semicircular metallic arcs to the unit

cells increases the number of CPC bands for both x- and y-directed incident E-fields.
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Fig. 7.5. Transmission parameters with and without the semicircular arcs for incident

LP plane wave (forward wave) having (a) Ex component and (b) Ey component.
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7.2.2 Co-T bands

It is observed from Fig. 7.2 that there is a Co-T band around 3.3GHz for both Ex and E,
orientations of the incident E-field. For the transmission band to exist for both x- and y-
directed E-fields, the unit cells of the MS must appear the same to both E, as well as E). This
can happen when most of the induced currents circulate along the inner circular ring-like
structures on the top and bottom unit cells and there is only a small portion of current on the
semicircular arcs and rectangular portions (length L). In such a case, both the incident E, and
E, will see two stacked conducting circular ring-like structures from both Sidel and Side 2.
To understand why the transmission band is co-polarized, the induced current distributions
need to be observed. When both the top and bottom conducting rings produce co-directional
circulating currents, the induced H-fields will have only a z-component. Hence, there will be
no component of the induced H-field parallel to the induced E-field (either E. or E)).

Therefore, no cross-polarization conversion will take place.
7.2.3 Linear to circular polarization conversion band

For Ey incidence on Side 1, there is a range of frequencies around 4.1GHz where the incident
LP wave is converted to a CP wave upon transmission. In order for this to happen, the
magnitudes of the two transmitted components 7, and 7}, have to be nearly the same and the
phase difference between these components have to be an odd multiple of n/2. The axial ratio

(AR) of such a transmission band can be calculated as follows

2
+21,||r

Xy

QW‘4+T )

Xy
4 4
QTW\ +|T

Xy

H+

(7.1)

2
+21,|Ir

e .

In the above equation, Ag is the phase difference between 7), and 7,. The AR can then be
calculated in dB. Equation 7.1 can also be used when the incident wave has an E, component
simply by replacing 7,y by T and T, by Tyx. To determine the handedness of the transmitted
CP wave, i.e., right-hand CP (RHCP) or left-hand CP (LHCP), Stokes parameters (Sp, Si, S2
and S3) are used. The ratio of S3/Sy can be used to identify the handedness of the CP wave.
For a pure RHCP wave, S3/Sp = +1 and for a pure LHCP wave, S3/So = -1. Sp and S3 are
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defined (for an incident wave having E), component) as follows:

So=|T,[ +|,[ and S, =27, |7, |sinAp. (7.2)

7.2.4 Induced surface currents

The currents induced on the top and bottom metallic patterns of the unit cells at the centre
frequencies of the operational bands are presented in Fig. 7.6. The induced currents at
3.3GHz for E, or E, incidence on Side 1 is shown in Fig. 7.6(a). As discussed in the previous
subsection, there are co-directional circulating currents concentrated along the top and
bottom inner circular rings. The induced currents at 4.1GHz are similar to the induced
currents at 3.3GHz but are oppositely directed in the top and bottom layers. The induced
currents at 5.7GHz and 6.3GHz for E, incidence on Side 1 are shown in Figs. 7.6(c) and (d)
respectively. Within these bands, most of the currents are concentrated along the semicircular
arcs and a small amount of current is present along the circumferences of the inner circular

rings.
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250

Fig. 7.6. Simulated surface currents (A/m) of top and bottom layers for normal incidence of a forward EM wave
at (a) 3.3GHz (for Ex and Ey incidence), (b) 4.1GHz (for Ey incidence), (c) 5.7GHz (for Ey incidence), (d)
6.3GHz (for Ey incidence), (e) 9.8GHz (for Ey incidence), (f) 11.5GHz (for E, incidence) and (g) 12.8GHz (for

E, incidence).

The induced currents on the top and bottom semicircular arcs are co-directional at 5.7GHz
and oppositely directed at 6.3GHz. Figure 7.6(e) illustrates the induced currents at 9.8GHz
for E, incidence on Side 1. It can be seen that most of the currents are concentrated along the
inner circular rings and only a small portion is present along the semicircular arcs. The
currents on the inner circular rings now have an additional null with respect to the
distribution of Fig. 7.6(d), thereby implying that a higher order mode is now being supported
by the rings. The induced current distributions at 11.5GHz for E\ incidence on Side 1 and at
12.8GHz for E) incidence on Side 1 are illustrated in Fig. 7.6(f) and Fig. 7.6(g) respectively.
At both these frequencies, most of the currents are concentrated along the semicircular arcs
and a small portion is present along the circumferences of the inner rings. The currents along
the semicircular arcs have an additional null, implying that a higher order mode is supported
by the semicircular arcs. The nature of the currents induced on the inner circular rings at both
frequencies is the same as that of Fig. 7.6(e). The only difference between Fig. 7.6(f) and Fig.
7.6(g) is the orientation of the currents on the top and bottom layers. At any instance of time,
the currents on the top and bottom semicircular arcs at 11.5GHz converge towards/diverge
away from the arc length centers together. However, at 12.8GHz, when the currents on the
top semicircular arc converge towards the arc length center, the currents on the bottom arc
diverge away from the arc length center and vice-versa. By observing the induced surface
currents, the importance of the semicircular arcs becomes evident. Large portions of the
induced currents are present on these arcs at 5.7GHz, 6.3GHz, 11.5GHz as well as 12.8GHz.

Hence, without the arcs, these bands cannot exist.
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7.2.5 Band tuning and performance optimization

The proposed CMS has 7 operational bands and there are 8 parameters of the unit cell which
can be tuned. These are R1, W1, R2, W2, S, L, L-arc and L-cell. Since the CPC bands
centered about 5.7GHz, 6.3GHz, 11.5GHz and 12.8GHz are dependent on the semicircular
arc; these bands can be tuned by varying R2, W2 and L-arc. On the other hand, the Co-T
band centered around 3.3GHz, the LTC band centered around 4.1GHz and the CPC band
centered around 9.8GHz are mainly dependent on the inner circular ring-shaped structure.
These bands can be tuned efficiently by varying R1, W1 and S. The rectangular portions of
the unit cell (length ‘L’; Fig. 7.1) and the unit cell periodicity (L-cell) are used to fine tune
the response of the MS. By adjusting the length L and periodicity L-cell, the transmission
peaks of the bands can be adjusted and improved. The responses of the MS for varying L-cell
are shown in Fig. 7.7 to demonstrate the above point. After adjusting the 8 aforementioned
parameters, the optimized values of the parameters are chosen (values presented at the
beginning of Sec. 7.2) to reflect the best performance of the MS within the chosen frequency
range of 3—13.5GHz. All the 7 operation bands can also be shifted up or down by scaling the
8 unit cell parameters. For instance, if all the unit cell parameters are multiplied by 1.5, the

resulting operation bands will also shift down in frequency by a factor of about 1.5.
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Fig. 7.7. Effects of varying L-cell on (a) co— and (b) cross-polarized transmission coefficients.

7.3 Experimental Verification

In order to experimentally verify the simulation results, a prototype of the MS is fabricated
with 12 x 12 unit cells (144 mm x 144 mm) as shown in Fig. 7.8(a). The transmission
coefficients are measured inside an anechoic chamber by using two identical dual-ridge
wideband horn antennas. The Port extension feature of the VNA is used to measure the The
MS is placed in the far-field region of both antennas to ensure plane wave incidence. The
measurement configurations are shown in Fig. 7.8(b) and (c¢). The co- and cross- polarized

transmission coefficient measurement setups are also shown in Fig. 7.8(d).

The first set of measurements (both co- and cross) are performed with only the two horn
antennas and antenna stands. This is to measure the transmission phase and magnitudes in

free space within the anechoic chamber.
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Fig. 7.8 (a) Fabricated MS with 144 unit cells. Measurement configurations (b) for normal incidence and (c)

TE, TM incidence. (d) Measurement setup for co- (left) and cross- (right) polarization measurements.
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Then, the metasurface is placed in between and the two horn antennas and the co- as well as
cross-polarization coefficients are measured again using the S;1 of the VNA. The Sy
magnitudes of the second set of measurements are normalized with respect to the S
magnitudes of the first set of measurements. Similarly, the S»1 phases of the second set of
measurements within the LTC band frequencies are references with respect to the S>1 phases
of the first set of measurements within the LTC band. The magnitudes and phases of the S»;
are then used to find the Axial ratio as presented in (7.1). The measured magnitudes and
phases of Txy and Tyy used to calculated the AR for normal incidence is provided below in

Fig. 7.9.
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Fig.7. 9. Measured co- and cross- polarized magnitudes and phases within the LTC band.

7.3.1 Co-T band

The co-polarized transmission (Co-T) band of the MS exists from 3.05GHz to 3.5GHz for
normal incidence (bandwidth calculated for range of frequencies where 7,, or T > 0.8). The
maximum measured magnitudes of 7, and 7. within this band are 0.91 and 0.92
respectively (at normal incidence). On observing Fig. 7.10, it is found that the Co-T band

gives good response for incident angles up to 60° for both TE and TM incidence.
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Fig.7. 10. Angular stability of the Co-T band for (a) TM and (b) TE incidence.

7.3.2 LTC band

The AR of the LTC band is calculated using (7.1). Under normal incidence, the AR of the
LTC band remains below 3dB from 4.05GHz to 4.23GHz. The handedness of the transmitted
wave is calculated using (7.2). The The simulated and measured plots of the AR and S3/S¢ for
different incident angles are presented in Fig. 7.11. The LTC band shows good response for
incident angles up to 60° for TE incidence of a plane wave on Side 1. The S3/Sy plot is close
to +1 within the LTC band which denotes that the transmitted wave is an RHCP wave
(RHCP with respect to the direction of propagation of the wave).

9

9
p T —
S!mulated AR O : Measured AR 0° —&—

= " S!mulated AR 200 / k Measured AR 20° —ll—
T 6 4 Simulated AR 40 = 6 Measured AR 40° —&—
2 Simulated AR 60° = Measured AR 60° —@— Z
© o
o = Z
= 3]
® 3 o 3
E 3

= - <

—

0 T T T T T 0 T T T T T
4 4.05 4.1 4.15 4.2 4.25 4.3 4 4.05 4.1 4.15 4.2 4.25 4.3
Frequency (GHz) Frequency (GHz)
(a)




A Multiband Multifunctional Chiral Metasurface | Ch. 7

1 1
0.95 _ 0.95
.‘,{’?_ 0.9 Simulated 0° \ . _E{i 0o / Measured 00 —&
& /// Simulated 20° —— \\ A y Measured 20° —l—
. Simulated 40° / Measured 40° —&—
0.85 \ 0.85
/ Simulated 60° ‘{ Measured 60° —@—
ot ' ' ' ' ' 08 . . . : : |
4 405 41 415 42 425 43 4 4.05 a1 4.15 42 425 43
Frequency (GHz) Frequency (GHz)
(b)

Fig. 7.11 (a), (b) The AR and (c), (d) S3/So ratios of the proposed MS for TE incidence within the LTC band.

7.3.3 Polarization conversion ratio (PCR)

The polarization conversion ratio (PCR) is a measure of how efficiently a structure converts
the polarization of the incident wave. The PCR is the ratio of the power transmitted in the

cross-polarized component to the total transmitted power. It is given mathematically as

2 2
T‘C TX
R = ‘2 - - or . (7.3)
Tyx + Txx Txy +‘TJ’Y‘

The simulated and measured PCRs for incident E-field along y-direction (Fig. 7.12(a)) and
for incident E-field along x-direction (Fig. 7.12(b)) show that there are in fact 5 CPC bands
(where PCR > 0.8). They lie within 5.65-5.76GHz, 6.24-6.35 GHz, 8.9-10.7GHz, 11.42—
11.57GHz and 12.43-13.25GHz. The maximum measured cross—polarized wave
transmission coefficients (7, or T)x) are found to be 0.9, 0.91, 0.93, 0.92 and 0.91 within the
5.7GHz, 6.3GHz, 9.8GHz, 11.5GHz and 12.8GHz bands respectively (for normal incidence).
Therefore, the MS achieves efficient transmission in all the CPC bands. The measured
angular stabilities of the PCRs are shown in Fig. 7.13. It should be noted that the range of
frequencies within which the angular stability is up to 60° is from 3GHz to 11.5GHz. Above
11.5GHz, the unit cell size becomes = 0.464p (where 49 = free space wavelength at 11.5GHz).
Since the angular stability usually degrades with increasing cell size, the angular stability of
the MS decreases above 11.5GHz. The 11.5GHz and 12.8GHz CPC bands have relatively

less angular stability (up to 30°). The measured results are close to the simulated results.
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There are some slight discrepancies between the simulated and measured results which can

be attributed to fabrication tolerances and the finite nature of the fabricated metasurface.
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Fig. 7.12. Simulated and measured PCR for (a) E, incident on Side 1 and (b) Ex incident on Side 1.
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Fig. 7.13 Measured PCR for (a) TE incidence and (b) TM incidence on Side 1.

7.4 Comparisons with similar structures and advantages of the

proposed MS

The proposed MS is compared with similar works found in literature in Table 7.1. The
proposed MS has more CPC bands (5 in total) than any other MS presented in literature.
Additionally, it also has a symmetric Co-T band as well as an asymmetric LTC band which
make it more versatile. The structure has good angular stability and is ultrathin. The electrical
thickness of the MS is 1¢/35 at the 1% asymmetric CPC transmission band, 1/48.7 at the
asymmetric LTC transmission band and 1¢/64.7 at the 1% Co-T band. Having multiple bands
allows the proposed MS to be useful across different microwave bands. The MS can perform
propagation direction dependent CPC transmission in the C, X and Ku bands. The
asymmetric CPC transmission band within the X band is relatively wideband with a
bandwidth of 18.36% (8.9-10.7GHz). The MS can act as a direction of propagation
independent spatial co-polarized pass-band filter in the S band and as a direction of
propagation dependent linear to circular polarization converter within the C band. The
proposed MS can therefore perform different functions within the different microwave bands.
This gives it an advantage over previous MSs found in literature. The operational frequency
bands of the MS can also be tuned and shifted up or down to fit user-defined specifications.
The highest operational band within the 60° angular stability region (3—11.5GHz) is the CPC
band centered at 9.8GHz. The unit cell size at 9.8 GHz with respect to the free space
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operating wavelength at 9.8GHz is 0.374¢9. The MS in [2], which also has an angular stability

up to 60°, has a similar unit cell size of 0.35/ at its centre operating frequency.

Table 7.1. Comparisons with similar structures found in literature.

Co-T bands | CPC bands LTC bands Thickness Angular
(GHz2) (GHz) (GHz) Stability
[2] None 1 None Mo/38 60°
(10.1%
[3] None 1 None ho/27 60°
(13.87-
16.04)
[4] None 2 None ho/10.2 0
(3.241-3.243,
3.675-3.677)
[5] None 2 None ho/13 0
(7.6-7.7,
9.15-9.25)
[6] None 3 None Ao/15 0
(9.1%, 13.9%,
19.1%)
[7] None 3 None 10/20.4 40°
(10.9-11.2, (within first 2
14.4-14.8, bands)
18.4-18.5)
1 5 1 Aho/64.7 60°
(3.05-3.5) (5.65-5.76, (4.05-4.23) (3.05GHz) | (3-11.5GHz)
. e A0/48.7 60°
This work 8.9-10.7,
11.42-11.57 (4.05GHz) (above
’ 11.5GHz)
12.43-13.25) Ao/35
(5.65GHz)

# Bandwidth values not provided explicitly.

7.5 Conclusions

A planar CMS is proposed with two layers of omega-shaped unit cells placed on opposite

sides of a microwave substrate. The unit cells on the bottom are rotated 90° with respect to

the unit cells on the top. To achieve multiple transmission bands, a semicircular metallic arc

is electromagnetically coupled to each omega-shaped unit cell. The final structure exhibits

one symmetric co-polarized transmission (Co-T) band, one asymmetric linear-to-circular

(LTC) polarization conversion transmission band as well as five asymmetric cross-
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polarization conversion (CPC) transmission bands (cross-polarization conversion of LP
incident plane waves). The MS is ultrathin and has a thickness of 10/64.7 which makes it very
lightweight. It also operates favorably for incident angles up to 60° for both transverse-
electric (TE) and transverse-magnetic (TM) incidence within 3—11.5GHz. The operational
bands can be tuned by varying the different parameters of the unit cell geometry to meet user

requirements. The MS can also be used across many microwave frequency bands.
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CHAPTER 8
A MULTIBAND META-MIRROR

8.1 Concept of a Meta-Mirror

When a CP wave is incident on a conventional mirror (e.g. a metallic reflector at low
frequencies), the handedness of the reflected CP wave changes with respect to an observer
who observes both the incident and reflected waves from the same position. In contrast, when
a CP wave is incident on a meta-mirror, the handedness of the incident and reflected waves
remain the same for the observer. The difference between a conventional mirror and a meta-

mirror is illustrated in Fig. 8.1.

Incident LHCP with respect Incident LHCP with respect
to observer

erv I wave
wave to observer 5

Reflected LHCP with respect

Reflected RHCP with respect
‘ wave to observer

.g ‘ wave to observer
Incident RHCP with respect

Incident RHCP with respect

wave to observer ’
Reflected LHCP with

‘ wave respect to observer ‘

Conventional Meta-Mirror

wave to observer

Reflected RHCP with respect
wave to observer

Mirror

Fig. 8.1. Comparison between a conventional mirror and meta-mirror.

8.2 Objective

Although most of the Chiral MSs (CMSs) present in literature exhibit AT for LP incident
waves, researchers have also studied the asymmetry phenomenon for CP incidence [1]-[6].
In fact, the very first paper on AT by Fedotov et al. [1] was based on the AT of CP waves.
However, all of them exhibit broadband responses and none exhibit asymmetry in more than

one frequency band. Moreover, all these papers work only with the asymmetric transmission
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of CP waves. In this chapter, we explore the phenomenon of asymmetric reflection of
incident CP waves. It is found that an MS which can perform asymmetric reflection of CP

waves can also act as a meta-mirror.

The main aim of this chapter is to design a bilayered ultrathin CMS, which can perform
asymmetric reflection of incident CP waves within multiple frequency bands in the
microwave region while also exhibiting good angular stability within these bands. Such an
MS can be used as a multiband direction dependent meta-mirror. Multiple bands ensure that
the structure can be integrated with different applications across different frequency bands.
The effects of the different parts of the unit cell on the different operational bands are also

studied with the aim of controlling the operational bands more efficiently.
8.3 Unit Cell design

In order to observe the asymmetric reflection property for incident CP waves, a bilayered
CMS is designed which lacks C4 rotational symmetry. The top and bottom geometries of the
CMS unit cell are 90° rotated versions of one another. The unit cell of the proposed CMS is

shown in Fig. 8.2.

| |pieLecTric [ CONDUCTOR

(a) (b)
Fig. 8.2 (a) Top and (b) bottom geometry of the CMS unit cell.

The microwave substrate used for the proposed MS is Arlon AD-430 with ¢ = 4.3, tand =
0.003 and thickness = 1.52mm. Copper is used to draw the metallic portions of the unit cells

with ¢ = 5.8 x 107 S/m. The unit cell design has been performed using CST Studio Suite with

periodic boundary conditions (PBCs) set on all four sides. Each unit cell consists of an
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omega-shaped metallic structure coupled electromagnetically to an outer semicircular
metallic strip and an inner circular metallic split ring. The dimensions are chosen as follows:
R1 =2.4mm, W1 = 0.5mm, R2 = 3.5mm, W2 = 0.65mm, R3 = 5.15mm, R4 = 5.55mm, L =
5.55amm, L1 = 4mm, S = 1.5mm and P =12 mm. The unit cell parameters are optimized to
provide the best performance within 5-6.5GHz and 9-12.5GHz. The tuning and scaling of

the frequency bands are discussed in a later section.

8.4 CMS Properties

An EM wave which travels towards the —z-direction is considered to be the forward wave
and an EM wave traveling towards the +z-direction is considered to be the backward wave.
The handedness of a CP wave is again defined with respect to the direction of propagation of
the wave. An incident RHCP wave is RHCP with respect to the incident wave propagation
direction while a reflected RHCP wave is RHCP with respect to the propagation direction of

the reflected wave.
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Fig. 8.3. Reflection coefficients of the CMS for (a) LHCP forward incidence (RHCP backward incidence)
and (b) RHCP forward incidence (LHCP backward incidence).
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The reflection coefficients of the proposed MS for RHCP and LHCP are shown in Fig. 8.3.
When an incident wave is RHCP (LHCP) and the reflected wave is also RHCP (LHCP), the
reflection coefficient is denoted by R, (Ruy). The other reflection and transmission

coefficients can be easily deduced from the above statement.

It is observed from Fig. 8.3(a) that for the normal incidence of an LHCP forward wave
(RHCP backward wave), there are three frequency bands where R,/ (R;") > 0.8. These
frequency bands are 5.55-5.78GHz, 11.06—-11.17GHz, and 12.03—12.18GHz. Similarly, it
can be observed from Fig. 8.3(b) that for the normal incidence of an RHCP forward wave
(LHCP backward wave), there are two frequency bands where R,/ (R.’) > 0.8. These
frequency bands are 6.1-6.23GHz and 10.42-10.68GHz. For an observer looking in the
direction of the incident wave, the reflected wave will exhibit the same handedness as the
incident wave (after reflection from the MS) within the five bands mentioned above. Hence,
the MS can act as a meta-mirror within these bands. The asymmetry parameter A is

calculated using
A, =Ry P +|R) = |R/[" =R} '== A, (8.1)

where the superscript ‘” and ‘7’ are used to denoted LHCP and RHCP respectively while the
subscript ‘rx’ is used to denote reflection. There are five frequency bands where |A.| > 0.6.
These are also the five bands where the MS acts as a meta-mirror. This is demonstrated in

Fig. 8.4.
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Fig. 8.4. Simulated asymmetry parameter of the proposed CMS.
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8.4.1 Importance of the different parts of the Unit Cell

To understand the importance of the different parts of the unit cell, the evolution of the unit
cell geometry is presented in Fig. 8.5(a) along with the A"« plot for each configuration (Fig.
8.5(b)). “A” represents the unit cell with only the middle omega-shaped metallic pattern, “B”
represents the unit cell with the semicircular metallic strip coupled to the omega-shaped

metallic pattern, and “C” represents the proposed unit cell of Fig. 8.2.

(a)
0; A"rx ¥ S B--- C
0.6 ’!\\ A\
;g: l’ \\ AN s
S0y | ekl { S ' oy g
g1/ / W]
s |7 H Y
e Simulated
5.0 5.7 6.4 9.3 100 10.7 114 121
Frequency (GHz)
(b)

Fig. 8.5. (a) Evolution of the unit cell geometry and (b) asymmetry parameters for the three

configurations of the unit cell.

It is observed that configuration A has no asymmetry bands within 5-6.5GHz while
possessing a weak asymmetry (A’ = 0.4) within a portion of the 9-12.5GHz band.
Configuration B has two significant asymmetry bands; one within 5-6.5GHz and the other
within 9-12.5GHz. Therefore, the addition of the semicircular strips helps introduce two
asymmetry bands. Finally, configuration C has three additional asymmetry bands; one within

5-6.5 GHz and two within 9-12.5GHz. It is the addition of the inner split ring that helps
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introduce these three additional asymmetry bands. Therefore, it is clear that the outer
semicircular strip and inner split ring play an important role in increasing the number of

asymmetry bands.
8.4.2 Induced Surface Current Distributions

The induced surface currents at the centre frequencies of each of the five operational bands

are shown in Fig. 8.6.

Fig. 8.6. Simulated surface current distributions (A/m) on the top and bottom layers for normal incidence of a
forward EM wave at (a) 5.66GHz (for LHCP incidence), (b) 6.16GHz (for RHCP incidence), (c) 10.55GHz (for
RHCP incidence), (d) 11.11GHz (for LHCP incidence) and (e) 12.1GHz (for LHCP incidence).

It is noted from Figs. 8.6(a) and (c) that a large portion of the induced currents are present on
the semicircular strips at the center frequencies of the first band (5.55-5.78GHz) and third
band (10.42-10.68GHz). At the center frequencies of the remaining three bands (6.1-
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6.23GHz, 11.06-11.17GHz and 12.03-12.18GHz), the currents are mainly concentrated along
the inner split ring and portions of the middle omega-shaped structure. This can be observed
from Figs. 8.6(b), (d) and (e). Therefore, the first and third operational bands are influenced
by the presence of the semicircular strips while the second, fourth and fifth bands are

influenced by the inner split ring.
8.4.3 Tuning the Frequency Bands

In order to use the MS for specific applications, its frequency bands need to be tuned and
scaled to fit the desired specifications. Since the 5.55-5.78GHz and 10.42-10.68 GHz bands
depend mainly on the semicircular strips, they can be tuned by varying the dimensions of the
semicircular strips. Similarly, the 6.1-6.23GHz, 11.06-11.17GHz and 12.03-12.18GHz bands
depend mainly on the inner circular split ring and can be tuned by varying its dimensions.
The dimensions of the middle omega-shaped structure can also be tuned to enhance the peak
magnitudes of the asymmetry bands. All the five frequency bands can be shifted to lower or
higher frequencies by scaling the dimensions of the unit cell. To verify this, each dimension
of the unit cell is divided by 1.5. The asymmetry parameter of the scaled MS is shown in Fig.
8.7.
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Fig. 8.7. Asymmetric parameter of scaled MS.

It is seen that the center frequency of each asymmetry band has shifted up by about 1.5. The
new bands are now centered about 8.49GHz (= 1.5 x 5.665GHz), 9.25GHz (= 1.5 x
6.165GHz), 15.82GHz (= 1.5 x 10.55GHz), 16.67GHz (= 1.5 x 11.115GHz) and 18.15GHz
(= 1.5 x 12.105GHz).
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8.5 Experimental Verifications

In order to verify the results, a prototype of the MS is fabricated (Fig. 8.8) with 12 x 12 unit
cells (144mm x 144mm). The reflection and transmission coefficients of the MS for LP
incident waves having x- and y-directed E-field orientations (£. and E)) are measured inside
an anechoic chamber by using two identical LP dual-ridge wideband horn antennas and a
VNA. The MS is placed in the far-field region of both antennas to ensure plane wave
incidence. Then, the measured complex LP reflection coefficients (Rx, Ry, Ry, and R)y,) are

converted to the circular basis by using the following equation:

( R, erj_ 1 (Rxx +R, +i(R,-R,) R,.—R, +i(R, +R, )J 32)

er Rll 2 Rxx _Ryy _i(ny +Ryx) Rxx +layy _i(ny _Ryx) .

In the above equation, when all the LP coefficients are for forward (backward) incidence, the
resulting CP coefficients are also for forward (backward) incidence. Using the calculated CP
coefficients, the polarization conversion ratios (PCR) for the five asymmetric reflection
bands can be calculated. As discussed in Chapter 7, the PCR is a measure of how efficiently
an MS converts the polarization of an incident wave. It is given as PCRj; = |Rj|*/(|R;|* + |R;?)

where {i, j} is replaced by {/, r}.
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Fig. 8.8. (a) Fabricated prototype of the MS having 144 unit cells.

The measurement configurations for the metasurface are the same as the measurement
configurations presented in Sec. 5.5 of Chapter 5. The co- and cross-polarized linear
reflection coefficient measurement setups are shown in Fig. 8.9. Using the phase reference
and phase measurement method discussed in Sec. 5.5, the complex reflection coefficients

needed in (8.2) are calculated.
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Fig. 8.9 Co-polarization (left) and cross-polarization reflection coefficient measurement setups.

The measured and simulated PCRs are plotted in Fig. 8.10(a). The measured and simulated
results show good agreement. The measured angular stabilities of the PCR bands and the
asymmetry parameter A, are also plotted in Figs. 8.10(b) and (c¢) for LHCP and RHCP
forward incidences, respectively. Out of the five asymmetry bands, the first four bands have
angular stabilities up to 45° while the final band (12.03-12.18GHz) has an angular stability
up to 30°. The reduction in angular stability of the final band is due to the increase in the unit
cell dimensions with respect to the operating wavelength. At 11.5GHz the unit cell size is =

0.46/. Above 11.5GHz, the angular stability decreases.
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Fig. 8.10 (a) Simulated and measured PCR at normal incidence. Variations of the (b) PCR
and (c) A for LHCP and RHCP oblique incidence.

The peak measured magnitudes of the cross-polarized reflection coefficients and co-polarized
transmission coefficients within the five asymmetry bands are given as follows > 5.55-
5.78GHz: R/ = 0.91; 6.1-6.23GHz: R,/ = 0.92; 10.42-10.68GHz: R)/ = 0.93; 11.06-
11.17GHz: R,/ = 0.92 and 12.03-12.18GHz: R,/ = 0.92. The magnitudes of the asymmetry
parameter, |A,|, remain close to 0.8 within the 5.55-5.78GHz, 10.42-10.68 GHz and 11.06-
11.17GHz bands up to 45°. For the 6.1-6.23GHz band, |A,.| remains close to 0.7 up to 45°

and for the final band (12.03-12.18GHz), |A,| remains above 0.6 up to 30°.

To verify the handedness of the reflected waves, two CP patch antenna pairs are used. They

are centered at 5.665GHz (LHCP; for the 5.55-5.78 GHz band) and at 6.165GHz (RHCP; for

the 6.1-6.23GHz band). The antennas are shown in Fig. 8.11 (a).
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Fig. 8.11 (a) LHCP and RHCP antenna pairs used for measurement (left) and measurement setup (right). (b)
Measuring the reflection coefficient magnitude within the 5.5-5.8 GHz band for LHCP incidence. (c) Measuring
the reflection coefficient magnitude within the 6.1-6.25GHz band for RHCP incidence.

Figure 8.11(b) and 8.11(c) contain a comparison between the simulated cross-polarization
reflection coefficients for CP incidence and the measured cross-polarization reflection
coefficients for CP incidence using the patch antennas. The measured curves follow the

simulated ones.

8.6 Conclusions

A multiband CMS is presented in this chapter which can be used as an asymmetric meta-
mirror within the C, X and Ku bands for CP incidence. The operational bands can be adjusted

to meet user requirements. The planar and ultrathin nature of the CMS makes it easy to
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fabricate. It gives a stable response for incident angles up to 45° within the first four

asymmetry bands and 30° within the final asymmetry band.
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CHAPTER 9
A TRI-BAND SSPP BASED END-FIRE ANTENNA

9.1 Objective

As discussed in Chapters 2 and 3, SSPPs show high-field confinement in a sub-wavelength
scale and have been used to design compact antennas [1-9]. Although most antennas
designed using SSPPs achieve frequency dependent beam scanning in the broadside
direction, some antennas exhibiting end-fire radiation patterns have also been designed [5, 7-
9]. But none of the end-fire antennas designed using SSPPs operate in more than one
frequency band. They are either broadband or narrowband. Even while studying normal
(non-SSPP based) end-fire antennas present in literature, it is found that they work within a

single continuous band [10-13].

Sometimes, separate frequency bands are needed for communication purposes and the out of
band frequencies need to be suppressed using filters. Dual/tri-band antennas serve this

purpose by providing separate frequency bands without the need of filters.

The main aim of this chapter is to design a planar SSPP based antenna which exhibits end-
fire radiation within three different frequency bands while also performing frequency-

dependent end-fire beam scanning within one of the operational bands.
9.2 Proposed Antenna Geometry

The antenna has been designed and analyzed using CST Studio Suite. The principal radiator
is a comb-shaped antenna based on an SSPP transmission line. It is tapered toward the
radiating edge to provide gradual impedance matching to free space. The antenna is designed
on an FR-4 substrate (thickness = 1.52mm, ¢, = 4.3, and tano = 0.02). The top surface of the
substrate contains the SSPP based antenna with a gradually tapered end as shown in Fig.
9.1(a). The antenna is fed by a Co-planar Waveguide (CPW). The width of the central CPW

line and the gap with the adjacent ground planes are chosen to present 502 impedance to the
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input port. Another CPW structure is replicated on the bottom surface of the substrate having
dimensions identical to the top CPW line. The central conductor of the lower CPW is
extended horizontally by a length L = 11.7mm and then bent vertically by a length d =
7.5mm to form a stub as shown in Fig. 9.1(b). The widths of the central lines of both the
CPWs are Imm and the gaps are 0.15mm as illustrated in the magnified part of Fig. 9.1(b).
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Fig. 9.1. Proposed antenna (a) top and (b) bottom surface. (c) End view of the antenna showing waveguide port

position and E-field distributions (V/m).
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It should be noted however that the input signal port is connected only with the top CPW
while the bottom CPW-like structure forming the stub is simply a parasitic element, which
interacts with the fields on the top surface. During simulation, a waveguide port provides
signal only to the top CPW structure as shown in Fig. 9.1(c). During fabrication, the central
line of only the top CPW is connected to the inner conductor of a Sub-Miniature A (SMA)
connector while the grounds of only the top CPW are connected to the outer conductor of the
SMA. No input connections are made with the CPW-like structure on the bottom surface.
The dimensions of the different parts of the antenna are shown in Figure 9.1(a). The CPW
central line also acts as the base of the SSPP transmission line. The end taper of the antenna
follows a parabolic profile with a = 2.5. As stated previously, the bottom surface of the
substrate contains a similar CPW feed where the central line is bent to form a stub. The

effects of the stub will be discussed in a later section.
9.2.1 SSPP Unit Cell

The unit cell of the SSPP transmission line is magnified in Fig. 9.1(a). It has a period P =
1.7mm, height # = 9.5mm, and gap g = 0.8mm. The dispersion diagram of the unit cell is
simulated using CST Eigenmode Solver with periodic boundary conditions (PBC) along x-
direction. The dispersion diagrams of the unit cell with varying height h are shown in Fig.
9.2. As h increases, the cutoff frequency of the bound SSPP mode reduces. In this chapter, 4

= 9.5mm i1s chosen, which results in a cutoff frequency of around 13.2GHz.
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Fig. 9.2. Dispersion diagrams of the SSPP unit cell with varying h.
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9.2.2 Unequal Dimensions of the CPW Ground Planes

As shown in Fig. 9.1(b), the central line of the bottom CPW-like structure is extended and
bent to form a stub. It can also be seen that the ground lengths of both the top and bottom
CPW are unequal, with one being 19.35 mm and the other being 11.35 mm.
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Fig. 9.3. S11 vs. frequency for three different cases.

Figure 9.3 compares the simulated Si; vs. frequency of three cases. The first case (case 1;
blue dashed line) consists of only the comb-like antenna with equal CPW ground dimensions
(19.35mm each) on the top surface and nothing on the bottom surface. For this configuration,
there 1s only one band centered roughly around 13GHz (12.4-13.4GHz) where S11 <-10 dB.
The second case (case 2; black dotted line) consists of the comb-like antenna on the top
surface as well as the stub on the bottom surface with both having equal CPW ground
dimensions (19.35mm each). It can be seen that the addition of the stub and CPW grounds at
the bottom leads to a decrease in the -10dB Si; bandwidth (BW) of the 13GHz band (which
now lies within 12.5-13.2GHz) while introducing a second band near 8.5 GHz where S1; < -
10 dB. The final case (case 3; red solid line) consists of the proposed antenna shown in Figs.
9.1(a) and (b) with both the comb-like antenna and the stub having unequal CPW ground
dimensions (19.35mm and 11.35mm). Removing the symmetry of the CPW ground planes
(case 3) further leads to a third band near 7.7GHz where S11 is below -10dB. Therefore, the

final antenna has three bands of operation.
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9.2.3 Evolution of the Bottom Structure Geometry

We investigate the effects of the capacitively coupled element, placed on the bottom surface

of the substrate, on the SSPP based comb-shaped antenna placed on the top surface.
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Fig. 9.4 (a), (b), (c) Evolution of bottom geometry. (d) Si1 vs. frequency for the three bottom geometries.

The first capacitively coupled element introduced is a simple horizontal stub as shown in Fig.
9.4(a). The Si1 of the resulting structure is shown with a red continuous line in Figure 9.4(d).
The effect of the simple horizontal stub is negligible and the SSPP antenna has only a single
band where Si1 < -10dB. To enhance the capacitive coupling with the SSPP antenna placed
on top, a vertical portion is now added to the horizontal stub, resulting in an L-shaped stub.
This is illustrated in Fig. 9.4(b). The Si1 of the updated structure is shown in Fig. 9.4(d) with
a blue dashed line. This structure has an additional band (Si1 < -10dB) near 8.5GHz. To

further enhance the coupling, the asymmetric CPW ground planes present on top are also
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replicated at the bottom (Fig. 9.4(c)). The Si1 plot of this final structure is shown in Fig.
9.4(d) with a black dotted line. It can be seen that there are now three Si; < -10dB bands.

Therefore, by introducing the asymmetric CPW ground planes on the bottom of the substrate,
a third band (S11 < -1 dB) has been introduced near 7.7GHz. It will be seen in the following
sections that the vertical portion of the stub is mainly responsible for the band near 8. 5GHz
while the interaction between the stub and bottom CPW ground planes is mainly responsible

for the band near 7.7GHz.
9.3 Electric Field Distributions

The simulated average E-field distributions present on the upper and lower surfaces of the
antenna at the center frequencies of the three frequency bands are shown in Fig. 9.5. At
7.7GHz, the average E-fields on the top surface are concentrated mainly along the ground
planes and the tapered radiating edge of the antenna. On the bottom surface, there is an

interaction of the fields between the stub and the ground plane. Therefore, increasing the

length d changes this interaction and shifts the first frequency band.
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Fig. 9.5. Average E-field distributions (V/m) on the top (left) and bottom (right) surfaces
at (a) 7.7GHz, (b) 8.5GHz and (c) 12.6GHz.

At 8.5GHz, the average E-fields on the top surface are concentrated mainly within the first
few SSPP unit cells and the tapered radiating edge. On the bottom surface, the E-fields are
mostly concentrated along the stub. Therefore, changing the position of the stub, L, affects
the second band. At 12.6GHz, the field distributions on the top surface resemble the usual
SSPP propagating mode with the E-fields confined within a major portion of the SSPP
transmission line before being radiated away as they approach the tapered edge. On the
bottom surface, there is some field concentration along the stub which slightly affects the

matching of the third band.
9.4 Tuning the Frequency Bands

To find effective ways of tuning the bands, a parametric analysis of the antenna is performed
where all the antenna dimensions are varied to study their effects on the frequency bands.

The observations from this analysis are discussed below.

The third band (centered at 12.6GHz) of the antenna is the bound propagating SSPP mode
which depends mainly on the characteristics of the SSPP unit cell. It can be tuned by
changing the height, 4, of the unit cells. The location of the third band can be determined
from the dispersion curve of the unit cell (Fig. 9.2). After parametric analysis involving
various values of #, it is found that this band starts from frequencies close to (and below) the
cutoff frequency for a given 4. Since increasing /4 reduces the cutoff frequency, this band can
be shifted to the left by increasing 4. The second band (centered at 8.5GHz) can be primarily
tuned by changing L without affecting the first or third band. However, there is a limit to this
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tuning. As L increases, the second band shifts left and moves closer to the first band
(centered at 7.7 GHz). After a certain value of L, the second band ceases to exist and merges
with the first band. After parametric analysis and curve fitting, it is found that the location of
the second band can be calculated approximately (to within a few MHz) by using the

equation
£ bang = € X (1.99+20.1"*%) GHz 9.1)

where ¢ = 3 x 10" mm/s (speed of light in vacuum), L is in mm and L > CPW ground plane
width (6 mm; Figure 9.1(a)). The first band can be tuned by changing d. However, there is a
limit to this tuning as well. After parametric analysis, it is found that the first band can only
be tuned properly within the approximate range of 0.574 < d < h. Outside this range, the band
does not exist. After parametric analysis and curve fitting, it is found that the location of the

first band can be calculated approximately by using the equation
£l g = € X (31.674d"'" )" GHz (9.2)

where d is in mm and 0.57h < d < h. Therefore, the height of the SSPP unit cell limits the

tuning range of the first band.
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Fig. 9.6. Tuning the (a) first band, (b) second band and (c) third band.

The tuning of the frequency bands is shown in Fig. 9.6. The shifts in frequency of the first
two bands found from the figure are very close to the frequencies predicted from (9.1) and
(9.2). From the above analysis, it can be concluded that although all three bands of the
antenna can be tuned independently, there are limits to the tuning range. The first and second
bands can be tuned by varying the stub dimensions (d and L) while the third band depends on
the SSPP unit cell dimension 4.
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9.5 Experimental Verifications and Antenna Radiation Patterns

The proposed antenna is fabricated on an FR-4 substrate as shown in Fig. 9.7(a). On
observing Fig. 9.7(b), it is seen that the measured Si1 vs. frequency plot shows good

agreement with the simulated Si1 plot.
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Fig. 9.7 (a) Fabricated prototype top and bottom. (b) Comparison between simulated and measured S1;.
The -10dB Si;1 BWs of the three bands lie within 7.6-7.75GHz, 8.4-8.68GHz, and 12.4-
13GHz with relative BWs of 2% (first band), 3.3% (second band), and 4.8% (third band)
respectively. The simulated and measured normalized radiation patterns of the fabricated

structure are presented in Fig. 9.8.
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Fig. 9.8. Normalized simulated and measured far field patterns at (a) 7.7GHz, (b) 8.5GHz,
(¢) 12.4 GHz, (d) 12.6GHz and (e) 13GHz.

For each frequency, a solid blue line is drawn to represent the radiation pattern maximum
direction in the xy plane. It can be seen from Figs. 9.8 (a) and (b) that the structure exhibits
an end-fire radiation pattern at both 7.7GHz and 8.5GHz. An interesting phenomenon is
observed within the third frequency band (12.4-13GHz). At 12.4GHz, the main beam of the
end-fire radiation points toward phi = —19° (xy plane of Fig. 9.8(c)). At 12.6GHz, the main
beam of the end-fire radiation points toward phi = 0° (xy plane of Fig. 9.8(d)) while at
13GHz, the main beam of the end-fire radiation points toward phi = 2° (xy plane of Fig.
9.8(e)). Therefore, the structure exhibits frequency dependent end-fire beam scanning in the
xy plane with the scan angle varying from phi = —19° to phi = 2°. A total scan range of 21° is
achieved within 600MHz. It should also be noted that the 3dB beamwidth of the antenna
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exhibits a total scan range of 51° from phi = —35° to phi = 16°. This can be a beneficial

feature in cases requiring end-fire beam scanning.
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Fig. 9.9. Measured peak gain vs. frequency and simulated efficiency vs. frequency within the third band.

Maximum measured gains are found to be 7dBi at 7.7GHz and 7.5dBi at 8.5GHz with
simulated efficiencies of 86% and 96% respectively. The maximum measured gain and
simulated efficiency vs. frequency in the third band (12.4-13GHz) are shown in Figure 9.9. It
can be seen that gain throughout the third band is >7.2dBi while the efficiency is >86%.

Hence, the designed antenna shows high efficiency and good gain in all the three bands.

9.6 Advantages of the Proposed SSPP based Antenna

The antenna proposed in this chapter is the first SSPP based end-fire antenna to operate
within three distinct frequency bands. It also exhibits frequency dependent end-fire beam
scanning in the xy plane (plane of the antenna) in the third band. The antenna has a very low
profile and uses only a single feed to achieve three bands as well as beam scanning. It is also

single layered and simple to fabricate.

Table 9.1 provides a comparison of the proposed antenna with both SSPP based end-fire
antennas [5, 7-9] and normal end-fire antennas [10-13] found in literature. It should be noted
that although the gains and BWs of the other antennas are better, the proposed antenna
possesses three operating bands and beam scanning ability in the third band, which makes it
unique and advantageous for multiple applications. The measured gain of the antenna in the
three bands are also sufficiently high (7, 7.5, and 7.7dBi respectively) for carrying out

efficient communication.
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No. of Beam Size End-fire Peak Gain
frequency scanning in (w.r.t free space band BW within
bands the wavelength of lowest (%) operating
antenna frequency) band (dBi)
lane
5 1 No 2.85X0x 0.8k 12.5 9.2
7 1 No 9.25)0x 4.43h0 10.5 12.1
8 1 No 2.26M0x 0.64h0 No data 7
9 1 No 3.33hox 0.74h0 7.3 7.86
10 1 No 1.43%0x 0.36A0 17.5 10.2
11 1 No = 6.4h0 X 6.400 26 15.3 (dBic)
12 1 No 0.7 x 0.1A0 6.45 4.9 (dBic)
13 1 No 7.33%0x 3.8M0 54 14.9
. 2 (1*" band) 7 (1*' band)
Th Y
Woi 3 - ];Sn 0 1.3k % 0.81A0 3.3 (2" band) | 7.5 (2" band)
4.8 (3 band) | 7.7 (3 band)

The beam scanning ability of the antenna can be used for mobile communication as well as
target detection in electronic warfare (in the form of radars). It can also be used for Ku band
satellite communication. But in that case, the antenna must be oriented in such a way that the

beam maximum points toward the +z axis.

One of the possible scenarios in which the proposed structure can be used is as follows: The
first two bands of the antenna can be used for information exchange with base
stations/control stations while the third band of the antenna can be used for target detection
(due to its beam scanning ability). The proposed structure can then operate as a normal
antenna in the C and X bands while working as radar in the Ku band. When an increased
scan range is needed, two units of the proposed antenna can be designed and placed on top of

each other (with sufficient spacing between them to prevent mutual coupling) in such a
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manner that one of the antennas scans from —19° to +2° while the other antenna scans from
+19° to —2°. Due to the high-field confinement of the SSPP antenna, the two units of the
proposed antenna can be placed quite close to each other without much mutual coupling.

Therefore, a total scan range of 38° can be achieved.

9.7 Conclusions

In this chapter, a planar SSPP based antenna is presented, which exhibits end-fire radiation
patterns at three distinct frequency bands. The main radiator consists of a coplanar
waveguide fed comb-shaped spoof surface plasmon polaritons based antenna placed on top
of a microwave substrate. An L-shaped stub like structure is added to the bottom of the
substrate and is coupled electromagnetically to the main radiator. The resulting antenna
operates in three frequency bands. It achieves end-fire radiation within 7.6-7.75GHz (first
band), 8.4-8.68GHz (second band) and 12.4-13GHz (third band) with maximum measured
gains of 7dBi, 7.5dBi and 7.7dBi respectively. The antenna dimensions are 1.349 x 0.8149 x
0.0384p (51.2 x 32 x 1.52 mm) where Ay = free space wavelength at 7.6GHz. The antenna has
a maximum simulated efficiency of 86% at 7.7GHz, 96% at 8.5GHz, and 92% at 12.6GHz.
The structure also exhibits frequency dependent end-fire beam scanning within the 12.4 to 13
GHz band in the xy plane (plane of the antenna), achieving a total scan range of 21° from phi

=—19° to phi = 2°.
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CHAPTER 10
CONCLUSIONS

In this concluding chapter, we summarize the contributions of the dissertation and discuss

future research areas in the domain of metasurfaces.
10.1 Contributions of the Thesis

In Chapter 4, a dual-band RFID reader antenna is presented which radiates CP waves within
both the UHF-RFID band and 2.4GHz WLAN band. Using an AMC reflector below the
reader antenna, the gain of the antenna is enhanced within the UHF-RFID band which in turn
increases the read range. The resulting antenna plus reflector system is easy to fabricate, has
a low profile height and can detect RFID tags irrespective of their orientation due to the CP
nature of the radiated waves. The information received from the tags can then be sent by the

reader to a base-station through the 2.4GHz WLAN band.

In Chapter 5, an AMC 1is designed using self-complementary unit cells. The resonance
frequency of the proposed AMC remains fixed for different E-field orientations as well as for
incident angles up to 88° for both transverse electric and transverse magnetic incidence. It is
very useful in applications which are sensitive to the shift in resonance frequency. The
proposed AMC has the best angular stability out of all AMCs present in literature till date. It

is also easy to fabricate and ultrathin, making it easily reproducible.

In Chapter 6, a dual-band FPCA is presented. It radiates CP waves within the 2.4GHz
WLAN band and LP waves within the 5.8GHz WLAN band. The PRS is made using a single
dielectric layer having metallization on both sides and a positive reflection phase gradient.
The positive reflection phase helps the antenna achieve a wide 3dB gain bandwidth. The
radiating antenna placed within the cavity is surrounded by an AMC ground plane. This
ultimately helps in reducing the height of the FPCA. The resulting FPCA has very high gain,
wide 3dB gain BWs within both the bands and a reduced cavity height of around 4/6 (as
opposed to the conventional cavity height of 4/2) with respect to the 2.4GHz band. All these
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features make the proposed antenna desirable in applications requiring high gain antennas

with small vertical heights.

In Chapter 7, a multiband and ultrathin CMS is presented which has seven operational
frequency bands. It can perform asymmetric transmission of LP waves within five bands,
asymmetric LTC within one band and symmetric co-polarized transmission within one band.
The antenna can be used as a direction of propagation dependent cross-polarization and liner-
to-circular polarization converter. It can also be used as a direction of propagation
independent co-polarized spatial pass-band filter. All the operational bands of the proposed
CMS can be tuned and adjusted to meet user specifications. Multiple bands ensure that the

CMS can be integrated with different applications in different frequency bands.

In Chapter 8, an ultrathin multiband CMS is designed. It acts as a meta-mirror for incident
CP waves. The handedness of the CP wave remains preserved before and after reflection
from the meta-mirror. The proposed CMS has five operational bands. All the bands can be
shifted and tuned by varying the different parts of the unit cell. The CMS is very easy to

design and fabricate.

In Chapter 9, an SSPP based tri-band antenna is designed which exhibits end-fire radiation
within the three operating bands. It can also perform end-fire beam scanning within the third
operating band, achieving a scan range of 21° in the plane of the antenna. The antenna has
good radiation efficiency and gain within all three bands. The proposed antenna is the first

SSPP based antenna which exhibits end-fire radiation within three distinct frequency bands.
10.2 Future Research Areas

Graphene based MSs for THz applications are an interesting prospect. Although they have
been studied to some extent, more work can be done on this topic. Such arrangements can
provide large BWs as well as tunability. With the advancement of fabrication techniques,

realizing such structures will also become easier.

In this dissertation, we only deal with passive MSs whose properties are fixed with respect to
the geometries of the unit cell. However, introducing switching elements like PIN diodes or

tuning elements like varactor diodes to each unit cell can increase the operating range as well
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as functionality of the MS. Such reconfigurable MSs can be useful in many applications

which require dynamic control of the MS properties.

Space-time modulated metasurfaces, although not a part of this dissertation, have become a
hot area of research in recent times. Such MSs are ultrathin, planar and can break reciprocity
without the use of magnets. They can be used to design nonreciprocal metasurfaces for
advanced wave-front engineering. A lot of research can still be conducted on these space-

time modulated metasurfaces.

Huygens’ metasurface is another type of metasurface which has become popular in recent
times. Such an MS consists of both electric and magnetic dipole moments which are
orthogonal to each other. They can be used to achieve reflection-less refraction and they can
also control the refraction angle for a given incident angle. Huygens’ metasurfaces have also
been used to design thin lenses for beam collimation. These MSs hold a lot of potential for

future research.

The field of metamaterials and metasurfaces is evolving rapidly with a lot of research being
conducted worldwide by some of the leading researchers and academicians. It is expected
that metasurfaces and metamaterials with new and unique properties will be developed in the

forthcoming years which will revolutionize the domain of electromagnetic engineering.
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