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A B S T R A C T

In view of the need for communications with distributed sensors/nodes, this thesis

presents a collective study of metasurfaces applications in enhancing the radiation

characteristics of antennas as well as in EM wave manipulation such as polarization

conversion and anomalous reflection. This thesis presents the design of a single-

port antenna with dual-mode operation and metasurfaces exploitation, which rep-

resents the front-end of a future-generation tag acting as a position sensor with

identification and energy harvesting capabilities. An Archimedean spiral covers

the lower European Ultra Wideband (UWB) frequency range for communication/-

localization purposes, whereas a non-standard dipole operates in the Ultra High

Frequency (UHF) band to wirelessly receive the energy. The objective is to have

a low-profile stack-up that is insensitive to the background material. Because of

their ability to manipulate EM waves, metasurfaces have piqued the interest of re-

searchers worldwide. One such application of metasurface is used to guarantee the

versatility of the proposed antenna by employing a High Impedance Surface (HIS).

A conformal design, supported by 3D-printing technology, is pursued to check the

versatility of the proposed architecture in view of any application involving its

deformation and tracking/powering operations.

In addition, this thesis discussed two different applications of metasurfaces. One

of them is focused on the designing of a polarization converter, while the other

discusses an Intelligent Reflective Surface (IRS) for anomalous reflection.

The first application discusses the designing of an angularly stable super wide-

band Cross Polarization Conversion (CPC). The reported metasurface consists of

a square Split Ring Resonator (SRR) and a circular SRR each having two cuts in

xi



adjacent sides for polarization conversion purposes. The proposed metasurface

is operating within 11 - 35GHz and having a relative impedance bandwidth of

104.3%. The design shows a stable response for oblique incidence up to 40 degrees.

The Polarization Conversion Ratio (PCR) of the proposed metasurface is above

62% within the entire operating band.

The second application involves the design of an intelligent reflective surface

that propagates the incoming wave in a non-conventional direction. The tunabil-

ity of the IRS is achieved through an artificially developed ferroelectric material

Zirconium-doped Hafnium Oxide (HfZrO). In addition to this, distributed capacit-

ive elements (Inter-Digitated Capacitor (IDC)) are employed to tune the impedance

and phase response of each meta atom. It is shown that the proposed IRS provides

an anomalous reflection for normal incident waves.
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1
I N T R O D U C T I O N

objective

The chapter discusses a brief history of the research objectives of this thesis. Metas-

urface (MS), one of the thrust research areas, has gained a lot of attention in recent

years due to their wide range of applications. In this thesis, MSs are exploited

for three different applications viz. back radiation shielding of planar antennas,

cross-polarization conversion, and IRS for anomalous reflections. The author be-

lieves this thesis provides an in-depth study of interesting and diverse research

problems.

1.1 ultra wide band systems : introduction to innovations

Ultra Wideband (UWB) signals are typically defined as having an instantaneous

spectral occupancy of more than 500 MHz or a fractional bandwidth of more than

20% [1]. To generate these signals, an antenna is typically powered by extremely

short-duration electrical pulses (duration on the order of one nanosecond or less).

Further, Impulse Radio-Ultra Wideband (IR-UWB) systems, which are also based

on very short-duration / high bandwidth pulses, have been the focus of a lot of

recent research and development in the field of wireless communications. UWB

systems have been around for some time. Actually, they predate all other radio

communication methods by many decades. Heinrich Hertz constructed the first

1



2 introduction

experimental spark-gap transmitter in 1887 to verify Maxwell’s theory of Electro-

Magnetic (EM) waves [2]. Transatlantic impulse transmissions in 1901 were made

possible by the telegraph systems that Guglielmo Marconi developed. Fifty years

after Marconi’s inventions, radar applications using impulse radio transmissions

became more common, most notably in the military [3].

The United States government issued the First Report and Order in the year

2002 in which the commercialization of UWB technology and the use of UWB

devices without a licence was approved by the Federal Communications Commis-

sion (FCC). Between 3.1 and 10.6 GHz, the FCC allocated a band of the unlicensed

radio spectrum with a maximum power spectral density of -41.3 dBm/MHz; a

separate spectral mask was assigned to each device class, allowing UWB radios to

function by superimposing coexisting Radio Frequency (RF) systems, as shown in

Fig. 1.1 where total spectrum is divided into three broad ranges: sub-GHz channel,

low-band High Rate Pulse Repetition Frequency (HRP), and high-band HRP UWB

channels denoted by band group 0, 1, and 2, respectively [1]. Concerning Europe,

it is essential to remember that on February 21, 2007, a decision was published by

the European Communities Commission to allow the radio spectrum to be used

for equipment employing UWB technology in a coordinated fashion across the

European Union community [4].

CH5 CH6 CH8 CH9 CH10 CH12 CH13 CH14CH1 CH2 CH3CH0
f

(MHz)3494.4 3993.6 4492.8 6489.6 6988.8 7448.0 7987.2 8486.4 8985.6 9484.8 9984.0499.2

CH4: 1331.2 MHz CH7: 1081.6 MHz CH11: 1331.2 MHz CH15: 1354.97 MHz

Band Group 0 Band Group 1 Band Group 2

5 
GH

z I
SM

 B
an

d

Figure 1: IEEE 802.15.4-2015 - HRP PHY band allocation (blue channels have 499.2 MHz bandwidth, others as noted)

Introduction to Impulse Radio UWB Seamless Access Systems

2) Radio Channel

2.1	 Frequency Bands

The FCC authorizes the commercial use of UWB devices in the frequency band from 3.1 GHz to 10.6 GHz 

with a very restricted Equivalent Isotropic Radiated Power (EIRP) of -41.3 dBm/MHz [Fccx02] [Fccx05]. 

[Ieee15] divides this spectrum further into individual channels as shown in Figure 1 below.

The frequency band is divided into three separate groups:

•	 Band Group 0: sub-gigahertz channel

•	 Band Group 1: low-band HRP UWB channels

•	 Band Group 2: high-band HRP UWB channels

From Figure 1 it can be seen that not all of the FCC authorized bandwidth has been assigned to channels 

within [Ieee15]. The frequency gap between Band Group 1 and Band Group 2 was introduced in order to 

avoid interference between UWB and technologies in the 5 GHz ISM band (e.g., WiFi). 

In Europe, further restrictions apply to Band Group 1, such that a device using those channels needs to 

implement a Low Duty Cycle (LDC) mitigation technique as well as Detect And Avoid (DAA) mechanism 

[Etsi16]. These additional restrictions make the use of Band Group 2 channels more attractive for 

globally deployed UWB devices.

2.2	 Pulse Shape

In order to match the UWB signal to the 500 MHz bandwidth of [Ieee15], the pulse shape needs to be 

chosen carefully to ensure compliance to the [Ieee15] specified transmit spectrum mask and avoid 

distortion of adjacent channels. Additionally, stringent regulatory transmit limits must be respected. 

Figure 2 shows the [Ieee15] Root Raised Cosine (RRC) HRP UWB reference pulse with a center frequency 

that corresponds to channel 9, as well as an upconverted 8th order Butterworth low pass pulse with a  

-3 dB bandwidth of 500 MHz and a center frequency that corresponds to channel 5. Both of these 

pulses would meet the requirements specified in [Ieee15] to be used for IR-UWB radios.

Page 3

Figure 1.1: UWB spectrum band allocation.[1]

With the exponential growth of mobile devices like smartphones, tablets, etc.,

there is a desire to achieve wireless and automatic power, as mobile devices require

regular recharging. Some proven ways to charge these gadgets include inductive or

resonant coupling [5, 6]. However, these methods are not very useful in many real-

world contexts as the charger and the unit have to be in close proximity. Energy-

efficient connectivity, which can be achieved through RF Energy Harvesting (EH)



1.1 ultra wide band systems : introduction to innovations 3

or Wireless Power Transfer (WPT) technology, is another major obstacle to the

development of future wireless networks. This kind of technology can extend the

battery life span, making it useful for potential wireless devices.

In this thesis, a UWB antenna is part of the preliminary activity: its characteristic

is to be a dual-mode antenna working also in the UHF band (for energy autonomy

reasons) and to have just a single input port.

1.1.1 RFID Technology

Radio Frequency Identification (RFID) is a type of Automatic Identification (Aut-

oID) technology that identifies objects through the exchange of data between a

tag and a reader using radio waves. Real-time item recognition using RFID techno-

logy is becoming increasingly popular in a variety of industries, including logistics,

automotive, surveillance, automation systems, etc. [7]. The components of an RFID

system are readers and tags. To access the data on the tags that are affixed to the

items, the reader uses a wireless connection to interrogate them. A schematic rep-

resentation of the basic RFID system is shown in Fig. 1.2. Passive or semi-passive

RFID tags, in which the energy required for tag-reader communication is gathered

from the reader’s signal or the surrounding environment, are the least expensive

RFID tags with the most economic potential. Based on backscatter modulation,

passive RFID tags modify their antenna reflection characteristics in response to

information input [8].

More advanced RFID systems in the future should be able to precisely local-

ize tags and provide trustworthy identification. Accurate submeter-level real-time

localization, tag management for a large number of tags, extremely low power

consumption, a small footprint, and an affordable cost will emerge as new crit-

ical issues [9]. Unfortunately, current RFID [10], wireless sensor network (WSN)

[11] technologies, such as those based on the ZigBee standard, are only able to

partially meet the majority of these requirements. RFID systems that rely on tradi-
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Figure 1.2: Components of an RFID system.

tional continuous wave-oriented communication in the UHF band are inherently

insecure because of issues like multipath signal cancellation (caused by the signal’s

extremely narrow bandwidth) and narrowband interference[7, 12–14].

In its IR-UWB implementation, the UWB technology, which is characterized

by the transmission of pulses with a length that is sub-nanosecond in duration,

is a promising technology for a wireless solution for the next-generation RFID.

Wideband transmissions have the ability to resolve multipath, reduce frequency-

dependent fading, and provide very accurate localization based on estimates of

signal time-of-arrival. UWB’s potential advantages include, but are not limited to,

low transmitter power consumption, extremely accurate submeter-level ranging

and positioning capability, multipath robustness (better area coverage), low de-

tection probability (higher security), multiple devices operating simultaneously in

confined spaces, and large numbers of devices (efficient multiple channel access

and interference mitigation) [13, 15–17].

Even though passive methods based on back-scatter signalling seem to be su-

perior when cheap cost and compact size criteria become mandatory, IR-UWB

transmitters have been successfully used for active tags because of their low power
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consumption [18]. However, back-scatter modulation-based UWB RFID systems

are still in their infancy, and there are a number of concerns that need to be looked

at [19].

Therefore, hybrid RFID tags can be used as a possible solution that can be

powered using energy harvested in UHF band, while the UWB band is used for

passive localization and communication. The IR-UWB and RFID technologies are

combined in this thesis to provide a promising solution for future-generation RFID

tags with both localization and energy autonomy capabilities.

1.2 metamaterials : artificial materials to manipulate the

propagation of em waves

Metamaterials were not the first successful medium to employ synthetic compon-

ents to produce particular EM responses. In reality, Jagadish Chandra Bose used

twisted copper wires in a microwave experiment to examine polarization as early

as 1898 [20]. With Bell Labs research, particularly Kock’s metallic delay lens [21],

the idea of artificial dielectrics really took off in the 1940s and persisted throughout

the century. Additionally, the history of artificial magnetism, or magnetism pro-

duced without magnetic components, may be discovered in a textbook on classical

antennas [22]. Since the 1960s, artificial plasmas or artificially created media with

negative permittivity (ε(ω)) have been discovered [23, 24]. However, the majority

see the debut of John Pendry’s artificial magnetism in 1999 [25] and the important

publication numerically analyzing the first structure with concurrently negative

ε(ω) and negative permeability (µ(ω)) as the “genesis” of metamaterials. These

articles established a paradigm change that made it possible for artificial materials,

which Walser later referred to as metamaterials [26], to acquire more exotic charac-

teristics than their forebears throughout a wider span of the EM spectrum, notably

into much shorter wavelengths. A standard metamaterials classification based on

permittivity and permeability is shown in Fig. 1.3 where DPS, EMG, DNG and
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MNG correspond to double positive, epsilon negative, double negative and mu

negative materials, respectively. The desired metamaterials of this work fall under

the DNG category. Additionally, the dielectric properties of a material are defined

using ε and µ. In general, there are two values for each ε and µ that are known as

relative/real (εrel, µrel) and effective (εe f f , µe f f ). Real permittivity and permeability

are intrinsic properties of a material which characterize its ability to store elec-

trical and magnetic energy, respectively. On the other hand, effective permittivity

and permeability are composite parameters that consider the contributions of the

constituent materials and their arrangement. They are important parameters in the

design and analysis of EM devices and the study of EM wave propagation through

materials.

Air

Air

Air

Air

ENG (ε < 0, µ > 0)
No Trnasmission

DPS (ε > 0, µ > 0) 
n = √εµ

MNG (ε > 0, µ < 0)
No Trnasmission

DNG (ε < 0, µ < 0)
n = -√εµ
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Figure 1.3: Metamaterials classification based on permittivity and permeability. Repro-
duced from [27]

John Pendry published a study on a magnetic substance made up of nonmag-

netic resonant components in 1999 [25]. While most natural materials were con-
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strained to interact strongly with magnetic fields at low frequencies, Pendry was

able to tailor the response to higher frequencies because these structures had a tun-

able magnetic response. The Double Split Ring Resonator (DSRR), shown in Fig.

1.4, was one of many magnetic metamaterials described by Pendry that gained the

most traction in the field and produced a frequency band of negative µe f f (ω) in

the microwave regime. In 2000, Smith developed a Negative Index Material (NIM),

r

c

d

c

a

(a)

(b)

Figure 1.4: Design of double split ring resonator behaving as a negative index metamaterial
(a) unit cell (b) square array (a=10mm, r=2mm, c=1mm, d=0.1mm). Redrawn
from [25]
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which is a substance with concurrently negative values of εe f f (ω) and µe f f (ω),

causing it to have a refraction index ηe f f (ω) < 0. Since then, metamaterials have

demonstrated the ability to accomplish a variety of features across a wide band-

width of the EM spectrum, including customized absorption and emission [28],

multi-band response [29], or even dynamic performance [30]. Metamaterials may

be smoothly incorporated into a wide range of devices thanks to their comprehens-

ive design freedom, including super lenses [31], invisibility cloaks [32], and spatial

light modulators [33].

1.2.1 Metasurfaces: A simplified and effective form of metamaterials

Planar metamaterials with sub-wavelength thickness are called MS. They might

be thought of as the bulk metamaterials’ equivalent planar versions that contain

a large number of constituent elements in a given direction [34–36]. Instead of

the constitutive parameters that are used to define their bulk metamaterial coun-

terparts, MS are described by their sheet impedance and boundary conditions.

Furthermore, the metamaterial’s complicated 3D shape makes it challenging to

produce at the micro- and nanoscale, which limits its usefulness. On the other

hand, by designing periodic patterns on planar substrates, MS are simpler to man-

ufacture. The arrangement of the MS might be single [37, 38] or multi-layer [39–41],

but the overall thickness must be substantially less than the operating wavelength

(λ). Compared to bulk metamaterials, they offer minimal loss in the direction of

propagation because of their sub-wavelength thickness. Metasurfaces’ interaction

with EM waves is powerful enough to give valuable functionality despite their

planar shapes.

Significant advancements in theoretical formulation for the study and design of

MSs have been made during the past years. An overview of analytical and nu-

merical methods for analyzing 2D and 3D metamaterials is provided in [42]. The

analysis of electrically thin metamaterials or MSs has demonstrated that stand-
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ard effective medium approximation approaches do not give physically signific-

ant parameters. An effective electric and magnetic susceptibility tensor can be

used to represent a MS. As an alternative, the authors in [43] model the MS as

a periodic arrangement of sub-wavelength metallic/dielectric unit cells acting as

artificial atoms (meta-atoms), which can be electrically polarized or magnetized.

Additionally, electric current is generated at the surface as a result of the electric

and magnetic polarization, and this current may be directly linked to the input

electric field using the metasurface’s average surface impedance [44]. The equival-

ent circuit technique, where the MS is represented by a combination of resistance,

capacitance, and inductance whose values are derived from its geometrical config-

uration [45, 46], is a more physically understandable way for the study and design

of MSs.

In order to manage the amplitude, phase, and polarization of the reflected and

transmitted waves, the underlying unit cell of a MS must be carefully designed. It

is possible to construct the optical scatterers’ spatial inhomogeneity inside the unit

cell in such a way that, following reflection or transmission, the wave front of the

interacting wave can be bent in the desired directions. In this context, researchers

have shown that reflect-array MSs completely eliminate transmission and specular

reflections and display anomalous reflection of impinging waves [47]. Moreover,

by optimizing sub-wavelength inhomogeneous optical scatterers, such MSs offer

complete phase control for the scattered EM waves.

MS can be created to achieve anomalous refraction of light upon transmission

in addition to anomalous reflection. Such MSs must have input impedances that

are equalized to the impedance of air/free space, or 377 Ohm, in order to be

reflection-free. An anomalous refracting MS with an 86% transmission efficiency

in the microwave frequency band is described in [48]. A second MS built on the

idea of an optical Nano-circuit and capable of fully controlling the transmitted

light’s phase is described in [49]. Similar perfect anomalous refraction at terahertz,

infrared, and visible light frequencies is described by MS in [50, 51].
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1.3 intelligent reflective surfaces : a brief history

In 5G and beyond cellular wireless networks, IRS is a revolutionary enabling tech-

nology for controlling radio signal propagation. In recent times, IRS has demon-

strated a significant capacity for improving the calibre of communication between

the access point (AP) and users. IRS is able to reflect the signal from AP to the

user as a positive component by appropriately adjusting the phase shifts of the re-

flecting units (shown in Figure 1.51). The final signal that arrives at the user can be

improved by combining this component with the direct transmission component

(or the undesired interference from AP can be suppressed). As a consequence, the

quality of communication can be increased.

Figure 1.5: IRS deployment for efficient communication between the base station and user.

The IRS’s architecture comprises of a smart controller coupled to a thin planar

surface with several unit cells. The primary building block of the IRS is the unit

cells, whereas the function of the smart controller is to modify how the unit cells

interact with the impinging waves. The IRS can be built mostly based on the idea

of metamaterials[53]. Because of this, the IRS is also referred to as a MS and is

also known as a reconfigurable intelligent surface (RIS), a big intelligent surface, a

1 regenerated from [52]
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set of digitally adjustable scatterers, and a surface that can be controlled by soft-

ware. The unit-cell is referred to as a meta-atom, reflecting element, and scattering

element in contrast. A tiny antenna that is coupled to tunable electronics circuits

like positive intrinsic negative (PIN) diodes, varactors, or micro-electro-mechanical

system (MEMS) switches can serve as a conceptual representation of the unit cell

[54]. The configuration of the unit cell’s reaction to the incident EM waves is con-

trolled by the adjustable electronic circuits. The IRS’s capacity to manipulate EM

waves mostly comes from its ability to regulate how much each unit cell reflects

the waves that are impinging on it.

Controlling the load impedance linked to the reflecting element is a popular

way to change the unit cell’s reflection coefficient [55]. For instance, suppose each

element has a PIN diode acting as a tunable component. By adjusting the bias

voltage of the PIN diode, which will change the load impedance linked to the ele-

ment between short-circuit and open-circuit, the PIN diode may then be switched

between the on and off states. As a result, the reflection coefficient between the on

and off states has a 180◦ phase shift difference. Additionally, each unit cell may

be linked to numerous PIN diodes or a varactor for complete phase shift control,

allowing for a variety of connected load impedance configurations or a continuous

arrangement. A variable resistor load that controls the energy dissipated as part of

the incident wave in each unit cell may also be attached to regulate the amplitude

of the reflection coefficient [56].

The IRS also has the primary benefit of being a very energy-efficient device

because it doesn’t need a power amplifier, an RF chain, or complicated signal pro-

cessing capabilities. Because it doesn’t require any power for transmission and

instead uses its energy to operate adjustable circuits to alter the impinging wave,

the IRS is well-recognized for being almost passive IRS. Active IRS, which may

additionally intensify the impinging radio waves, is only conceivable by incorpor-

ating inefficient and expensive amplifiers within the unit cells [57].
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1.4 author’s contributions

This thesis focuses on enhancing the radiation characteristics of planar structures

using MSs. In particular, this thesis discussed three different structures that include

a single port dual band hybrid antenna for next-generation RFID systems, a cross-

polarization converter for polarization conversion applications, and an IRS for non-

specular reflection.

The study is conducted in three different parts corresponding to three different

applications as mentioned above. The first part examines the inclusion of a HIS (a

MS) layer that is placed at the bottom side of the dielectric substrate (opposite to

the antenna) to improve the radiation performance at UHF and UWB bands sep-

arately. The HIS layer consists of two distinct shapes for two different frequency

bands. For the UHF band, an inverted L-shaped HIS is designed while for the UWB

band, to be coherent with the spiral antenna shape, a circular HIS is utilized. The

proposed antenna is then investigated for future applications where conformality

is an essential requirement. Therefore, the proposed design is bent in both planes

and investigated for its performance at both UHF and UWB bands which is found

to be intact as desired. Furthermore, in the proposed design, the feeding point is

spiral antenna that has a characteristic impedance of 120Ω while the SMA con-

nector has a characteristic impedance of 50Ω. To cater a reliable measurement, as a

final step, a Balanced to unbalanced unit (balun) for smooth impedance transform-

ation is also designed. It is demonstrated that the proposed antenna achieves the

following objectives: dual-band operation at UHF and lower European UWB band,

shielding from back radiation at both frequency bands and Circular Polarization

(CP) at the UWB band simultaneously.

In the second part, a miniaturized MS for CPC applications is examined. The

proposed MS has a wide operating bandwidth from 11 - 35GHz. Within this band,

the MS is capable of transforming the polarization of the incoming waves upon

reflection. A quadrature phase shift is introduced to the incoming wave hence a
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horizontally polarized wave is transformed into a vertically polarized wave and

vice versa. Furthermore, the polarization conversion stability of the proposed MS

is also investigated for oblique incident waves. It is found that the proposed MS has

angular stability up to 40◦ while maintaining a Super Wideband (SWB) response

and miniaturized footprints. It is also worth mentioning that a novel mechanism

to verify angular stability is also developed in this thesis work. The results of the

newly reported method corroborate the analysis method that uses S-parameters to

decide the angular stability.

In the final part of this thesis, an IRS is designed for anomalous reflection in a

non-specular direction. The proposed IRS consists of unit cells having two metallic

patches connected with a capacitor that behaves as a controlling circuit. As an ini-

tial step, an IRS with a fixed direction of reflection (though non-specular but not

reconfigurable) is thoroughly analyzed. The direction of non-specular reflection de-

pends on the size of the cluster of unit cells (referred to as supercell in this thesis)

and power coupling to a non-specular direction can be tuned using a lumped capa-

citor. Later, the locally tuned MS (as each unit cell has its own control mechanism)

is converted into a globally tuned IRS (where all unit cells have a common con-

trol mechanism). To accomplish this, an artificially designed ferroelectric material

Zirconium-doped Hafnium Oxide (HfZrO) is utilised whose dielectric properties

vary widely with the applied bias. The lumped capacitor, being an inherent com-

ponent responsible for the tuning of the response, is also replaced by a distributed

IDC.

1.5 organization of the thesis

This thesis is organized as below: Chapter 2 describes the design and performance

of the proposed uni-port dual band hybrid antenna for UHF and UWB RFID ap-

plications. This chapter also discusses the design of HIS that helps in achieving CP

at the UWB band as well as shielding back radiation at both UHF and UWB bands.
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Following this, the next application as a cross-polarization converter is discussed

in Chapter 3. The proposed design is compact in size and possesses a super wide-

band response. The proposed MS is further analyzed for its angular stability under

the oblique incident case. Chapter 4 deals with the design of a globally controlled

IRS. The proposed IRS is capable of propagating incoming wave towards a non-

specular direction based on the user’s need. Chapter 5 provides a short summary

of the overall proposed work and concludes this thesis.
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2.1 introduction

The rapid proliferation of so-called "smart dust" in the context of the Internet of

Things, which refers to small devices dispersed in the environment that are able

to carry out fundamental sensing operations, has led to an increased interest in

power-free pervasive computing [58]. In certain circumstances, this operation can

be carried out by utilising resonant coupling or inductive coupling [6, 59]. How-

ever, you can only use this method in situations in which there is relatively close

proximity between the charger and the device and in which the majority of the

objects involved are stationary. When these limitations need to be removed, that

is, when moving objects that are far from the Radio Frequency (RF) source need

to be charged (such as in logistic applications), Energy Harvesting (EH) and/or

Wireless Power Transfer (WPT) are the candidate technologies that will make this

feasible. This is because they can extend the lifetime of the battery or completely

avoid the use of the battery altogether. If the identification of the device is of the

utmost significance, one way to accomplish this would be to use technology that

combines Ultra High Frequency (UHF), with RFID. Moreover, if we refer to ap-

plications in which moving objects are involved, operations such as identification

and localization both become, at the same time, of strategic importance: in most

cases, these functionalities are offered by separate wireless systems. This chapter

aims to present an advanced antenna solution that will serve as the front end of

a future generation of RFID tags. This solution will successfully combine all of

the aforementioned requirements, allowing it to function as an independent po-

sition sensor. In order to accomplish these goals, the UHF band is utilised, with

the dual objectives of producing a tag that is compatible with the generations of

RFID tags that are currently in use and producing a tag that is energy independent

through the utilisation of dedicated RF energy showers [60]. In terms of localiza-

tion and communication operations, the antenna makes use of the well-established

Impulse Radio-Ultra Wideband (IR-UWB) technology. This technology has already
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demonstrated its effectiveness, particularly in an indoor environment, by achiev-

ing sub-meter localization precision through the signal back-scattered by the tag

itself despite the ultra-low power signals that are involved [60–62].

The authors of [63] designed a hybrid Ultra Wideband (UWB)-UHF antenna

that has a good matching response but has unsatisfactory performance from the

Axial Ratio (AR) perspective. The proposed solution draws its inspiration from this

work. In addition, the development of an antenna that is insensitive to the material

that is serving as the background is of the utmost significance in the case of the

anticipated application as a tag for the next generation. This results in an antenna

that can be used wherever it is necessary without affecting the response in any

way, regardless of the material that is in the background. Because of these reasons,

the current work begins with the preliminary findings of [64], in which a first idea

to shield the antenna was proposed, but only for the UWB band. An extended

shielding effect for both bands is presented in this chapter, along with a prototype

realisation of the effect. To the best of the author’s knowledge, this is the first High

Impedance Surface (HIS) that is able to guarantee both the Circular Polarization

(CP) and low back radiation in a frequency band (in the literature, only one of the

two results is achieved at a time), while also functioning as a shield at a frequency

that is completely unrelated to the first frequency (the UHF, in this case). The

layout is then modified slightly due to the conformal realisation of the antenna.

This additional step is taken to test the versatility of the proposed architecture

for future applications that require a deformation to function properly. A planar

Balanced to unbalanced unit (balun) is also added as a final step in order to ensure

a safe transition from the balanced antenna to the future diplexing network in

microstrip technology. This network is going to be in charge of the management

of simultaneous UWB communication and UHF Energy Harvesting (EH).
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2.2 hybrid antenna with circular polarization in uwb range

A schematic diagram of the hybrid antenna, which is referred to as "first antenna"

in the chapter, along with all of the parameters, is shown in Figure 2.1, and Table

2.1 lists the optimized values for the design parameters. As a first step, a paper sub-

strate (LS1 ×WS1) that has a dielectric constant (εrel) of 2.85, a thickness (h) of 5mm,

and loss tangent (tanδ) of 0.053 is used. It is possible to deduce from Fig. 2.1 that

the structure being discussed is made up of two distinct antennas. An archimedean

spiral antenna that transmits and receives signals in the lower European UWB fre-

quency range (3.1 - 4.8 GHz) and is used for the purposes of communication and

localization. In the meantime, the long dipole antenna, which is made up of the

meandered traces of the spiral in addition to the straight extensions (dark orange

coloured blocks in Fig. 2.1(a)), is operating at the UHF band (868MHz) and is also

considered to be a receiving antenna to receive the ElectroMagnetic (EM) energy

that is capable of guaranteeing its energy autonomy.
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Figure 2.1: First antenna (a) Front view (b) side view.

For the UWB antenna, the design rules adhere to the standard guidelines for

auto-complementary antennas presented in [65]. This means that the width of the

copper traces and the empty traces are identical. In order to achieve an AR that
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Table 2.1: Parameters of the first antenna.

Parameter Value (mm)

Ls1 130.20
Ws1 130.20
L1 63.60
W1 2.40
L2 48.20
L3 103.00

is lower than that found in [63], both the width and the number of turns have

been fine-tuned. There was a discernible increase not only in the length of the

spiral but also in its turns. In terms of the UHF antenna, the physical length of

the antenna is determined by the combination of its straight lines and spiral loops.

In terms of radiation, the close loops cancel each other out, and the far-field is

found to be horizontally polarized. In addition, the length of the dipole is longer

than the conventional half-wavelength; more specifically, it is 2.5 times as long as

the standard half-wavelength, as can be seen from the multiple resonances in the

reflection coefficient.

Figure 2.2 displays the simulated results of the first antenna. Figure 2.2(a,b) make

it abundantly clear that the antenna is operating flawlessly within the UHF and

UWB frequency bands. As a non-linear rectifier is foreseen as a load in the UHF

frequency range for EH reasons, the dipole antenna reflection coefficient is meas-

ured with respect to a 12 Ω resistance, which represents a quite typical value of the

rectifier’s input resistance at low impinging power levels [64]. This is done while

considering that |S11| at the antenna balanced port is less than -10 dB. On the

other hand, the UWB bandwidth is calculated relative to the standard impedance

of an Archimedean spiral, which is 120 Ω [65].

The number of turns (N) and the width (w) of the traces are the two most import-

ant critical parameters in a spiral antenna [66]. These two parameters contribute

the most in achieving the desired value of CP. In light of this, a comprehensive

parametric study was conducted on the design presented in [63], and Figure 2.2(c)
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Figure 2.2: Simulated results of the first antenna (a) Reflection coefficient for UHF band
(normalized to 12 Ω) (b) Reflection coefficient for UWB band (normalized to
120 Ω) (c) Axial Ratio (d) parametric analysis of AR (e) AR v/s θ (f) Gain.
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displays the obtained optimized response. In addition, it can be seen from Fig.

2.2(d) that an AR below 1 dB within the UWB range is achieved for N = 4.25 and

w = 2.4 mm. This is the case for the configuration in which the antenna footprint

is the largest. Since the objective of this antenna involves achieving CP within the

UWB range only, the AR in the UHF band is not optimized, but the radiated field

at this frequency results linear polarization (AR=40 dB)". In terms of the length of

the dipole, it is obviously capable of being tuned in accordance with the desired

matching condition. In this particular application, the antenna length corresponds

to the resonant condition (that is, the imaginary part of the antenna input port im-

pedance is equal to zero). However, of course, a proper tuning of the length can be

utilised in order to fulfil the conjugate matching condition with the RFID chip im-

pedance [63]. In addition, the variation of AR with respect to theta(θ) is displayed

in Figure 2.2(e) so that one can get a better understanding of how it varies across

the beamwidth. The gain performance of the first antenna can be seen in Figure

2.2(f), which improves slightly with increase in frequency.

Following this, an analysis of the antenna’s radiation performance is carried out,

as can be seen in Figure 2.3. In addition to frequencies in the UWB range (3–5 GHz),

the performance is demonstrated at the UHF frequency of 868 MHz as well. The

findings reveal without a doubt that the antenna emits radiation in the direction of

θ = 0◦ and θ = 180◦. This is because the structure is not supported by the ground

plane, and hence the antenna performance is also affected by the platform where

it is affixed. In order to ensure platform independency, an effective and wideband

shielding solution must be introduced in such a way that the radiation is maximum

in the broadside direction.

The use of a HIS is discussed next, which helps in mitigating back radiation.
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Figure 2.3: Simulated radiation characteristics (xz plane) of first antenna at (c) 3.5GHz (d)
4GHz (e) 4.5GHz (f) 5GHz.
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2.3 high impedance surfaces : a plausible solution for back shield-

ing

HISs, are typically made up of a combination of metallic patches placed on top

of a grounded dielectric substrate [67]. The HIS can be used as a Perfect Magnetic

Conductor (PMC). In contrast to Perfect Electric Conductor (PEC), a PMC does not

cause any phase shift in the reflected waves; as a result, the waves that are incident

and reflected continue to be coherent. The HIS structure for a UWB spiral antenna

designed on a 1 mm thick paper substrate is already been reported in [64]. The HIS

is re-optimized on the Rogers/RT duroid 6002 substrate (εrel=2.94, tan δ=0.0012,

h=0.508mm) because the fabrication process makes it difficult to achieve the pre-

cision of 1mm paper thickness. In addition to this, a novel inverted-L-shaped HIS

has also been designed on the same substrate in order to reduce the back radiation

caused by a UHF dipole. When it comes to the simulation setup, a fundamental

distinction can be seen between rectangular and circular HIS. The simulation can

be carried out in a rectangular HIS by utilizing only a unit cell, whereas in a cir-

cular HIS, a unit ring comprising a certain number of metallic patches needs to be

considered [68]. Figure 2.4 displays the entire HIS layer as well as the circular HIS.

Table 2.2 provides a summary of the parameters that were optimized for the HIS

layer. In this table, gr and gw refer to the distance between the rings and the gap

between the patches within a ring, respectively. The response to the circular HIS

can be found by following the instructions mentioned in [68].

To achieve a wideband performance, more HIS rings can be employed; however,

it is necessary that all the rings share a common phase response over the relevant

frequency range [69]. Four such rings are investigated in this work (shown in Fig-

ure 2.4(a)), with their phase responses tailored specifically to the UWB frequency

band. Figure 2.5 depicts the optimized phase response of the four unit rings, which

exhibits linear phase variation within the operating frequency range; then, in the

subsequent simulations, the HIS is taken into account as a whole (no more as a
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Figure 2.4: (a) Four HIS rings (innermost to outermost) and (b) complete HIS layer.

Table 2.2: Optimized parameters of HIS layer.

Parameter Value (mm)

WR1 10.10
WR2 9.49
WR3 9.42
WR4 9.49

gr 0.6
gw 0.4

WD 5.5
LD 9.8

combination of four separated unit rings). By introducing the same number of

patches along the X- and Y-direction, symmetry is preserved, which aids in the en-

hancement of CP in the UWB frequency range. By primarily adjusting the width

(WR1 – WR4) in Figure 2.4, the surface phase response can be tuned within the

desired frequency band. As the widths of the patches increase, the phase response

shown in Figure 2.5 shifts towards lower frequency ranges (left side). In a similar

way, an increase in the gap value between the patches causes a shift in the response

slightly to the right (higher frequency ranges). Additionally, the importance of cell

numbers to achieve linear phase response cannot be overstated. This is because
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Figure 2.5: Phase response of four circular HIS rings.

the curvature effect is reduced as more patches are added to the ring. All these

constraints help in tuning the desired HIS response within the frequency band of

interest.

Figure 2.4(b) shows that a conventional inverted-L shaped HIS is designed [70],

optimized, and placed behind the UHF band dipole antenna to act as a shield due

to the linearly (in this case, horizontally) polarized field radiated by the antenna. In

the following part of this chapter (Figure 2.9(a)), it is demonstrated that L-shaped

HIS does not completely cancel back radiation in the UHF range, but it does im-

prove efficiency from 57% to 76% in the UHF range. It follows that HIS plays

a crucial role in keeping the stack up low profile while still providing adequate

performance for both the spiral and dipole antennas.

2.4 high gain hybrid antenna embracing 3d printing technology

In order to avoid the complications associated with fabricating on a thick paper

substrate, the first antenna has also been redesigned on a 1.5 mm thick Rogers/RO

6002 substrate. Substrate properties parameter changes necessitate re-tuning of the
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antenna to achieve the desired performance. The front view of the final antenna

layout is shown in Fig. 2.6(a) with all the parameters (designated as second antenna

hereafter), while a perspective view with transparent antenna substrate is shown

in Fig. 2.6(b) for better visualization of the complete structure. Table 2.3 compiles

summaries of the antenna and HIS parameters and their corresponding values.

L
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W
1

L
1 L

2

L
3

L
g

W
g

(a) (b)

Figure 2.6: High gain hybrid antenna design: (a) top view; (b) perspective view (antenna
substrate is made transparent for better visualization). (second antenna).

Table 2.3: Optimized parameters of the second antenna and the HIS.

Parameter Value (mm) Parameter Value (mm)

WS 120 L1 58.4
WR1 10.10 gr 0.6
Wg 140 L2 52.2
WR2 9.49 gw 0.4
LS 120 L3 94.6

WR3 9.42 WD 5.5
Lg 140 W1 2.2

WR4 9.49 LD 9.8

Fig. 2.7(b) shows the antenna in cross-section. The antenna has six layers, as

shown in the figure: the hybrid antenna, Rogers RO/6002 substrate for antenna,
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air gap, HIS layer, Rogers RO/6002 substrate for HIS, and ground plane. An air

gap of 13 mm is introduced between the antenna and the HIS layer to improve

the antenna’s gain performance, which was diminished by the lower substrate

thickness. In addition, eight 3-D printed posts are used to hold up the uppermost

layer. Supporting structures (light blue cylinders) are printed using 3D technology

and utilise PLA filament with εrel=3.5 and tan δ=0.04.

1.2mm

2mm

(a) (b)

Hybrid
Antenna

Rogers6002(Antenna)

HIS Rogers6002(HIS)

Ground Plane

Airgap

Bi-filar
Feed

Posts

Figure 2.7: Proposed novel bi-filar feeding (a) top view (b) cross-section of complete an-
tenna structure (not to scale)

In addition, this work proposes a novel feeding mechanism to excite the hybrid

antenna. In Fig. 2.7(a) the feeding structure is shown. It consists of two conductors

inserted in a PLA cylinder. Since the proposed antenna has its excitation port at

the center of the spiral antenna, it is important that the characteristics impedance

of the bi-filar lines should be 120 Ω which is guaranteed when the gap between

the conductors is 1.2mm. The PLA cylinder not only provides insulation between

the conductors but also acts as an additional support for the antenna layer.

The second antenna simulation results are displayed in Figure 2.8. The UHF

antenna bandwidth, shown in Figure 2.8(a), is determined in a manner analogous

to that used for the earlier design, assuming the resistive part of a voltage-doubler

rectifier for low incident power, which in this case is 12Ω. UWB bandwidth, on

the other hand, is roughly estimated with a standard spiral antenna impedance
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[65] as depicted in Figure 2.8(b). The results demonstrate that both antennas are

operating efficiently within their designated frequency range.
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Figure 2.8: Simulated responses of second antenna (a) S11 for UHF band (normalized to
12 Ω) (b) S11 for UWB band (normalized to 120 Ω) (c) AR v/s Freq (d) AR v/s
θ.

Moving on to the next step, the results of second antenna for the AR and gain are

displayed in Figure 2.8(c–e), respectively. One can see from Figure 2.8(c,d) that the

AR of the antenna is less than 3 dB, which ensures CP throughout the entire UWB

range. In addition, the antenna’s gain performance is enhanced when configured

in a suspended fashion. The gain for the UWB range is ≥8 dBi, while for the UHF

band it is ∼4.8 dBi.

It is anticipated that the radiation characteristics of the second antenna should

get enhanced due to the fact that the HIS is now functioning as a PMC.
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Figure 2.8: Simulated responses of second antenna (e) Gain.

Figure 2.9 illustrates the simulated radiation patterns of the antenna’s E-field

at six different frequencies ranging from UHF to UWB. As can be seen from the

figures, the incorporation of HIS improves the back radiation by more than 20 dB

for the UWB band and 10 dB for the UHF band.
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Figure 2.9: Simulated radiation patterns of second antenna (xz plane) at (a) 868MHz (b)
3GHz
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Figure 2.9: Simulated radiation patterns of second antenna (xz plane) at (c) 3.5GHz (d)
4GHz (e) 4.5GHz (f) 5GHz.

2.4.1 Experimental validation

In order to demonstrate that the design is reliable, a prototype of the second an-

tenna has been fabricated (Fig. 2.10), and the characteristics of the reflection coef-

ficient have been measured using the Agilent Power Network Analyzer (PNA)

E8368B.

Due to the hindrance of direct measurement using balanced bi-filar lines by

directly attaching an instrument, one of the two conductors of the bi-filar line is

connected to a 120 Ω microstrip line (Fig. 2.10(c)) while other conductor is groun-
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(a) (b)

(c)

Figure 2.10: Fabricated prototype (a) Hybrid antenna layer (b) HIS layer (c) Ground plane
FR-4 layer with feed line

ded. The 120 Ω feed line is excited by a SMA connector, and a FR4 substrate

(εrel=4.4, h=1.6mm, tan δ=0.025) layer is added behind the ground plane to support

the microstrip line and the connector. This sudden change was accomplished for

the sole purpose of obtaining a first measurement that can prove the correctness

of the complex design. The development of a planar balun that is capable of trans-

forming the impedance level from 120 Ω to 50 Ω is, of course, the solution that

needs to be pursued in order to correctly tackle this issue. This additional step has

been completed later and is described in Section ??. Figure 2.11 demonstrates both

the simulated and experimental results that are normalized to 120 Ω.
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Figure 2.11: Simulated and measured reflection coefficient of the hybrid UWB antenna (a)
S11 for UHF band (normalized to 120Ω) (b) S11 for UWB band (normalized to
120Ω)

Because of the unconventional transition from bi-filar to microstrip line that was

used in the measurement, it can be seen in the figure that the results agree with

one another quite well. However, it should be noted that these results are distinct

from those that were presented earlier for the same reason.

2.5 dual plane hybrid conformal antenna with suspended his

A dual-plane conformal design of the second antenna is discussed in this section.

This investigation is motivated by the fact that a future realisation of the antenna

(with the diplexer, the EH circuitry, and the UWB backscatter modulator) is fore-

seen with flexible materials. This will allow the antenna to be easily located in a

broad range of placements and for a diverse collection of applications where local-

ization/tracking and energy autonomy are required. A wireless charging system

could be installed on the fuselage of a drone so that it can be powered up without

disrupting the flight. The parameters of this antenna are identical to the second

antenna design reported previously in this chapter. Figure 2.12 demonstrates the

simplified representation of the dual-plane conformal antenna. The bending is car-

ried out around a hemisphere with a radius of 100mm.
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(a) (b)

Figure 2.12: Dual plane conformal antenna with suspended HIS (a) Front view (b) side
view

During the process of bending the stacked antenna, it was noticed that the

inverted-L-shaped HIS was no longer located behind the UHF antenna as was

anticipated. This is an important point to take into consideration here. Because of

this, the effect of the HIS at the UHF frequency was rendered entirely ineffective.

In order to find a solution to this issue, the size of the HIS layer was increased by

a factor of 1.05, because of which the antenna yields a total size of 126×126 mm2.

The EM simulation of the antenna is performed in CST MWS and simulation

results are displayed in Figure 2.13(a-f). The findings make it clear that the antenna

is capable of functioning in both the UHF band and the UWB band.

Despite the significant bending, the AR performance of the antenna has not

been compromised in any way, and it continues to provide CP throughout the

entire UWB range. Figure 2.13(d) illustrates the gain performance. When compared

to the second antenna design, the bending causes a reduction in the gain of the

conformal antenna; however, this gain is still sufficient for the intended purposes.

As was discussed earlier, when an antenna is bent, the UHF antenna becomes more

susceptible to damage because it is located closer to the edges of the substrate. As

a result, there is a noticeable decrease in the gain at the UHF band, which is 1 dBi

at 868 MHz.
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Figure 2.13: Simulated responses of dual plane conformal antenna (a) S11 for UHF band
(normalized to 12 Ω) (b) S11 for UWB band (normalized to 120 Ω) (c) AR v/s
Freq (d) AR v/s θ (e) Gain.
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Moving on, the simulated radiation characteristics of the conformal antenna at

UHF and within the UWB frequency range are shown in Fig. 2.14.
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Figure 2.14: Simulated radiation patterns of dual plane conformal antenna (xz plane) at (a)
868MHz (b) 3GHz (c) 3.5GHz (d) 4GHz (e) 4.5GHz (f) 5GHz.

The UHF frequency band is where the majority of the back radiation is observed

(with a Front-to-back ratio (FBR) of 3 dB). This is because when the antenna is bent

in both planes, the UHF antenna, which is already located at the edge of the sub-

strate, becomes more susceptible to back radiation and causes the antenna to flex.

It is important to note that desired performance was accomplished by slightly in-

creasing the HIS, as was described earlier. This was the reason for the improvement.
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Figure 2.14: Simulated radiation patterns of dual plane conformal antenna (xz plane) at (c)
3.5GHz (d) 4GHz (e) 4.5GHz (f) 5GHz.

When looking at Fig. 2.14(b-f), we can see that the back radiation is less than -15dB

for entire UWB frequency range.

2.6 uni port dual band hybrid antenna : complete solution

A Balanced to unbalanced unit (balun) is a strategic part that needs to be developed

for a direct connection of the dual-mode antenna to a 50 Ω instrumentation. This

was previously discussed, and it is important to note that in order to feed the spiral

antenna using the bi-filar line feeding structure reported in this chapter, a balun is

required. As can be seen in Figure 2.15, one such balun is designed in accordance

with the rules presented in [71] on a Rogers/RO 6002 substrate that has a thickness

of 0.508 mm (εrel = 2.94, tan δ = 0.0012). It is made up of an un-grounded planar

120 Ω bi-filar line, as a prosecution of the vertical one whose top side is the port

1, followed by an open stub that is partially grounded and a microstrip line that is

grounded, as well as a microstrip impedance step in order to reach the 50 Ω at the

output port (port 2). In Table 2.4, the parameters of the balun are summarised.

The simulation results of the balun are illustrated in Figure 2.16. Within the

UWB band, the transmission parameter (S21) varies between -1.2dB and -1.5dB as
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Figure 2.15: Balanced to Unbalanced (Balun) design (a) Top view (b) ground plane

Table 2.4: Optimized dimensions of the proposed balun.

Parameter Value (mm) Parameter Value (mm)

BL1 5 BG1 20
BLin 8 Lgb 60
BL2 12.4 BG2 9.3
Wb 2.4 Wgb 60
BL3 14.4 BG3 27
BG4 15 Ws 1.4

shown in Fig. 2.16(a). At 868 MHz, performance is marginally subpar but is still

considered satisfactory. Naturally, the design of the balun is the result of a careful

negotiation between the performance in the two different frequency ranges that

are very far apart. After that, this balun is inserted behind the second antenna

design.

Since the footprints of the second antenna are larger than the balun, the length

of the 50-Ω feed line length (BLin) is increased to 52.6mm. Figure 2.17 depicts the

simulation results of the complete antenna structure.

It can be concluded from the figures that the antenna is operating as expected.

However, the AR performance of the antenna suffers slightly and decreases at the
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Figure 2.16: Simulated S-parameter results of planar balun at (a) UHF band (b) UWB band

beginning of the UWB band. However, within most of the UWB range the AR

performance remains intact. The antenna has a good gain, with a peak value of 8.6

dBi at 4.7 GHz, an average gain of more than 7 dBi in the entire UWB band, and a

gain of 3 dBi at the UHF frequency.
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Figure 2.17: Simulated responses of dual-band hybrid antenna (a) S11 for UHF band (nor-
malized to 12 Ω) (b) S11 for UWB band (normalized to 120 Ω)

The radiation characteristics of the antenna are then computed at each of the

six frequencies shown in Figure 2.19. Following the installation of the balun, it is

possible to draw the conclusion that the performance of the antenna has not been
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Figure 2.17: Simulated responses of dual-band hybrid antenna (c) AR v/s Freq (d) AR v/s
θ (e) Gain.
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Figure 2.18: Simulated radiation patterns of the conformal antenna (xz plane) at (a)
868MHz (b) 3GHz



40 planar structure-1 : uni-port dual-band microstrip antenna

0
3 0

6 0

9 0

1 2 0

1 5 0
1 8 0

2 1 0

2 4 0

2 7 0

3 0 0

3 3 0

- 2 0

- 1 0

0

- 2 0

- 1 0

0

(a)

0
3 0

6 0

9 0

1 2 0

1 5 0
1 8 0

2 1 0

2 4 0

2 7 0

3 0 0

3 3 0

- 2 0

- 1 0

0

- 2 0

- 1 0

0

(b)

0
3 0

6 0

9 0

1 2 0

1 5 0
1 8 0

2 1 0

2 4 0

2 7 0

3 0 0

3 3 0

- 2 0

- 1 0

0

- 2 0

- 1 0

0

(c)

0
3 0

6 0

9 0

1 2 0

1 5 0
1 8 0

2 1 0

2 4 0

2 7 0

3 0 0

3 3 0

- 2 0

- 1 0

0

- 2 0

- 1 0

0

(d)

Figure 2.19: Simulated radiation patterns of the conformal antenna (xz plane) at (c) 3.5GHz
(d) 4GHz (e) 4.5GHz (f) 5GHz

compromised, and it is able to reduce the amount of back radiation at both the

UHF and the UWB bands. Due to asymmetric etching from the ground plane, the

HIS response is affected which in turn slanted the radiation patterns slightly.

The results of a study that compared the proposed antenna with previously

published research are summarised in table 2.5. It is clear from the table that the

primary benefits of the proposed antenna are its single-port nature, which guar-

antees an easier feeding network, a more compact layout, the CP within the UWB

band, and its ability to operate independently of any platform because of HIS. In

addition, the robustness with regard to dual-plane bending, which is something
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Table 2.5: Comparison of the proposed antenna with the existing literature.

Ref. Separate
Antennas

No. of
Antenna Ports

Circular Polarization
(in UWB Band)

Insensitive to
Background Material

Robustness
wrt Deformation

Energy Harvesting
Arrangement

[59] yes 2 no no N.A. no
[63] no 1 yes no N.A. yes
[72] no 2 no no N.A. yes
[73] yes 2 no yes N.A. no
[74] yes 2 no no N.A. no
[75] yes 2 yes yes N.A. no
[76] yes 2 yes yes N.A. no

This work no 1 yes yes yes yes

that is not always studied in the literature, is very encouraging. Because of this,

the proposed antenna proves its candidacy for the next-generation RFID systems.

2.7 summary

A uni-port dual-band circularly polarized antenna has been discussed in this

chapter. The presented antenna serves dual purposes in two different bands,

i.e. energy autonomy in the UHF band and communication/localization in the

UWB band. The CP in the UWB band is controlled simultaneously with the back-

radiation mechanism at widely separated frequencies thanks to a suspended high-

impedance surface designed and deployed behind the antenna for the first time.

The proposed multi-layer architecture’s mechanical stability and novel bi-filar feed-

ing strategy owe a great deal to the use of 3D-printed posts. Despite the bidirec-

tional bending, the structure reveals itself to be quite robust to mechanical changes,

so a conformal design of the proposed hybrid antenna is studied for future tech-

nological systems like drones that would require wireless charging while in flight.

With the addition of a diplexing network, a harvesting section, and a back-scatter

modulator, the proposed radiating system will be ready to take on a pivotal role

in the next generation of RFID tags.
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P L A N A R S T R U C T U R E - 2 : C R O S S

P O L A R I Z AT I O N C O N V E RT E R F O R S W B

A P P L I C AT I O N S

This chapter is based on the following publication:

• S. Agarwal, G. Murtaza, A. Costanzo and D. Masotti, "A Super Wideband An-

gularly Stable Metasurface for Cross Polarization Conversion Applications," 2021

IEEE MTT-S International Microwave and RF Conference (IMARC), 2021, pp. 1-4,

doi: 10.1109/IMaRC49196.2021.9714591.

3.1 introduction

This chapter focuses on the characteristics of radiation exhibited by periodic struc-

tures. Planar Metasurface (MS) based on metamaterials have been extensively re-

searched in recent years due to their wide range of applications in various fields

such as planar optics, anomalous refraction, angular momentum of light, optical

vortex generation, and polarization conversion. The polarization of ElectroMag-

netic (EM) waves is a crucial factor in the operation of certain devices, and trans-

forming one type of polarization into another can be both advantageous and dif-

ficult. Traditional methods such as the Faraday effect and the optical activity of

crystals have limitations, making metasurfaces a potential solution.

43
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Different MS-based structures have been proposed in the literature to monitor

and control the polarization of EM waves over a large bandwidth. For example, a

dual-band anisotropic MS with cross-polarization conversion is presented in [77],

which operates in the 5–9.7 GHz and 11.2–15 GHz frequency bands. In [78], an

elliptical disk-ring-shaped reflective cross-polarization converter with dual-band

operation (6.99–9.18 GHz and 11.66–20.40 GHz) and high conversion efficiency is

reported. An angularly stable MS with high conversion efficiency is proposed in

[79], which operates from 17.46 GHz to 29.85 GHz and has a Polarization Conver-

sion Ratio (PCR) value of more than 98% throughout the operating range.

An asymmetric V-shaped resonator-based Ultra Wideband (UWB) MS for po-

larization conversion is presented in [80], which uses symmetric and asymmetric

modes of excitation to generate multiple resonances using resonators of different

sizes. The authors also designed a double-headed arrow-shaped MS for polariza-

tion conversion in [81]. In [82], a double-slit Split Ring Resonator (SRR)-based MS

for cross-polarization and operating in the UWB frequency band is proposed. The

same authors also reported another MS serving dual purposes of CPC and linear

to circular polarization (LP-to-CP) conversion in X-band in [83]. A circular SRR

with a ring printed-based MS for CPC applications is presented in [84]. Another

dual-band anisotropic MS for CPC applications is reported in [85]. In [86], a MS

composed of double-slit circular SRR with a Swiss-cross in the middle is reported

for CPC applications.

The proposed MSs in the above-mentioned literature either have larger foot-

prints or narrow bandwidth. Therefore, a small, flat, ultra wideband MS that is

also stable in response to variations in incident wave angle is the need of the hour.

One such MS fulfilling the above requirements is discussed in this chapter. The

design has miniaturized footprints, covering a wide frequency range (11–35GHz)

with a high degree of angular stability w.r.t. oblique incident up to 40◦. In Sec-

tion 3.2, the conceptualization of the MS and corresponding results are discussed.
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Next, the angular stability of the proposed MS is shown in Section 3.3. In the last,

conclusions are drawn in Section 3.4.

3.2 cross polarization converter for swb applications

In order to design the MS for Cross Polarization Conversion (CPC) applications

having sufficiently large bandwidth, a Rogers/RT 5880 substrate with the dielectric

properties (εrel=2.2, tan δ =0.0009) and height h=2.4mm is utilised. The final layout

of the proposed MS is shown in Fig. 3.1. Parameter values that have been optimised

through iterative analysis are shown in Table 3.1.
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Figure 3.1: Final layout of the proposed MS (a) perspective View (b) Top view.

Table 3.1: Optimized parameters of proposed MS for CPC applications.

Parameter Value (mm) Parameter Value (mm)

W 4 d2 0.2
L 3.5 g1 0.8
d1 0.6 g2 0.4
Rin 0.55 – –
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In order to design the proposed MS, a square substrate with dimensions of

W ×W mm2 is used, as can be seen in Figure 3.1. A circular SRR and a square SRR

are designed on the top of the substrate, while the opposite side of the substrate

has a complete ground plane. The SRRs and the ground plane are both designed

with 35 microns thick copper. An electric current flows only along the side of an

SRR where the applied electric field is parallel to the no-spilt-bearing side. Instead,

electric current flows along both the spilt bearing side and the perpendicular (the

side with no split) side when an electric field is applied along a spilt bearing side.

Applying this knowledge, two gaps are created in the adjacent sides of the

square SRR—one gap for each linearly polarized impinging field. Plasmon res-

onances at higher frequencies can be generated with the help of the inner circu-

lar SRR, which helps to achieve a Super Wideband (SWB) response. Fig. 3.2 (a,b)

demonstrates the simulation results in terms of the co-polarized and the cross-

polarized ratios as defined in the next parts of this chapter. It’s possible that the

reader will have a question about the absence of a cross-polarized component after

looking at the figures. As can be observed that the electric field is along the split

bearing side of the SRR, it excites the current in both sides (with and without split)

of the SRR. Nevertheless, the excited currents on the other side (the side with

no split) are flowing in the opposite direction from one another; as a result, their

effects cancel each other out [87].

CST Microwave Studio was used to design and simulate the proposed MS.

Within the simulation setup, a Floquet port is utilised in the +Z direction, while

periodic boundary conditions are utilised for the X- and Y-axes. An X-polarized

wave, when falls on the MS, generates a co-polarized component known as Rxx as

well as a cross-polarized component (Ryx) upon reflection.

Mathematically, Rxx and Ryx can be defined as Eq. (3.1):

Rxx =
|Erx|
|Eix|

, Ryx =
|Ery|
|Eix|

(3.1)
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Figure 3.2: Co-polarized and cross-polarized reflection coefficient for single split cell (a)
X-polarized wave (b) Y-polarized wave

Here, Er and Ei denotes the E fields of the reflected and incident wave, respect-

ively. Therefore, the co-polarized component is the ratio of E-fileds of identically

polarized waves while the cross-polarization refers to the ratio of E-fields of Y-

polarized reflected wave to the X-polarized incident wave. In the similar fashion,

for Y-polarized waves, and the two ratios are defined as Ryy (co-polarized) and Rxy

(cross-polarized).

The PCR is a performance indicator that is used to evaluate the effectiveness of

the polarization conversion, and its definition is as follows:

PCR =
|Ryx|2

|Rxx|2 + |Ryx|2
(3.2)

The simulation results of proposed MS, when excited with X- and Y-polarized

waves are depicted in Figure 3.3(a) and (b), respectively. The proposed MS can

be seen to operate between 11 and 35 GHz, with three resonances located at 12.24,

16.95, and 30.22 GHz, respectively, as shown in Fig. 3.3(a). At these frequencies,

the MS acts as an almost ideal polarization converter. This behaviour can also be

verified by the PCR values displayed in Figure 3.4. Similarly, simulation results

for the Y-polarized impinging waves are depicted in Fig. 3.3(b) in terms of co-
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Figure 3.3: Co- and cross-polarized components for (a) X and (b) Y-polarized incident
wave.
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Figure 3.4: Efficiency of polarization conversion of the proposed MS.

polarized and cross-polarized components. The proposed MS, as demonstrated, is

effective across the operating range for vertically polarized waves.

The PCR versus frequency response is depicted in figure 3.4 for the purpose of

validating the polarization conversion efficiency of the proposed MS. The figure

makes it very clear that the PCR is significantly higher than the threshold value of

60% (or 0.6 on the normal scale) [85] across the entire operating range.
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3.3 stability analysis for oblique incidence

In the real world, it is never possible to have only normal incident waves. In order

to be in compliance with this, the MSs should also respond for incident waves that

arrives from an angle other than normal. For both horizontally and vertically po-

larized waves, an oblique incident angle of up to 40◦ is considered while analyzing

the proposed MS.
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Figure 3.5: Angular stability response for oblique incidence (a) Rxx (b) Ryx (c) Ryy (d) Rxy.

The co- and cross-polarized components of a horizontally (X) polarized wave are

shown in Fig. 3.5(a) and (b), respectively. While Fig. 3.5 (c) and (d) demonstrates

the co- and cross-polarized components for a vertically (Y) polarized wave. It can
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be concluded from these figures that the proposed MS is functional across the

entire frequency band for incident waves with an angle of up to 40 degrees.

3.3.1 A novel approach for stability analysis under oblique incidence

To establish the angular stability of a MS, S-parameter analysis is mostly used.

However, there is a lack of information regarding the excitation of MSs and the

measurement of reflection angles in the existing literature. In this work, another

approach to analyze the angular stability of an MS is reported. The method was

successfully verified by EM simulations on three distinct MS configurations having

3×3, 6×6, and 9×9 unit cells respectively. In Figure 3.6(a) and (b), respectively, we

see a schematic representation of the MS and the simulation setup that corresponds

to it.

z
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θ=0o

Normal 

Incidence

θ=Xo

Oblique 

Incidence

(b)

Figure 3.6: (a) Metasurface of 9×9 unit cells (b) Simulation setup.

The simulation was carried out for different incidence angles: normal incidence

(θi=0◦), oblique incidence (θi=15◦, 35◦, 40◦, 45◦, 60◦). The direction of the reflected
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beam changes depending on the incidence angle, as can be observed from the

results displayed in Figs. 3.7(a-r). In the case of normal incidence, as shown in

Figure 3.7(a,g,m), the direction of the reflected beam is at θr=0◦; however, in the

case of oblique incidence of 15◦, as shown in Figure 3.7(b,h,n), the beam is observed

at θr=15◦; therefore, it can be concluded that the reflected beam complies with the

reflection law. This is also the case when θi ≤ 40◦ (Fig. 3.7(c,d,i,j,o,p)). On the other

hand, when θi > 40◦ the angle of the reflected beam varies with frequency and

is not identical to the angle of the incident beam. Based on these figures, it can

be established beyond a reasonable doubt that the proposed MS is stable for an

oblique incidence of up to 40 degrees.
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Figure 3.7: Reflection angle measurement results for proposed MS. (S indicates the size of
the MS)
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Figure 3.7: Reflection angle measurement results for proposed MS. (S indicates the size of
the MS)
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Figure 3.7: Reflection angle measurement results for proposed MS. (S indicates the size of
the MS)
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Figure 3.7: Reflection angle measurement results for proposed MS. (S indicates the size of
the MS)

In addition, it can be concluded from Fig. 3.7 (θi=0◦,15◦) that as the size of the

MS increases, the reflected beam starts to shrink, which indicates that of course,

the gain of the reflecting surface increases with the size. This is as a result of the

fact that as area increases, more power falls (hence less spillover) on the MS, which

is responsible for the strong reflections.

A comparative study is conducted with the existing literature, and the findings

are summarized in Table 3.2. It can be concluded that the proposed MS yields a

higher bandwidth while maintaining miniaturized footprints.

Table 3.2: Comparison study with previous work.

Reference Bandwidth

(GHz)

Size(%) compared

to the proposed work

[77] 5 - 9.7 &11.2 − 15 67.3

[78] 7 - 9.18 &11.66 − 20.40 84

[79] 16 - 32 36

[80] 6.7 - 20.7 84

[81] 6.2 - 24.3 55.5

Continued on next page
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Table 3.2: Comparison study with previous work. (Continued)

[82] 5 - 15 67.3

[84] 4.2 - 13.9 84

[85] 7.4 - 10.5 &12.7 − 20 67.3

[86] 5.7 - 11.4 84

[88] 9.44 - 22.38 63.3

Proposed work 10.92 - 35 –

3.4 summary

The chapter focuses on a super wideband MS that is also stable for incoming

waves impinging from an angular direction. The proposed MS has an operating

frequency range starting from 11 to 35 GHz. An incident wave with X-polarization

can be converted into a Y-polarized wave, and vice versa. In addition, performance

under oblique incident waves is also investigated, and the results demonstrate

that the proposed design operates effectively up to 40 degrees.The polarization

conversion challenges faced by SWB applications may have a possible answer in

the form of the proposed MS.





4
P L A N A R S T R U C T U R E - 3 : I N T E L L I G E N T

R E F L E C T I V E S U R FA C E S

4.1 introduction

The theoretical conceptualisation of manipulation of EM waves by playing with the

properties of material was first reported in [25]. These were named Metamaterials.

Later in 2001, an experimental validation was performed and reported in [89]. The

prototype and the experimental setup are shown in Fig. 4.1 (a) and (b), respectively.

As shown in Fig. 4.1 (a), a square split ring resonator structure was printed on a

0.25mm thick G10 fibreglass circuit board material. The rings and wires are on

opposite sides of the boards, and the boards have been cut and assembled into an

interlocking lattice.

In Fig. 4.1(b), the experimental setup used to measure the Metasurface (MS)

properties is shown where the fabricated sample and the microwave absorber are

kept between two aluminium plates. These plates are circular in shape with a ra-

dius of 15cm. The distance between these plates is 1.2cm. The black arrow indicates

the direction of the beam refracted by the material of the positive index. The trans-

mitted power spectrum was measured as a function of angle, θ, from the interface

normal while the detector was rotated around the circumference of the circle in

1.5◦ increments. A waveguide to coaxial adapter with a typical X-band waveguide

attached to it served as the detector.
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aluminum plates. The top plate had a pivot in
the center, about which an attached X-band
microwave waveguide could be rotated to
measure transmitted power at arbitrary re-
fraction angles. The incident face of the prism
was illuminated with a beam of microwaves
whose electric field was polarized such that it
was uniform and perpendicular to the metal
plates and parallel to the wires shown in Fig.
1 (transverse magnetic polarization). Any re-
fraction from the first surface would be
caused by components of the incident beam
containing angles of incidence away from the
normal. To reduce the angular spread of
the incident beam caused by diffraction from
the source, we introduced the microwaves
through a coaxial cable to waveguide adapter,
1 m distant from the sample. The waves were
then guided by two flat sheets of aluminum
whose spacing matched that of the circular
plates (1.2 cm) and were laterally confined by
sheets of absorber placed 9.3 cm apart.

After propagating through the sample, the
microwave beam encounters the second sur-
face of the prism, the refraction interface, and
is refracted into a direction determined by
Snell’s law. To measure the exit angle, we
rotated the waveguide/power meter assembly
in 1.5° steps and recorded the transmitted
power spectrum over the entire X-band range
at each step, using an HP8756A scalar net-
work analyzer. Experiments were performed

with a prism-shaped LHM sample, as well as
with a similarly shaped Teflon sample as a
control. The normal to the LHM refraction
surface was at an angle of 18.43° with respect
to the normal of the incident surface. As can
be seen in Fig. 3, at 10.5 GHz, the micro-
waves were refracted to positive angles as
expected for the Teflon sample and to the
opposite side (i.e., negative u side) of the
normal for the LHM sample. The Teflon data
show refraction as would be predicted for
nTeflon 5 1.4 6 0.1, whereas for the LHM,
the measured exit angle of uair 5 261° im-
plies that nLHM 5 22.7 6 0.1.

Permeability, permittivity, and refractive
index are bulk, effective medium properties.
Although our metamaterial consists of dis-
crete scattering elements, it may be approxi-
mated as an effective medium for wave-
lengths that are larger than the unit cell size.
The LHM used in these experiments had a
unit cell dimension of 5 mm, a factor of 6
smaller than the X-band (8 to 12 GHz) center
wavelength of 3 cm. Previous studies have
shown that frequency-dependent, effective
material parameters describe well the trans-
mission of normally incident plane waves
through a planar slab of this material (4).

Although the structured LHM generally
behaves analogously to a uniform material
over the wavelengths studied, the finite unit
cell size leads to an unavoidable corrugation

of the refraction surface. We confirmed that
this corrugation, in conjunction with reflec-
tion at the interface, introduces modulations
into the observed angular transmission pat-
terns, by observing the angular transmission
from a Teflon sample that had been cut with
a step pattern identical to that of the LHM
sample (8). To present an average represen-
tation of the LHM data, we recorded trans-
mitted power as a function of frequency and
refraction angle for eight different sample
positions. The nonequivalent positions were
obtained by translating the LHM sample
along the refraction surface in 2-mm steps.
The eight sets of data were then averaged
together and the results are shown in Fig. 3.
The refraction peaks of all of the individual
traces were positioned at similar negative
angles.

Although negative refractive index does
not violate any fundamental laws, causality
places restrictions on the analytic form for the
index as a function of frequency (9). Using
Eqs. 1 and 2 as the generic forms of the
frequency-dependent material parameters ε
and m (4–6), we can determine the expected
frequency dependence of the index of
refraction:

m~v!

m0
5 1 2

vmp
2 2 vmo

2

v2 2 vmo
2 1 igv

(1)

where vmo is the magnetic resonance fre-
quency, vmp is the “magnetic plasma fre-
quency,” i 5 =21, and

ε~v!

ε0
5 1 2

vep
2 2 veo

2

v2 2 veo
2 1 igv

(2)

where veo is the electronic resonance fre-

Fig. 1. Photograph of the left-
handed metamaterial (LHM)
sample. The LHM sample con-
sists of square copper split ring
resonators and copper wire strips
on fiber glass circuit board ma-
terial. The rings and wires are on
opposite sides of the boards, and
the boards have been cut and
assembled into an interlocking
lattice.

Fig. 2. Diagram of experimental
setup. The sample and the mi-
crowave absorber were placed
between top and bottom paral-
lel, circular aluminum plates
spaced 1.2 cm apart. The radius
of the circular plates was 15 cm.
The black arrows represent the
microwave beam as would be re-
fracted by a positive index sam-
ple. The detector was rotated
around the circumference of the
circle in 1.5° steps, and the
transmitted power spectrum was
measured as a function of angle,
u, from the interface normal. The detector was a waveguide to coaxial adapter attached to a
standard X-band waveguide, whose opening was 2.3 cm in the plane of the circular plates. u as
shown is positive in this figure.

Fig. 3. Transmitted power at 10.5 GHz as a
function of refraction angle for both a Teflon
sample (dashed curve) and a LHM sample (solid
curve). The two curves were normalized such
that the magnitude of both peaks is unity. For
the Teflon sample, the refracted power peak
was measured to be 27°, corresponding to a
positive index of refraction of 1.4 6 0.1. For the
LHM sample, the peak was at 261°, from which
we deduce the index of refraction to be 22.7 6
0.1. The beam width is set by diffraction at the
exit of the incident channel and the angular
sensitivity of the detector and is similar to the
beam width that is measured without a sample
in place.
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aluminum plates. The top plate had a pivot in
the center, about which an attached X-band
microwave waveguide could be rotated to
measure transmitted power at arbitrary re-
fraction angles. The incident face of the prism
was illuminated with a beam of microwaves
whose electric field was polarized such that it
was uniform and perpendicular to the metal
plates and parallel to the wires shown in Fig.
1 (transverse magnetic polarization). Any re-
fraction from the first surface would be
caused by components of the incident beam
containing angles of incidence away from the
normal. To reduce the angular spread of
the incident beam caused by diffraction from
the source, we introduced the microwaves
through a coaxial cable to waveguide adapter,
1 m distant from the sample. The waves were
then guided by two flat sheets of aluminum
whose spacing matched that of the circular
plates (1.2 cm) and were laterally confined by
sheets of absorber placed 9.3 cm apart.

After propagating through the sample, the
microwave beam encounters the second sur-
face of the prism, the refraction interface, and
is refracted into a direction determined by
Snell’s law. To measure the exit angle, we
rotated the waveguide/power meter assembly
in 1.5° steps and recorded the transmitted
power spectrum over the entire X-band range
at each step, using an HP8756A scalar net-
work analyzer. Experiments were performed

with a prism-shaped LHM sample, as well as
with a similarly shaped Teflon sample as a
control. The normal to the LHM refraction
surface was at an angle of 18.43° with respect
to the normal of the incident surface. As can
be seen in Fig. 3, at 10.5 GHz, the micro-
waves were refracted to positive angles as
expected for the Teflon sample and to the
opposite side (i.e., negative u side) of the
normal for the LHM sample. The Teflon data
show refraction as would be predicted for
nTeflon 5 1.4 6 0.1, whereas for the LHM,
the measured exit angle of uair 5 261° im-
plies that nLHM 5 22.7 6 0.1.

Permeability, permittivity, and refractive
index are bulk, effective medium properties.
Although our metamaterial consists of dis-
crete scattering elements, it may be approxi-
mated as an effective medium for wave-
lengths that are larger than the unit cell size.
The LHM used in these experiments had a
unit cell dimension of 5 mm, a factor of 6
smaller than the X-band (8 to 12 GHz) center
wavelength of 3 cm. Previous studies have
shown that frequency-dependent, effective
material parameters describe well the trans-
mission of normally incident plane waves
through a planar slab of this material (4).

Although the structured LHM generally
behaves analogously to a uniform material
over the wavelengths studied, the finite unit
cell size leads to an unavoidable corrugation

of the refraction surface. We confirmed that
this corrugation, in conjunction with reflec-
tion at the interface, introduces modulations
into the observed angular transmission pat-
terns, by observing the angular transmission
from a Teflon sample that had been cut with
a step pattern identical to that of the LHM
sample (8). To present an average represen-
tation of the LHM data, we recorded trans-
mitted power as a function of frequency and
refraction angle for eight different sample
positions. The nonequivalent positions were
obtained by translating the LHM sample
along the refraction surface in 2-mm steps.
The eight sets of data were then averaged
together and the results are shown in Fig. 3.
The refraction peaks of all of the individual
traces were positioned at similar negative
angles.

Although negative refractive index does
not violate any fundamental laws, causality
places restrictions on the analytic form for the
index as a function of frequency (9). Using
Eqs. 1 and 2 as the generic forms of the
frequency-dependent material parameters ε
and m (4–6), we can determine the expected
frequency dependence of the index of
refraction:

m~v!

m0
5 1 2

vmp
2 2 vmo

2

v2 2 vmo
2 1 igv

(1)

where vmo is the magnetic resonance fre-
quency, vmp is the “magnetic plasma fre-
quency,” i 5 =21, and

ε~v!

ε0
5 1 2

vep
2 2 veo

2

v2 2 veo
2 1 igv

(2)

where veo is the electronic resonance fre-

Fig. 1. Photograph of the left-
handed metamaterial (LHM)
sample. The LHM sample con-
sists of square copper split ring
resonators and copper wire strips
on fiber glass circuit board ma-
terial. The rings and wires are on
opposite sides of the boards, and
the boards have been cut and
assembled into an interlocking
lattice.

Fig. 2. Diagram of experimental
setup. The sample and the mi-
crowave absorber were placed
between top and bottom paral-
lel, circular aluminum plates
spaced 1.2 cm apart. The radius
of the circular plates was 15 cm.
The black arrows represent the
microwave beam as would be re-
fracted by a positive index sam-
ple. The detector was rotated
around the circumference of the
circle in 1.5° steps, and the
transmitted power spectrum was
measured as a function of angle,
u, from the interface normal. The detector was a waveguide to coaxial adapter attached to a
standard X-band waveguide, whose opening was 2.3 cm in the plane of the circular plates. u as
shown is positive in this figure.

Fig. 3. Transmitted power at 10.5 GHz as a
function of refraction angle for both a Teflon
sample (dashed curve) and a LHM sample (solid
curve). The two curves were normalized such
that the magnitude of both peaks is unity. For
the Teflon sample, the refracted power peak
was measured to be 27°, corresponding to a
positive index of refraction of 1.4 6 0.1. For the
LHM sample, the peak was at 261°, from which
we deduce the index of refraction to be 22.7 6
0.1. The beam width is set by diffraction at the
exit of the incident channel and the angular
sensitivity of the detector and is similar to the
beam width that is measured without a sample
in place.
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aluminum plates. The top plate had a pivot in
the center, about which an attached X-band
microwave waveguide could be rotated to
measure transmitted power at arbitrary re-
fraction angles. The incident face of the prism
was illuminated with a beam of microwaves
whose electric field was polarized such that it
was uniform and perpendicular to the metal
plates and parallel to the wires shown in Fig.
1 (transverse magnetic polarization). Any re-
fraction from the first surface would be
caused by components of the incident beam
containing angles of incidence away from the
normal. To reduce the angular spread of
the incident beam caused by diffraction from
the source, we introduced the microwaves
through a coaxial cable to waveguide adapter,
1 m distant from the sample. The waves were
then guided by two flat sheets of aluminum
whose spacing matched that of the circular
plates (1.2 cm) and were laterally confined by
sheets of absorber placed 9.3 cm apart.

After propagating through the sample, the
microwave beam encounters the second sur-
face of the prism, the refraction interface, and
is refracted into a direction determined by
Snell’s law. To measure the exit angle, we
rotated the waveguide/power meter assembly
in 1.5° steps and recorded the transmitted
power spectrum over the entire X-band range
at each step, using an HP8756A scalar net-
work analyzer. Experiments were performed

with a prism-shaped LHM sample, as well as
with a similarly shaped Teflon sample as a
control. The normal to the LHM refraction
surface was at an angle of 18.43° with respect
to the normal of the incident surface. As can
be seen in Fig. 3, at 10.5 GHz, the micro-
waves were refracted to positive angles as
expected for the Teflon sample and to the
opposite side (i.e., negative u side) of the
normal for the LHM sample. The Teflon data
show refraction as would be predicted for
nTeflon 5 1.4 6 0.1, whereas for the LHM,
the measured exit angle of uair 5 261° im-
plies that nLHM 5 22.7 6 0.1.

Permeability, permittivity, and refractive
index are bulk, effective medium properties.
Although our metamaterial consists of dis-
crete scattering elements, it may be approxi-
mated as an effective medium for wave-
lengths that are larger than the unit cell size.
The LHM used in these experiments had a
unit cell dimension of 5 mm, a factor of 6
smaller than the X-band (8 to 12 GHz) center
wavelength of 3 cm. Previous studies have
shown that frequency-dependent, effective
material parameters describe well the trans-
mission of normally incident plane waves
through a planar slab of this material (4).

Although the structured LHM generally
behaves analogously to a uniform material
over the wavelengths studied, the finite unit
cell size leads to an unavoidable corrugation

of the refraction surface. We confirmed that
this corrugation, in conjunction with reflec-
tion at the interface, introduces modulations
into the observed angular transmission pat-
terns, by observing the angular transmission
from a Teflon sample that had been cut with
a step pattern identical to that of the LHM
sample (8). To present an average represen-
tation of the LHM data, we recorded trans-
mitted power as a function of frequency and
refraction angle for eight different sample
positions. The nonequivalent positions were
obtained by translating the LHM sample
along the refraction surface in 2-mm steps.
The eight sets of data were then averaged
together and the results are shown in Fig. 3.
The refraction peaks of all of the individual
traces were positioned at similar negative
angles.

Although negative refractive index does
not violate any fundamental laws, causality
places restrictions on the analytic form for the
index as a function of frequency (9). Using
Eqs. 1 and 2 as the generic forms of the
frequency-dependent material parameters ε
and m (4–6), we can determine the expected
frequency dependence of the index of
refraction:

m~v!

m0
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vmp
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2
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(1)

where vmo is the magnetic resonance fre-
quency, vmp is the “magnetic plasma fre-
quency,” i 5 =21, and

ε~v!

ε0
5 1 2
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2 2 veo

2

v2 2 veo
2 1 igv
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where veo is the electronic resonance fre-

Fig. 1. Photograph of the left-
handed metamaterial (LHM)
sample. The LHM sample con-
sists of square copper split ring
resonators and copper wire strips
on fiber glass circuit board ma-
terial. The rings and wires are on
opposite sides of the boards, and
the boards have been cut and
assembled into an interlocking
lattice.

Fig. 2. Diagram of experimental
setup. The sample and the mi-
crowave absorber were placed
between top and bottom paral-
lel, circular aluminum plates
spaced 1.2 cm apart. The radius
of the circular plates was 15 cm.
The black arrows represent the
microwave beam as would be re-
fracted by a positive index sam-
ple. The detector was rotated
around the circumference of the
circle in 1.5° steps, and the
transmitted power spectrum was
measured as a function of angle,
u, from the interface normal. The detector was a waveguide to coaxial adapter attached to a
standard X-band waveguide, whose opening was 2.3 cm in the plane of the circular plates. u as
shown is positive in this figure.

Fig. 3. Transmitted power at 10.5 GHz as a
function of refraction angle for both a Teflon
sample (dashed curve) and a LHM sample (solid
curve). The two curves were normalized such
that the magnitude of both peaks is unity. For
the Teflon sample, the refracted power peak
was measured to be 27°, corresponding to a
positive index of refraction of 1.4 6 0.1. For the
LHM sample, the peak was at 261°, from which
we deduce the index of refraction to be 22.7 6
0.1. The beam width is set by diffraction at the
exit of the incident channel and the angular
sensitivity of the detector and is similar to the
beam width that is measured without a sample
in place.
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Figure 4.1: (a) Fabricated prototype of the metamaterial (b) experimental setup (c) Trans-
mitted power (at 10.5 GHz) as a function of refraction angle [89]

Fig. 4.1(c) illustrates the transmitted power (at 10.5 GHz) as a function of the re-

fraction angle. A Teflon sample and a Left Handed Metamaterial (LHM) have been

used in the experiment. Each curve is normalized to its maximum and therefore

the maximum magnitude is 1. As can be observed from the results, the refracted

peak power for the Teflon is 27◦, thereby resulting in a positive refractive index of

1.4±0.1. On the other hand, for the LHM sample, the peak power is observed at

-61◦ that results into a refractive index as -2.7±0.1.

In recent years, MS have emerged as one of the thrust research areas of wave

propagation. These are 2D sheets comprising metamaterial properties [90] and

are of sub-wavelength size. Intelligent Reflective Surface (IRS), in general, are the

MS that can be used to manipulate ElectroMagnetic (EM) waves to achieve non-

specular reflection. To change the behavior of the MS for an incoming wave, each

meta atom can be configured differently. In that way, a MS can serve different
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purposes based on users’ needs [91, 92]. Within the scope of this thesis work, one

MS is proposed that can fulfil two objectives simultaneously, an absorber and a

reflector by means of the novel exploitation of tunable ferroelectric materials.

Metasurfaces, based on reconfigurability, can be divided into two broad categor-

ies i.e. locally tuned MS and globally tuned MS.

4.1.1 Locally Tuned Metasurfaces

As the name implies, locally tuned MSs have an independent control mechanism

for each unit cell. Though the degree of freedom increases the complexity of the

circuits increases respectively. These MS are mainly used to achieve specular/ non-

specular reflection [93, 94], polarization conversion [95], absorber [96], to generate

hologram [97] etc.

To achieve tunability, non-linear components such as diodes, transistors, and

Integrated circuits are used within each unit cell to manipulate the overall response

of the MS. With all these components it is only possible to achieve two states

corresponding to on/off conditions. To mitigate this, digital coding can be utilized

to achieve more number of states [98, 99].

4.1.2 Globally Tuned Metasurfaces

Contrary to locally tuned MSs, these MS achieve tunability by means of external

conditions. Therefore, each unit cell does not have an independent control mech-

anism and results in a much simpler structure. In the literature, a polarization

converter capable of working in two different states is reported [100]. A pin-diode

is connected with an array of unit cells to change the states. Similarly in [101], a

pin diode is used to change the MS behavior from a polarization converter to a

reflector by changing the impedance and phase profile of the MS. An interesting
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approach to control the absorption rate using biasing of the transistor is reported

in [102].

Another possibility to achieve tunability is by introducing different materials

which change their properties with different inputs. This can include semicon-

ductor materials [30], Graphene liquid crystals and polymers [103–105].

4.1.3 Applications of the Metasurfaces

As described earlier, metasurfaces have strong capabilities to manipulate EM waves

using linear and non-linear devices. Though there are thousands of possibilities for

MS applications, however, some major areas where MSs can play a vital role are

shown in Fig. 4.21.

Figure 4.2: Major application areas of the metasurfaces.

Starting from 5G, the concept of a smart environment has gained high atten-

tion. To facilitate these environments, an array of intelligent reconfigurable MS is

needed. Many researchers around the globe are investigating the inclusion pos-

1 Image taken from freepik.com and edited.
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sibilities of IRS in next-generation communication systems [106, 107] and channel

models that are suitable to incorporate such structures [108]. For localization an-

d/or tracking applications, the main lobe must follow the object which, in gen-

eral, is known as beam-steering. IRS can serve the purpose of beam-steering and

beam-splitting [109, 110] that can be exploited for localization as well as multi-user

coverage. In addition to this, a thorough investigation of the usage of IRS in smart

cities is reported in [111].

EM waves can also be radiated with good efficiency through MSs. With the help

of a modulated MS, highly directive leaky wave antennas are designed to control

the surface wave [112]. Antennas of this type are commonly used in radars. [113].

Using a MS in guiding structures can reduce their size [114]. [114].

Regarding image processing applications, metasurfaces can be used to repro-

duce the image of an object by means of amplitude and phase information of EM

wave using Hologram technique [97].

One such application of the IRS is designing a MS for anomalous reflection

which is discussed next in detail.

4.2 irs for anomalous reflection

When a wave impinges on a reflective surface, it gets reflected as per Snell’s law.

However, it is of paramount importance to deflect the incoming waves (from a

fixed Tx) to a non-specular direction for a complete coverage solution. This type

of manipulated wavefront is known as anomalous reflection. One such MS for

anomalous reflection is presented in [94] which is the foundation of our current

research discussed later in this thesis.

A schematic of the proposed unit cell is shown in Fig. 4.3. The intelligent MS

comprises two metallic patches over a continuous ground plane. The metallic thick-

ness of both the patch and the ground plane is 17.5µm while the gap between

patches is 1mm. The MS is designed on a 1.016mm thick Rogers/RT5880 (εrel =
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2.2, tan δ = 0.0009) substrate. The MS can be used for two different applications

i.e. tunable perfect absorption (TPA) for different incidence angles and tunable an-

omalous reflection (TAR) toward different directions. To achieve them, a tunable

(a)

(b)

Figure 4.3: Unit cell of the intelligent MS (a) absorber (b) reflector [94]

integrated circuit (IC) is introduced between the metallic patches of the unit cell, as

schematically shown in Fig. 4.3. The ICs can be modelled as continuously tunable,

lumped complex impedance loads, with a tunable capacitance C (negative react-

ance) and a tunable resistance R. The capacitance typically controls the spectral

position of the resonance, while the resistance controls its strength and absorption

level. As a result, TPA is a rather straightforward task as when the unit cell is tuned

to have resonance at 5GHz by changing the capacitance C, perfect absorption can

be achieved by tuning the resistance R. Realization of TAR, however, is more de-

manding. To achieve the anomalous reflection the size of the unit cell should be as

sub-wavelength as possible. This helps in fine resolution in reflection angles [94].

The simulation of the unit cell was performed in the commercially available

EM software Ansys HFSS. The simulation setup and corresponding results of the
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absorber and reflector shown in Fig. 4.3 are shown in Fig. 4.4. The MS is excited

(a)

(b)

Figure 4.4: (a) Simulation setup and results of the proposed unit cell (b) simulation results
of the absorber

using a plane wave impinged through the Floquet port placed at λ/4 distance in

+Z direction. In the ±Y and ±X directions, periodic boundary conditions (PEC and

PMC) are applied. This is a conventional method to simulate periodic structures

that compute the responses by extending them infinitely in X and Y directions.
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(c)

Figure 4.4: (c) simulation results of the reflector [94]

The simulation results of the unit cell behaving as an absorber and reflector are

shown in Fig. 4.4 (b) and (c). It can be observed from the figure that the absorption

level increases with increasing resistance for a constant capacitor. Similarly, for a

fixed resistance, the operating frequency can be tuned by changing the capacitance

value. To optimize the response for 5 GHz, the value of capacitance required is

1.7pF as shown in Fig. 4.4(b).

4.2.1 Supercell configuration

To achieve anomalous reflection (hence R=0Ω) along with the sub-wavelength size

of the unit cell, the phase profile of the reflection coefficient with capacitance is

equally important. For fine-tuning the capacitance values, the phase variation must

be as wider as possible. The reflection coefficient magnitude and phase variation

with capacitance are shown in Fig. 4.5. As can be observed from the figure, the mag-

nitude of the reflection coefficient is almost flat indicating nearly perfect reflection,

while the phase changes rapidly between 1-2pF. This range helps in achieving the

desired response of anomalous reflection. A schematic of a supercell consisting of
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Figure 4.5: Magnitude and phase profile of the reflection coefficient of the unit cell. [94]

8-unit cells is shown in Fig. 4.6. Depending on the size of the supercell, the num-

Figure 4.6: Supercell consisting 8-unit cells.

ber of diffraction modes, m, for wavefront are calculated. To achieve anomalous

reflection, the total length of the supercell (D) must be greater than 1λ0. If the size

is within 1λ0 < D < 2λ0, the number of diffraction modes would be two (m=±1)

besides specular mode (m=0). It is important to mention that three modes must be

calculated during simulation setup to correctly observe the supercell response(Fig.

4.7). When the MS is excited, the incoming wave can be reflected in any of these
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modes. The angle of diffraction mode can be calculated using Eq. 4.1. Simulation

setup and diffraction modes illustration are shown in Fig. 4.7.

θr = arcsin(
mλ0

D
) (4.1)

(a)

(b)

Figure 4.7: (a) EM simulation setup of a supercell (b) diffraction modes

From Eq. 4.1, it can be concluded that as the size of the supercell increases, the

reflection angle range widens. For the presented supercell, the total size is ∼1.2λ0

which reflects the incoming wave towards θr=56.3◦. The simulated response of the

supercell is shown in Fig. 4.8. One can observe from the results that at 5GHz,
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incoming power is coupled from port 1 to port 3 (|S13|=0dB). Therefore, we can

say that an anomalous reflection is happening between ports 1 and 3 while at port

2, retro-reflection is observed i.e. the reflected wave is in opposite direction to the

incoming wave.

Figure 4.8: Simulated response of the presented supercell. The incoming signal is being
directed towards port 3 (at θr=56.3◦).

Since the reflections in other unwanted directions are being suppressed, it is

equally important to compute the efficiency of the system. The efficiency, η, can be

calculated using S-matrix as follows:

ηi = maxx
|Sxi|2

∑x |Sxi|2
(4.2)

where the summation over x runs through the number of ports. The efficiency of

the presented system is 98%.

4.3 irs for anomalous reflection using ferroelectric materials

Taking inspiration from the previous section, an IRS for anomalous reflection is

discussed in this section. It is to be noted that though the idea seems similar,

there is a substantial difference in the materials used to design the MS as well
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as to control the direction of reflection. The new stack-up comprises a 525µm thick

High Resistivity Silicon (HRSi) substrate on which an ultra-thin layer of Zirconium-

doped Hafnium Oxide (HfZrO) ferroelectric material is developed. In this way

a low-cost, CMOS-compatible, rare-earth-free solution is achievable. Moreover, it

loses its hybrid nature (where lumped components have to be soldered ex-post)

and assumes a monolithic one, with an increased level of accuracy.

4.3.1 Ferroelectric Materials : Why?

Semiconductor materials have found significant importance in achieving tunability,

however, due to the forward conduction region the voltage tunability gets limited.

On the other hand, ferroelectric materials do not have any forward conduction re-

gion that allows for improved power handling and simpler biasing compared with

semiconductor materials. Moreover, ferroelectric materials are less complicated to

process for a given Q factor and operating frequency and are easy to integrate with

other high-Q passive components, which reduces the overall cost of implementa-

tion. [115, 116].

Figure 4.9: Semiconductor varactor (left) and ferroelectric-base device (right) capacitance
trend at different input power levels [115].
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As a consequence of the fast development in terms of miniaturization and integ-

ration on silicon, HfZrO ferroelectric material has gained great interest. This ma-

terial is exploited within the framework of the H2020-NANO-EH European project.

The project emphasizes Energy Harvesting (EH) solutions under the paradigm of

next-generation IoT, using new nanomaterials that are environmentally friendly.

HfZrO is based on doped HfO2 that assists following properties:

• Fully CMOS compatible

• Nanometer-thickness (other ferroelectric such as BST have µm-order thick-

ness)

• Large tunability at very low dc voltages

Based on the properties, this material finds its application in decoupling capacit-

ors, phase shifters, microwave antenna arrays and many more. In [117] dielectric

properties of HfZrO are reported within the microwave range. It is worth mention-

ing that material is dispersive in nature and has a large tuning range of dielectric

constants with applied bias.

As shown in Fig. 4.10(a), the relative permittivity of HfZrO varies from 35 to

10 within the 1-10GHz frequency range. Variations of εrel and tan δ with applied

bias are shown in Fig. 4.10(b). It is important to mention that effect of biasing on

dielectric properties is experimentally measured at 10GHz.

4.3.2 Proposed IRS using HfZrO

To exploit the properties of HfZrO, an intelligent MS for anomalous reflection is

proposed. As the initial step, the unit cell designs shown in Fig. 4.3 are optimized

on the new stack-up. The stack-up includes a 525µm thick silicon substrate with a

10nm thin sheet of HfZrO. The reason behind the ultra-thickness of HfZrO is that

it starts losing ferroelectric properties as the thickness increases. The new unit cell
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(a)

(b)

Figure 4.10: HfZrO dielectric properties (a) relative permittivity v/s frequency (b) εrel and
tan δ v/s bias voltage (redrawn from [117])

designs are shown in Fig. 4.11 and their corresponding results are shown in Fig.

4.12.

As shown, the new patch dimension is 6.3mm with a gap of 1mm in between.

Also from Fig. 4.12(b), it can be observed that the capacitor is shifting the oper-

ating frequency towards the left similar to the previous design. Next a supercell

consisting of 10-unit cells (therefore D=73mm) is designed. The schematic of the

proposed supercell is shown in Fig. 4.13(a).
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(a)

(b)

Figure 4.11: Unit cell of the intelligent MS (a) absorber (b) reflector

(a)

Figure 4.12: Simulated results of the proposed IRS (a) patch dimension

As established earlier, achieving anomalous reflection magnitude and phase pro-

file of the unit cell with capacitance is highly important. In this work, we have

adopted the capacitance within the range of 1 to 6pF. The simulated response of

the unit cell with varying capacitance is shown in Fig. 4.13(b). From the figure, it
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(b)

Figure 4.12: Simulated results of the proposed IRS (b) capacitance tuning

(a)

Figure 4.13: (a) Schematic of the proposed supercell

can be concluded that the proposed IRS is working as an almost perfect reflector

for the entire range of capacitors, however, a very small deflection is observed near

5pF. A steep phase response is recorded between 4 and 5pF which can help in

tuning the desired response. Since the total dimension of the supercell is ∼1.2λ0,

the number of diffraction modes would be two (m=±1) besides specular mode

(m=0) and the angle of reflection θr=56.3◦. The simulated response of the supercell

is shown in Fig. 4.14. From the results, it can be concluded that power is coupled
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(b)

Figure 4.13: (b) magnitude and phase profile of the reflection coefficient with capacitance.

between ports 1 and 3, providing anomalous reflection, while retro-reflection is

observed at port 2.

Figure 4.14: Simulated response of the proposed supercell.

At this moment, the proposed IRS is a locally tuned MS where each unit cell

response is controlled using a lumped capacitor. To convert the current IRS from

local to global tuned MS two changes are recommended in the design:

1. Inclusion of a ferroelectric substrate (HfZrO) above HRSi.

2. Replacement of lumped capacitors with printed capacitors.

For the second objective, an Inter-Digitated Capacitor (IDC) is used. The design

and analysis of IDC are explained in the following section.
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4.3.3 Inter-digitated capacitor (IDC)

Inter-Digitated Capacitor (IDC) is a distributive element and the ferroelectric ma-

terial properties can be exploited to change its behavior. A schematic of a conven-

tional IDC is shown in Fig. 4.15. As shown in the figure, the capacitance of an

L
sub

W
sub

W
fin

g
fin

L
fin

Figure 4.15: Schematic of the IDC with N=10, Lsub=2.05mm, Wsub=1mm, Wfin=0.05mm,
gfin=0.05mm, Lfin=0.74mm

IDC strongly depends on the number of fingers (N), length of the finger (L f in),

and width of the finger ((W f in). To fine-tune the capacitance value, one can play

with the gap between the fingers (g) and the end gap at the fingers (ge). A para-

metric study was conducted to analyze IDC behaviour with the number of fingers

(N) and width of fingers (W f in). The simulated results of the parametric study are

shown in Fig. 4.16.

From Fig. 4.16, it can be observed that the capacitance increases with an increase

in N and W f in. To calculate the capacitance value corresponding to a particular

value of N (or W f in), the mathematical equation shown below can be utilized:

C =
−j

2π f Im[Z]
(4.3)

Following this, the capacitance is found to be 0.66pF for N=3 while it increases

to 4.63pF for N=12. Similarly, for W f in=0.02mm the capacitance is 1.47pF and for

W f in=0.16mm, it increases to 7.44pF. In the first analysis (varying N) W f in was
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(a)

(b)

Figure 4.16: Parametric analysis of IDC with (a) number of fingers (N) (b) width of fingers
(W f in).

fixed at 0.05mm while for the second analysis (varying W f in) N was fixed at 10. It

is also worth mentioning that due to the restricted gap between unit cell patches,

the degree of freedom is restricted for (L f in) and ge.

In the next step, to exploit the tunability with biasing of the HfZrO, an ultra-thin

layer of a few nanometers is placed on the silicon substrate. Since length to height

aspect ratio is very high, the EM simulator is not able to detect the HfZrO layer. To
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mitigate this issue, local mesh settings are applied to the HfZrO layer. In the local

mesh settings, the max. length of the tetrahedron was chosen to be 10nm. The unit

cell with local mesh settings and the new stack up is shown in Fig. 4.17.

(a)

(b)

Figure 4.17: (a) HfZrO with local mesh settings (max length of tetrahedron 10nm) (b) final
stack up for proposed IRS

Figure 4.18: Simulation results for different biasing of HfZrO.

Although rigorous mesh settings were applied to the HfZrO layer, the EM solv-

ers are not able to consider the layer during simulation. The simulation results
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of the unit cell for different biasing are shown in Fig. 4.18. From the results, it

is clearly visible that the reflection coefficient response shifts only 200-300 MHz

when biasing voltage is varied from 0 to 5 volts. Under normal circumstances, f0

at 5 volts should be half of f0 at 0 volts as εrel at 5 volts is four times the 0 volts.

To address this issue, co-simulation with circuit solvers (Keysight ADS in this

case) is adopted to analyze the proposed MS. As a first step, a non-linear circuital

model for a HfZrO-based IDC is developed which is discussed in detail in the

following subsection.

4.3.4 Non-Linear Circuital Model for HfZrO-based IDC

As established in the previous section, EM simulations of nanometric devices inhib-

iting nanometric substrates can make the simulations longer and less accurate (∼

days). It is of paramount importance to introduce a circuital model that can avoid

the use of EM simulations. The model can be integrated with EM and circuital co-

simulations, leading to fast and accurate simulations (∼ seconds). Additionally, the

model takes into account the non-linear properties of the device. Based on exper-

imental measurements provided by a partner of the European project NANO-EH,

realized on a HfZrO-HRSi multi-layer, a non-linear circuital model has been de-

veloped by one of my colleagues. Firstly, as shown in Fig. 4.19, a circuital model

of IDC is considered. The circuit is already validated for correctly modelling co-

Figure 4.19: Equivalent circuit adopted to develop the non-linear IDC model [118]

planar IDCs [118]. In the circuit, non-linear Ci represents the capacitance between
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the IDC fingers. R models the metallization losses. L describes the parasitic induct-

ance of metallization. Cp describes parasitic capacitance between the signal line of

the CPW and the lateral ground plane [119].

4.3.5 Unit cell with Non-linear IDC Model

Once the non-linear circuital model of IDC is developed, it has been incorpor-

ated with the proposed unit cell for achieving the tunability of the structure with

HfZrO biasing. Initially, the EM solver response of the unit cell is imported into the

Keysight Advanced Design System (ADS) and then the circuital IDC model is con-

nected between the patches. The simulation setup is shown in Fig. 4.20. From the

Figure 4.20: Simulation setup of the proposed unit cell with circuital IDC model.

figure, it can be observed that the EM simulation result represents a four-port sys-

tem. Two of the four ports are input and output ports (hence, incident and reflected

wave, respectively) while between the other two ports, non-linear IDC is connected.

For high capacitance value, more capacitors can be connected in parallel, however,

the effect of parasitic elements needs to be considered. The simulation results of

the proposed unit cell with a non-linear IDC model are shown in Fig, 4.21.

It can be observed from the figure that as the bias voltages change from -1 volt

to +1 volt, the resonance frequency shifts towards the left. Therefore, it can be con-
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Figure 4.21: Simulation result of the proposed unit cell with circuital IDC.

cluded that the non-linear model of IDC is able to incorporate the HfZrO biasing

effects.

4.3.6 Supercell with Non-linear IDC Model

As the final step, to achieve anomalous reflection, a similar strategy of co-

simulation has been adopted. For a supercell designed using 10 unit cells, a 23-

port EM simulation (HFSS) result file is imported in circuit solver (ADS) where

3 ports are for input and reflection (m=0,±1) and 20 ports are to connect IDC. A

simulation setup is shown in Fig. 4.22.

As mentioned earlier, for high capacitance value, more IDC can be connected in

parallel, however, the parasitic effect has to be considered and mitigated. The pro-

cess of optimization to achieve higher capacitance is an ongoing research activity.
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4.4 summary

In this chapter, a detailed methodology to design an intelligent reflective surface

is discussed. The proposed MS can achieve two different purposes, absorption

and reflection when controlled locally using a lumped RC network. Further, to

propagate the incoming waves in a non-specular direction, a cluster of a certain

number of unit cells is designed to have different capacitor values for different

unit cells. The phase profile of the unit cell with respect to the capacitor values

is of paramount importance and helps to tune the desired response. In the final

part, global tuning is applied by introducing an artificially designed ferroelectric

material HfZrO. The material changes its dielectric properties with the applied bias

and therefore the overall response of the structure changes. The lumped capacitor

is also replaced with IDC for complete microstrip technology and to enable tuning

with HfZrO biasing, However, due to technical difficulties of the EM simulators

regarding aspect ratio it is not possible to simulate the structure. To overcome this

issue, a non-linear circuital model of IDC is developed with which initial results

Figure 4.22: Simulation setup of the proposed supercell with circuital IDC model.
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have been obtained. The tunable anomalous reflection is part of ongoing research

activity.





5
C O N C L U S I O N S

The thesis focuses on applications of metasurfaces in radiation performance en-

hancement of planar structures. In particular, three structures are discussed that

include an antenna, a polarization converter and an intelligent reflective surface

for anomalous reflection.

As the first application, a circularly polarized hybrid conformal antenna serving

dual purposes of energy autonomy and UWB communication is designed. A sus-

pended high impedance surface is designed and deployed behind the antenna of-

fering, for the first time, a simultaneous control of the back-radiation mechanism

at highly separated frequencies, and of the circular polarization in the UWB band.

The exploitation of 3D-printed posts plays a strategic role for both the mechanical

stability and the original bi-filar feeding strategy of the proposed multi-layer archi-

tecture. Furthermore, a conformal design of the proposed hybrid antenna is stud-

ied for future technological systems that would require wireless charging while

flying: despite the bidirectional bending, the structure reveals itself to be quite ro-

bust to mechanical changes. The proposed radiating system will be able to play a

crucial role as an RFID tag of the next generation as soon as it is equipped with

the diplexing network, the harvesting section, and the back-scatter modulator.

Further, an angularly stable super wideband metasurface is designed for cross

polarization applications. The proposed metasurface has a bandwidth of 24GHz

starting from 11GHz to 35GHz. The proposed metasurface is capable of convert-

ing the orientation of linearly polarized waves to its orthogonal vector. In addition,

83



84 conclusions

the performance under oblique incident waves is also studied and results show

that proposed design operates well up to 40◦. It should not left unmentioned that

a novel method is reported to validate the angular stability of the proposed metas-

urface along with S-parameter analysis. Demonstrated results prove the veracity

of the proposed methodology.

In the final part of the thesis, a detailed methodology to design intelligent reflect-

ive surfaces has been discussed. The proposed metasurface achieves dual purposes

of absorption as well as reflection by means of a series RC circuit. When carefully

engineered, a cluster of unit cells (termed as supercell) can serve as an anomalous

reflector that propagates the incoming waves to a non-conventional direction. Fur-

ther, An artificially designed ferroelectric material (HfZrO) is used to introduce the

tunability with the applied bias. To achieve anomalous reflection, the lumped capa-

citor has also been replaced with IDCs. However, the optimization of the response

has to be tuned and is a part of ongoing research activity.
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