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Abstract

Wireless and mobile devices are becoming packed with more applications that
require an increasing number of communication technologies as well as a constant
desire for size reduction. Ideally, every single communication technology should
have a dedicated antenna system. This puts pressure on antenna engineers as the
available space for the radiation elements is becoming very limited, particularly
for small mobile phones and small cell base stations. Traditionally, reducing the
size of the antenna was enough to accommodate these requirements. However,
making antennas smaller strongly affects their performance. In order to further
shrink a multi-radio transmitting system, antenna reconfiguration provides an
option to converge multiple radiating elements into a single one, and hence, save

space in wireless and mobile devices.

The creation of novel materials such as carbon nanotubes, graphene and
metamaterials, which present extraordinary electrical and mechanical properties,
has opened new possibilities within the antenna field. The most interesting
properties of these materials are the presence of plasmons in carbon nanotubes
and graphene at much lower frequencies than in metals, the ability to tune the
surface impedance of graphene by applying a DC voltage bias and the possibility
of generating size-independent resonances in metamaterials. These materials
are studied here as alternative methods to achieve antenna size reduction and

reconfigurability at microwave frequencies.

This thesis presents an initial study of the advantages and disadvantages of

designing small and reconfigurable antennas fully made of carbon nanotubes and
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graphene at microwave, millimetre wave and terahertz frequencies. Here, the
focus is on the trade-offs between the antenna performance and the achievable
size reduction and reconfigurability at microwave frequencies. The results show
that the resulting low antenna efficiencies do not compensate the small size
reduction and reconfigurability of these antennas at such frequencies. This is
mainly caused by the large losses suffered in carbon nanotubes and graphene
and the low inductive behaviour of these materials at microwave frequencies.
Furthermore, carbon nanotubes present extremely high input impedances, which
make the antenna matching very difficult, with little reconfigurability due to not
being able to actively tune their resistivity and the infeasibility of using plasmons
at frequencies for commercial applications (up to 10 GHz). For this reason, three
planar hybrid antennas made of a traditional conductor (i.e. copper) and graphene
are presented as the main proposed solutions for antenna reconfigurability and

size reduction at microwave frequencies.

The first proposed design provides frequency reconfigurability by changing the
electrical length of microstrip patch antennas using the variable surface impedance
of graphene. However, the resulting antenna efficiencies are low compared to
other reconfigurable antennas found in the literature. The second design provides
polarization reconfigurability by adding graphene sheets to the truncated corners
of a square patch antenna. The resulting antenna efficiencies are improved when
compared to the first antenna design. This is achieved because the impact
of graphene on the antenna efficiency is reduced due to the use of graphene
sheets with smaller size. The final design combines size reduction and frequency
reconfigurability. Size reduction is achieved by designing a zeroth order resonant
(ZOR) antenna, while frequency reconfigurability is achieved by tuning the surface
impedance of graphene. The variable surface impedance of graphene changes the
inductive and capacitive behaviour of the ZOR antenna which in turns changes
its resonant frequency. The resulting antenna efficiencies are better compared to

the first design but worse than in the second design.
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Additional features presented by the first and third proposed antenna designs
are the ability to tune the reflection coefficient and antenna bandwidth, which
might help to reduce the complexity of the matching network; and to select
any intermediate resonant frequency between two edge frequencies. The latter
property which might be useful to compensate undesired effects in wearable
antennas, by selecting appropriate values of the surface impedance of graphene.
In addition, an analysis of the power consumed in the proposed reconfigurable
antennas is also provided when switching between different values of the surface
impedance of graphene. Finally, the proposed antenna designs are also evaluated
as fully transparent and flexible reconfigurable antennas which allows integration

in scenarios where flexibility and transparency are a requirement or an advantage.
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B(w) Dispersion relation rad/m

BW Operational bandwidth of an Hz
antenna

C Capacitance of a RC circuit F

Ces, Co,Cr  Electrostatic, quantum and total F/m
capacitances in CNT

CrL,Cr Left-handed and right-handed F
capacitances in MTM

D Deformation potential in eV
graphene

d Thickness of a dielectric layer m
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EF

Epuddle

'S s
€1, €9

FBW

F(£E(p., s))

fa(e)

fu
fr

Directivity of an antenna
Effective quality factor

Permittivity of top and bottom
substrates

Relative permittivity of a dielec-
tric layer

Fermi energy

Energy of the electron-hole
puddles
Relative permittivity of top and

bottom substrate

Relative permittivity of an
antenna substrate

Effective relative permittivity in
the cavity model

Carrier energy in graphene

Electron dispersion relation in

CNT

Nominal value of the electric field
at the x- and y-axis

Fractional bandwidth

Fermi equilibrium distribution

function in CNT

Fermi-Dirac distribution in
graphene
Higher frequency limit

Lower frequency limit

—ordB

F/m

eV

V/m
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fres Resonant frequency Hz
XY Resonant frequency due to modes Hz

Xand Y

Jzor Zeroth order resonant frequency Hz

G Conductance in CRLH TL S

G(0, ) Gain of an antenna dB

r Phenomenological scattering rate st
in graphene

v Overlap integral in CNT eV

Yp Plasmon propagation constant in -
CNT

Hyy Hamiltonian matrix of electrons -
in CNT

H Antenna substrate height m

i radius of a shell in MWCNT m

Ip,Ig D and G peak values from —
Raman spectroscopy of graphene

i(t) Transitional current A

k1, ko Phase constant in the top and rad/m
bottom substrates

k,kr, Kk, Free space, Fermi and plasmon rad/m
phase constants

kPP EIM Plasmon phase constant of the rad/m
TE and TM modes in graphene

ke, ky x- and y-projection of the phase rad/s

constant
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L

Ao

)\res

AL

Ips

LK7 Lm7 LT

LR) LL

21

2

e

He,min

Kd, [t

Length of an antenna
Wavelength in free space
Resonant wavelength

Additional length due to fringe
fields in a patch antenna

Length of a doped semiconductor
layer

Kinetic, magnetic and total
inductances in CNT
Right-handed and left-handed
inductances in MTM

Total inducante per unit length of
a CNT

Carrier mass in graphene

Number of conducting channels in
CNT

Permeability ratio

Integer for the radius of a CNT
Permeability top substrate
Permeability bottom substrate
Chemical potential in graphene

Minimum chemical potential in

graphene

Defects and total carrier mobility

in graphene

H/m

H/m

H/m

Vs/m?
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KDs Carrier mobility in a doped Vs/m?
semiconductor

T Relative permeability of top and -
bottom substrates

eff Effective relative permeability -

N Total number of unit cells in -
CRLH TL

n Charge carrier density in m 2
graphene

Ny Number of tubes —

Nd, T Charge carrier density due m 2
to defects and impurities in
graphene

nps Carrier density in a doped m~3
semiconductor

Neff Effective index —

N, Permittivity ratio -

Nm Resonant mode in a CRLH TL —

NR Refractive index —

n, Integer for the radius of a CNT —

N, Number of shells in MWCNT —

Ng Integer counter of a shell in a -
MWCNT

m =2 Carrier inhomogeneity density in m 2
graphene

w Angular frequency rad/s
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WL, R, se,sh

wWxy

PLF

Ny Nr

PlOSS

Ppeak

Prad

P-

Left-handed, right-handed, series
and shunt resonances in CRLH
TL

Angular resonant frequency due
to modes X and Y in the cavity

model

Length of unit cell in CRLH TL
Power delivered to an antenna
Azimuth angle

Polarization loss factor

Total and radiation efficiencies of

an antenna

Power lost in an antenna
Peak power consumed
Power radiated by an antenna

Angle between the unitary
vectors of the antenna and
incident wave polarizations

Simulated power
Power supplied by a source
Dynamic power consumed

x- and y-projections of the
electron quasi-momentum
z-projection of the electron’s two-

dimensional quasi-momentum

rad/s

rad/s

W

radians

% or dB

radians

Kgm/s

Kgm/s
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Q Quality factor of an antenna -

Qe.drsw Quality factor due to conductor, —
dielectric, radiation and surface-
wave losses

Qr Total quality factor —

R Resistance in CRLH TL Q

R Resistance of a RC circuit Q

r Distance of an observer from an m
antenna

Rent Resistance per unit length of a Q/m
CNT

Rps Resistance in a doped semicon- Q
ductor

RG Return gain dB

p Voltage reflection coefficient -

R, Input resistance Q

Tinner Radius of inner most shell in a m
MWCNT

RL Return loss dB

rMWCNT Total radius of a MWCNT m

Rs Surface resistance in graphene Q

Rsorr Surface resistance for the OFF Q
state

Rson Surface resistance for the ON Q
state

T"SWCNT Radius of a SWCNT m
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S11

S21

S22

gAcC

ODS

Os

O-ZZ

~armchair

UZZ

~chiral

O—ZZ

~zigzag
02z

T

tand

Td7i7p7c

Scattering parameter at port 1

Scattering parameter between
port 1 and 2

Scattering parameter at port 2
Chiral angle counter in CNT

AC surface admittance of
graphene
Conductivity in a doped semicon-

ductor

Surface admittance of graphene

Total axial admittance of a

SWCNT

Interband admittance of a

SWCNT

Intraband contributions admit-
tance of a SWCNT

Admitance of an armchair CNT
Admitance of an chiral CNT
Admitance of a zigzag CNT
Operational temperature

Loss tangent of an antenna

substrate

Relaxation time in a CNT

Relaxation time due to defects,
impurities, phonons and carrier

interactions

dB

dB

dB
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TL,S Relaxation time due to long and s
short range scattering
TRC Time constant of an RC circuit S
T Total relaxation time S
T Bloch-Griineisen temperature K
tps Thickness of a doped semiconduc- m
tor
TFEy,TMy  First trans-electric and -magnetic -
mode
0 Elevation angle radians
100 Matrix element of the longitudi- m/s
nal velocity in CNT
OswonT Chiral angle of a SWCNT radians
U Radiation intensity W /sr
v Relaxation frequency in CNT Hz
Vi Voltage bias \Y
Ve Voltage at the driving point Vv
v§ Fermi velocity in a CNT m/s
V- Reflected voltage wave \Y
Vo Peak voltage \Y
Up Propagation velocity in CNT m/s
%8s Incident voltage wave \Y
VSWR Voltage standing wave ratio -
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v(t)
[terminals

‘/terminals
V. (P2, 8)

W

Wps

Wrad

7T

m

Zo

Transitional voltage
Current at the terminals
Voltage at the terminals
Electron velocity in CNT
Width of an antenna

Width of a doped semiconductor
layer

Radiation density
Energy stored in an antenna

Modes excited along the length
and width of a cavity

x- and y- axes

Input reactance

Cross polarization discrimination
Surface reactance in graphene
Shunt conductance in CRLH TL
Surface impedance of graphene
Characteristic impedance of a TL
Input impedance

Input impedance of a TL

Characteristic impedance of a

quarter wavelength transformer

dB

Q/D

Q/p
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Z Internal impedance of a source Q
L series Series resistance in CRLH TL Q
Znar Maximum surface impedance in Q/o
graphene
ZSON,OFF Surface impedance for the ON Q/n
and OFF states
AR Dispersion equation for the TE -
and TM modes in graphene
Constants Value Units
b Inter-atomic distance between 0.142 nm
carbon atoms
c Speed of light in vacuum ~3x108 m/s
) Distance between shells 0.34 nm
€o Permittivity of vacuum 8.8542x 10712 F/m
Mo Free space impedance ~376.73 Q
h Reduced Planck’s constant 1.0546x 103 Js
kg Boltzmann constant 1.3806x 1023 J/K
q Electron charge 1.6022x 101 C
O Mass density of graphene 7.6x1077 Kg/m?
R, Radius of the interaction poten- ~0.284 nm
tial
vj’i Fermi velocity in graphene ~1x106 m/s
Uph, Sound velocity of LA phonons in 2.1x104 m/s

graphene



Chapter 1

INTRODUCTION

1.1 RESEARCH MOTIVATION

This thesis is motivated by a series of topics and changes in wireless and mobile

systems as well as in materials science that will be key for the years to come:

Wireless and mobile devices are packing more technologies while reducing

their sizes.

Large cells are being substituted by smaller cells.

Multiple-input-multiple-output technology is becoming a standard tech-

nique in wireless and mobile communications.

Novel materials are opening new lines of research and possibilities.

1.1.1 MULTIBAND OPERATION

With the increasing demand of high data rates [1] and the upcoming of new
technologies such as wearable technologies [2], [3] and the internet of things
(IoT) [1], [4]-[10], wireless data providers are starting to use newly freed frequency

bands in the microwave (up to 10 GHz) and in the millimetre-wave (from 30 GHz

1
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Figure 1.1: In wearable technology, small devices communicate to each other and
to a gateway device such as mobile phone, tablet, laptop, etc; forming body/personal
area networks (BAN/PAN). Mobile devices (and also wireless devices) struggle to

accommodate new technologies due to limited available space.

to 300 GHz) spectrum [1], [6], [9], [11]-[15] where larger portions of bandwidth
are availabe. Consequently, future wireless devices might eventually need to
operate in a large array of bands spread over a huge spectrum to incorporate
the immense number of wireless and mobile services such as 3™ (3G), 4"
(4G), 5™ (5G) - and beyond - generations of mobile communications, wireless
fidelity (WIFI), worldwide interoperability for microwave access (WIMAX),
radio frequency identification (RFID), bluetooth, ultra wideband (UWB), global
navigation satellite system (GNSS), frequency modulation (FM), digital audio
broadcasting (DAB), digital video broadcasting hand-held (DVB-H), and possibly
any other millimetre wave (mm-wave) technology that might emerge in the near

future, making multiband operation a must.
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1.1.2 BASE STATION AND ACCESS POINT EVOLU-
TION

Traditional long-range base stations and access points are being replaced by smart
and short-range micro cells, pico cells and femto cells in order to reduce the
power consumption and optimize the data throughput [1], [5], [7], [9], [13], [15].
Small cells translate into small base stations and access points in order to reduce
their footprint. Therefore, characteristics such as small size, transparency and
reconfigurability might be necessary attributes in the antennas forming those

base stations and access points.

1.1.3 ESTABLISHING MULTIPLE ANTENNA SYS-
TEMS

Multiple-input-multiple-output (MIMO) systems, using two or more antenna
in the transmitter and the receiver at the same time, are already a solution
being implemented to increase bit rates while decreasing terminal vulnerability
to channel fading and multichannel propagation [6], [7], [9], [13], [15]. MIMO
systems with space, time and/or polarization diversity are required in order for
base stations, access points and wireless/mobile devices to adapt to different link
conditions, communication services and number of users, so the guaranteed high

data rates are successfully achieved.

1.1.4 THE RISE OF “WONDER” MATERIALS

In the last two decades, new materials such as carbon nanotubes (CNTs),
graphene and metamaterials (MTMs) have revolutionised [16]-[18] many fields of
science and engineering such as device interconnects, transistors, gas sensors, field
emission devices, guided waves, transmission lines, filters, antennas, etc; thanks
to their extraordinary electrical properties [19]-[30]. Some of the most important

electrical properties in carbon nanotubes and graphene are that they present
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ballistic propagation of charge carriers for distances of up to several micrometres
[31], plasma frequencies at much lower frequencies than in conventional metals
[32]; and variable surface admittance that depends on the radius of the carbon
nanotubes and on the applied chemical or electrostatic doping to the graphene
sheet. Furthermore, CNTs and graphene are the first quasi-one dimensional and
two dimensional materials to be synthesised respectively, making them impossible
to see for the human eye and with a huge potential in the nanotechnology field.
These properties have caused carbon nanotubes and graphene to be called the
wonder materials and researchers predict a great potential to be the backbone for
future electronic devices. Likewise, MTMs show some other interesting electrical
properties such as the presence of negative permittivity and permeability. This
peculiar property has introduced a new concept in transmission lines, called left-
handiness, which allows transmission lines, and also antennas, to resonate at
left-handed resonances and zeroth order resonances, which are independent of the

transmission line or antenna size.

1.2 CHALLENGES

1.2.1 SIZE LIMITATION

The large number of wireless technologies that wireless and mobile devices will
need to operate must all fit into any wireless and mobile device. Moreover, because
many of the communications technologies will operate at a large array of bands
spread over a very wide spectrum, those devices will need to be able to transmit
and receive at all those frequencies at any time. Ideally, every communication
subsystem should have a dedicated antenna. In addition, implementing MIMO
technology requires an increase of the number of antennas at both ends, at the
base stations/access points and at wireless/mobile devices. This translates into
a pressure to accommodate those large number of antennas in equipment and

devices where the available space is already very limited. A solution to this is
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to reduce the size of the antenna. The main issue for antenna size reduction
is that reducing the size of an antenna is not a matter of technology constraint
but is limited by the fundamental physics of wave propagation. Consequently,
making antennas smaller strongly affects their performance. In order to further
shrink a multi-radio transmitting system, antenna reconfiguration provides an
option to converge multiple radiating elements into a single one, and hence, save
space. However, again, implementing antenna reconfigurability also affects the

performance of the resulting antenna.

1.2.2 TRANSPARENCY AND FLEXIBILITY

Transparency and/or flexibility might be a solution to reduce the footprint of
an antenna in small base stations, access points and wearable devices. However,
transparent and flexible materials present lower conductivities than conventional
non-transparent metals such as copper, aluminium, silver and gold. Although
there are some transparent and/or materials that can provide acceptable antenna
efficiencies, they cannot, by their own, provide size reduction and/or reconfig-
urability. Therefore, they still rely on the conventional methods such as micro or
nano electromechanical systems (MEMS or NEMS), field effect transistor switches
(FET), p-semiconductor isolator n-semiconductor diodes (PIN diodes), varactors
and tunable materials to achieve reconfigurability which are not transparent or

flexible at all.

1.2.3 CARBON NANOTUBES AND GRAPHENE LIM-
ITATIONS

Although carbon nanotubes and graphene have been successfully implemented
in many applications from microwave to optical frequencies, in the antenna
field, these materials have been mostly studied, researched and implemented

in antennas from infra-red to optical frequencies and little on the microwave
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and millimetre wave regime. In addition, carbon nanotubes and graphene are
still underdeveloped, specially when compared to other technologies already
implemented in the microwave regime, and thus, the potential advantages of using

these materials in antennas at such frequencies is unclear.

1.3 OBJECTIVES OF THIS THESIS

To solve all the previous challenges, the aim of the present project is:

e Investigate the electrical limitations of carbon nanotubes and graphene for

practical applications in the microwave regime.

e Identify electrical properties of carbon nanotubes, graphene and metama-
terials that might be applied and of interest to antennas in the microwave

regime.

e Propose, analyse and simulate various antennas where these materials
are implemented to achieve size reduction, reconfigurability, transparency

and/or flexibility at the microwave regime.

e Provide the advantages, disadvantages and the trade-offs of the proposed
antennas made of these materials as well as compare them to other state-

of-the-art antennas in the literature.

1.4 NOVEL CONTRIBUTIONS OF THIS
THESIS

The novel contributions of this thesis are:

e Two hybrid metal-graphene frequency reconfigurable antennas are designed
for WIFI and LTE applications. The hybrid nature of the antenna would

allow large changes in the resonant frequency, due to the addition of
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the variable surface impedance of graphene, while keeping the antenna
efficiencies within reasonable values, due to the main material in the antenna
is a good conductor such as copper. In addition, substituting copper for a
low resistive transparent conductive film would allow the antenna to be fully
transparent. A transparent antenna for WIFI and LTE applications could
be used in either mobile and wireless devices or in base stations and access
points to allow their integration in scenarios where traditional antennas

cannot be implemented because of their visible impact.

e A hybrid metal-graphene polarization reconfigurable antenna and an array
based on the same design are designed for DAB/GNSS, different transmis-
sion link conditions and antenna orientation. Again, the implementation of
graphene would allow to switch between different linear and circular polar-
izations in order to adapt to each condition and service. Keeping a good
conductor such as copper should reduce the losses suffered in the antenna,
and hence, provide good antenna efficiencies. Substituting copper for the
transparent conductive film would allow transparent polarization reconfig-
urable antennas that could be implemented in applications where a reduced
footprint of the antenna is required such as car windows, product label,

solar panels, light panels, etc.

e Two hybrid metal-graphene frequency reconfigurable zeroth order resonant
antennas are designed for LTE applications. The characteristic feature of
the resonant frequency being independent of the antenna size in zeroth
order antennas would provide a substantial antenna size reduction while
integrating graphene into the zeroth order antennas would allow for active

frequency reconfigurability.
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1.5 PUBLICATIONS ARISING FROM THIS
THESIS

The work in this thesis has been published in the following papers:

Alvarez, C. N.; Cheung, R. and Thompson, J. S.; “Graphene reconfig-
urable antennas for LTE and WIFI Systems”, 2014 Loughborough Antennas
and Propagation Conference (LAPC 2014), 2014, 434-438.

Alvarez, C. N.; Cheung, R. and Thompson, J. S.; “Polarization Re-
configurable Antennas Using Graphene for Microwave Applications”, 2015
IEEE International Conference on Ubiquitous Wireless Broadband (ICUWB
2015), 2015, 1-5.

Nunez-Alvarez, C.; Cheung, R. and Thompson, J. S.; “Performance Anal-
ysis Of Hybrid Metal-Graphene Frequency Reconfigurable Antennas For
The Microwave Regime”, IEEE Transactions on Antennas and Propaga-

tion. Accepted, awaiting publication.

Nunez-Alvarez, C.; Cheung, R. and Thompson, J. S.; “Performance Anal-
ysis Of Hybrid Metal-Graphene Frequency Reconfigurable Zeroth Order
Resonant Antennas For Long Term Evolution Applications”, IEEE Trans-

actions on Antennas and Propagation. Under second review.

1.6 THESIS STRUCTURE

The remainder of this thesis is structured as follows:

Chapter 2 contains the theory background. First, the antenna concept
and the main antenna parameters are defined as well as the limitations of the
electrically small antennas and reconfigurable antennas. Second, the definitions
of graphene, carbon nanotubes and metamaterials are provided. Moreover,

the formulations and characteristics of the admittance of graphene and carbon
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Figure 1.2: Thesis structure.

nanotubes are described. Finally, the equations needed to analyse dipole antennas
and microstrip patch antennas fully made of carbon nanotubes and graphene are

also provided.

Chapter 3 is a brief chapter where dipole antennas fully made of different
configurations of carbon nanotubes and microstrip patch antennas fully made of
graphene for different surface impedances are analysed. The dipole antennas and
the microstrip patch antennas are designed to resonate at 2.45 GHz, 60 GHz and
110 GHz. The performance study is focused on the trade-off between the achieved
size reduction, reconfigurability and radiation efficiency. The work in this chapter

motivates the design of hybrid metal-graphene antennas in later chapters.

Chapter 4 presents two hybrid metal-graphene frequency reconfigurable
antennas for WIFI and LTE applications. The antennas are based on the
microstrip patch antenna. The first design is composed of a main patch made of
copper or a hybrid transparent conductive film and two extensions on the radiating
edges made of graphene. In this design, frequency reconfigurability is achieved
by selecting two extreme values of surface impedance of graphene to simulate
ON and OFF states. Switching the graphene extensions translate into larger or

shorter lengths of the antenna and hence lower or higher resonant frequencies.
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The second design is also composed by a main patch made of either copper or
a hybrid transparent conductive film with four slots inserted at each of the four
sides where each slot is covered by a graphene sheet. Applying the same technique
as in the first design, the surface impedance of graphene is switched between
two extreme values to simulate ON and OFF states. In this case, switching
the surface impedance of the graphene sheets changes the path of the currents
propagating along the antenna making them travel longer or shorter distances and
hence resonate at lower or higher frequencies. In addition, there is a section where
the limitations of implementing graphene in these designs is studied as well as the
power consumed by the antennas. Finally, there is also a comparison between the

proposed antennas and other state-of-the-art frequency reconfigurable antennas.

Chapter 5 introduces a hybrid metal-graphene polarization reconfigurable
antenna for DAB and GNSS applications. The proposed antenna design is
based on a square patch antenna with the four trimmed corners where graphene
extensions, in the shape of triangles, are added to substitute the trimmed corners.
The main patch is made again of copper or a hybrid transparent conductive film.
With only one feeding port, the proposed antenna is able to switch between a
linear and two circular polarizations by switching ON and OFF the graphene
extensions. Additionally, a two element array composed by the proposed antenna
design is presented for applications where polarization diversity is desired. The
two antennas are able to switch between two linear polarizations (horizontal and
vertical) and two circular polarization (right hand and left hand) at any time. The
proposed antenna is compared to other state-of-the-art polarization reconfigurable

antennas and the power consumption by the antennas is also provided.

Chapter 6 proposes two hybrid metal-graphene frequency reconfigurable ze-
roth order resonant antennas for LTE applications. Both antennas are composed
of microstrip distributed elements that form left-handed and right-handed in-
ductances and capacitances which determine the zeroth order resonance of both

antennas. In the first design, the graphene sheet is added under a microstrip
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meander-line while in the second design is added next to a top patch forming a
capacitance. In both designs, the surface impedance of graphene is changed to
modify the resulting inductances and capacitances of the proposed antenna de-
signs which in turn tunes the zeroth order resonance of the antennas. The analysis
includes the study of the performance of the unit cells that form the proposed
antenna designs as well as the complete antennas (formed by multiple unit cells).
In addition, the power consumption of the proposed designs is studied.
Chapter 7 concludes the thesis with a summary of key concepts, trade-offs

and conclusions. It also presents some future work.






Chapter 2

BACKGROUND THEORY

The aim of this thesis is to study the use of novel materials such as graphene,
carbon nanotubes and metamaterials in antennas. This chapter provides a
comprehensive review of the necessary theory on antennas and the materials
implemented in this thesis. The chapter discusses two major topics. The first part
deals with the basics of the antenna theory as well as a discussion on electrically
small antennas and reconfigurable antennas. The second part introduces the
fundamental properties of carbon nanotubes, graphene and metamaterials along

with the characterization of antennas fully made of these materials.

2.1 ANTENNA THEORY

2.1.1 DEFINITION OF AN ANTENNA

From the IEEE Standard Definitions of Terms for Antennas, an antenna is defined
as “That part of a transmitting or receiving system that is designed to radiate or
receive electromagnetic waves” [33]. In other words, antennas allow the wireless
transmission of information between electrical devices by generating or harvesting
electromagnetic waves. The radiation of electromagnetic waves to free space is

accomplished by applying a time oscillating signal at the terminals of the antenna.

13
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The reciprocity theorem in antennas states that if the same antenna is used to
transmit as to receive, their characteristics and properties are exactly the same
whether it is transmitting or receiving electromagnetic waves [34]-[36].

Many antennas work on the principle of antenna resonance and are hence
called resonant antennas. There are only certain frequencies where the resonant
antenna enters into resonance, called the resonant frequency f..s (Hz), which

follows equation (2.1),

f C
res — N
>\res

where ¢ is the speed of light (m/s) and A, is the resonant wavelength (m)

(2.1)

of the signal to be transmitted or received. Furthermore, one of the antenna
dimensions such as the length L (m), width W (m) or height H (m) is commonly
set to be a multiple of the wavelength, being most typically around A,.s/2. As
observed, the lower the resonant frequency, the larger the resonant wavelength
and also the dimensions of the antenna. This is a fundamental principle that has
limited most of the antenna designs since the very beginning. However, it is not an
unbreakable condition and, as it is explored later in Section 2.1.3 and Section 2.5,
it is possible to substantially reduce the antenna size or to even achieve antenna

resonances that are completely independent on the antenna size.

2.1.2 ANTENNA PARAMETERS

Any antenna is characterised, first, as a part of an electric circuit by its input
impedance, bandwidth and efficiency, and second, as an electromagnetic radiator
or receiver by its radiation pattern, directivity, gain and polarization. All of these

antenna parameters are briefly defined in this section.

INPUT IMPEDANCE

From the IEEE Standard Definitions of Terms for Antennas, the input impedance

of an antenna is defined as “the impedance presented by an antenna at its
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Figure 2.1: (a) Circuit equivalent of an antenna connected to a source and (b) the

frequency variations of its input impedance.

terminals” [33], see Fig. 2.5. The input impedance Z;,, (€2) is the circuit equivalent
of an antenna which allows one to easily analyse its behaviour when connected to
an electrical circuit. It can be also defined as the ratio between the voltage and

current presented by the antenna at the terminals

Vermina s . . .
Ty = LS Rin 4+ § Xin, (2.2)

Iterminals

where Vierminats @0d Lierminais are the voltage (V) and current (A) at the
antenna terminals, and Rin (2) and Xin () are the input resistance and
reactance of the antenna. The real part of the input impedance represents all
the losses suffered in the antenna while the input reactance represents the energy

stored in the antenna [34].

REFLECTION COEFFICIENT, RETURN LOSS, ANTENNA BAND-
WIDTH AND ANTENNA MATCHING

There is always a part of the power generated by the source that is reflected back
due to mismatches between the input impedance presented by the antenna Z;,

and the internal impedance presented by the source Z; (€2). The voltage reflection
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coefficient p (dimensionless) is the parameter that defines the ratio between the
reflected voltage V'~ (V) wave and the incident voltage wave V* (V) and is
calculated as [37]

VT Zy - Z

— e (2.3)

p

Knowing that any power supplied by the source Py, (W) that it is not
transferred to the antenna is reflected back to the source, then the reflected power

P.ey (W) can be defined as

Pref = Psupra (24)

and the power delivered Py, (W) to the antenna is

Py = Psup (1 - p2) ) (25)

Here we see that, if the input impedance is the conjugate of the source
impedance Z;,=Z27, the reflection coefficient is zero p=0 and all the power supplied
by the source is delivered to the antenna. However, whenever the input impedance
is not the conjugate of the source impedance Z;, # Z;, there is some reflection
at the terminals of the antenna as p #0 and hence less power is delivered to the
antenna and more power is lost due to being reflected back to the source.

The ratio between the power lost due to reflection and the power supplied by
the source is commonly called the return gain RG (dB) if expressed in negative

values, or return loss RL (dB) if expressed in positive values, and is defined as [37]

RG =20log|p| = —RL = S11. (2.6)

where S11 (dB) is the scattering parameter at port 1. Fig. 2.2 presents an
example of how the return gain of an antenna variates with frequency. The more

negative the value of the return gain, the better the matching of the antenna
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Figure 2.2: Antenna return gain representation, bandwidth and resonances.

to the source, and hence, the more power is transferred from the source to the

antenna.

The antenna bandwidth BW (Hz) is defined as “The range of frequencies
within which the performance of the antenna conforms to a specified standard
with respect to some characteristic” [33]. In other words, it is the range of the
frequencies where the antenna can be assumed to satisfy a given requirement. The
antenna bandwidth might be limited by impedance restrictions or by radiation
characteristics; and it is always defined by the application where the antenna
is designed to be implemented. If the antenna is required by an application to
guarantee that it receives a certain amount of power from the source, then, as
seen earlier in this subsection, the acceptable antenna bandwidth is defined by
setting a minimum or maximum value of the reflection coefficient p, return loss
RL, or even antenna efficiency, and it is called impedance bandwidth [34]. On the
other hand, if the application specifies the way the antenna must radiate, then
it is categorised as pattern bandwidth where parameters such as gain, side lobe
level, beam-width, polarization and beam direction, are the limiting factors [34].
Fig. 2.2 also shows an example of the antenna bandwidth, or range of frequencies,

where the return gain satisfy a specific minimum value, in this case RG<-10 dB.

Depending on the type of the antenna, it might happen that the condition
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Zin = Z7 is not satisfied, and hence, there is a mismatch between the components.
In such cases, it is necessary to introduce a matching network between the antenna
and the source [34]. This matching network is designed to smooth the impedance
transition between the source and the antenna. This is achieved by forcing the
input impedance of the transmission line ZLF (Q), when the antenna is acting as a
load, to be equal to the internal impedance of the source. The matching network
could be a section of transmission lines or passive elements such as resistors,

capacitors and inductors.

RADIATION PATTERN, DIRECTIVITY, GAIN AND EFFICIENCY

The radiation pattern is defined in the IEEE Standard Definitions of Terms
for Antennas as “The spatial distribution of a quantity that characterizes the
electromagnetic field generated by an antenna” [33]. It is sometimes also called
the antenna pattern. If an observer is placed at a determined distance, or radius
r, and angle (0,¢), elevation and azimuth angles (radians) respectively, from the
antenna, the radiation pattern indicates the amount of radiation that the observer
will receive at that particular point. It the same process is repeated for all the
possible angle values, the resulting graphical or mathematical function is the
radiation pattern. Likewise, it also indicates how much electromagnetic radiation
the antenna will receive from the same observer if, in this case, the observer was
radiating electromagnetic waves instead of receiving them.

The radiation pattern has the characteristic of possessing lobes. Radiation
pattern lobes are volumetric components of the radiation pattern where the
electromagnetic radiation is relatively stronger compared to their surrounding
space. In addition, depending on the direction and relative strength when
compared to each other, they can be classified as the major (or main) lobe, side

lobes and back lobes. The main lobe determines the direction of the strongest

!By Timothy Truckle [Public domain], via Wikimedia Commons https://en.wikipedia.
org/wiki/File:Sidelobes_en.svg
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electromagnetic radiation, the side lobes are weaker lobes compared to the main
lobe and the back lobe is always found in the opposite direction of the main lobe.
Furthermore, depending on the configuration of these lobes, the radiation patterns
can be classified into three different patterns such as isotropic, omnidirectional
and directional radiation patterns [34], [36].

An antenna possessing an isotropic radiation pattern is defined as “A hypo-
thetical, lossless antenna having equal radiation intensity in all directions” [33].
Hence, the radiation pattern of an isotropic antenna is a perfect sphere with
value one at each angle because it radiates and receives exactly the same amount
of electromagnetic radiation at any angle. Isotropic radiation patterns are used
as reference for the other types of radiation patterns. Isotropic antennas are only
possible as a mathematical concept and cannot be physically implemented [34].

An omnidirectional antenna is defined as “An antenna having an essentially

non-directional pattern in a given plane of the antenna and a directional pattern
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in any orthogonal plane” [33], or in other words, an omnidirectional antenna
presents similar radiation along a wide range of angles and at least a null in
a particular angle. Omnidirectional radiation patterns are a particular case of
directional radiation patterns.

A directional antenna is defined as “An antenna having the property of
radiating or receiving electromagnetic waves more effectively in some direction]s]
than others” [33]. A directive antenna accentuate the radiation at some angles at
expenses of attenuating at some others. A key property of such antennas is the
directivity of an antenna D or D(6, ¢) (dimensionless or in dB) which is “The ratio
of the radiation intensity in a given direction from the antenna to the radiation
intensity averaged over all directions” [33]. Therefore, the larger the radiation at
a particular angle compared to the isotropic case the larger the directivity is at
that angle.

There are two definitions for efficiency. The first one is the radiation efficiency
n, and it is defined as “The ratio of the total power radiated by an antenna to the
net power accepted by the antenna from the connected transmitter” [33]. This
efficiency definition refers to how much power is radiated from the power delivered

to the antenna by the source. The radiation efficiency 7, (%) is calculated as

Prad Prad
= 4900 = — e qqp, 2.7
1 Pdel Prad + Ploss ( )
or in decibels as
Prad
. = 10log;o [ —— ). 2.8
" 810 (Prad + Rloss) ( )

where P, is the power lost (W) in the antenna and P,,4 is the power radiated
(W). The higher the losses in the antenna the lower the radiation efficiency.
The second definition is called the realized radiation efficiency or total radiation
efficiency 7, (% or dB) and it is defined as “The radiation efficiency of an antenna

reduced by its impedance mismatch factor” [33]. In this case, the resulting



CHAPTER 2. BACKGROUND THEORY 21

efficiency n; considers all the possible losses, including the loss from the power

reflected back to the source and is obtained as

Prad Prad(l _p2) 2
= —1 ==, 1— 1 , 2.
"= 00 P e (1= p*) 100 (2.9)
or in decibels as
m = 101logyy (m (1 —p%)) . (2.10)

If there is no mismatch between the source and the antenna p=0, the total
antenna efficiency is equal to the radiation efficiency n,=n,.

Similar to the directivity, the gain of an antenna G or G(6, ¢) (dimensionless
or in dB) is defined as “The ratio of the radiation intensity in a given direction
to the radiation intensity that would be produced if the power accepted by the
antenna were isotropically radiated” [33]. The definition is very similar to the
one provided for the directivity but in this case the reference power is the power
accepted by the antenna (the power measured at the terminals of the antenna)
instead of the power radiated. This means that the gain accounts for the radiation
efficiency 7, of the antenna. There is a relation between the gain and directivity

of an antenna. This relation is expressed in dimensionless units as

G(0,¢) =mD(0,9). (2.11)

or in decibels as

G(0,0) =n, + D(0,9). (2.12)

As observed, the gain and directivity are very similar parameters but not
equal. However, in the case where the antenna is lossless, the radiation efficiency

is one 1,=1 (dimensionless) or zero 7,=0 dB, and thus, they are exactly the same.
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POLARIZATION

In antenna theory the direction at which the electric and magnetic fields point
to is important and is defined by the polarization of the electromagnetic wave.
Sufficiently far away from the antenna, any electromagnetic wave propagating in
a medium can be modelled as a plane wave. Consequently, the polarization of
an antenna is defined as “In a given direction from the antenna, the polarization
of the wave transmitted by the antenna” [33]. The polarization of an antenna
determines the polarization of the plane wave that can be transmitted to free
space, as well as, the polarization of the plane wave that the antenna is able
to receive. If an antenna has a different polarization to the plane wave that it
is trying to receive, it will reduce the ability to receive the energy from that
particular plane wave. In a two antenna system where one antenna transmits
and another receives, the polarization of both antennas must either be equal or
as close as possible, otherwise, they might not be able to communicate at all due

to the loss from polarization mismatch.

(a) (b)

Figure 2.4: Graphical representation of different electromagnetic polarizations (a)

linear polarizations® and (b) circular polarizations?.
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There are three types of polarization, linear, circular and elliptical, see Fig.
2.4. However, in reality, the linear and the circular polarization are special
cases of the elliptical polarization [33]. An electromagnetic wave presents a
linear polarization when its electric field (and consequently also the magnetic
field) is directed always along the same line at any point in space and time,
or in other words, is always parallel to the same axis [34]. In addition, if a
ground plane is defined, linear polarization can be divided into horizontal and
vertical if the electric field propagates in parallel or perpendicular to the ground
plane, respectively. An electromagnetic wave has a circular polarization when the
direction of its electric field follows a circular pattern as a function of time [34].
Depending on the orientation of the rotation, the circular polarization can be
split into right-hand or left-hand if the rotation is clockwise or anti-clockwise,
respectively. The axial ratio (AR) (dB) is a parameter that measures the ratio

between these two components and can be calculated as [34]

E, :
AR = 201og,, <E—0) if E> Eyo, (2.13)
y0
E
AR = 20log,, <E—yz) if B < Ejyo, (2.14)
(2.15)

where E,o and E,( are the nominal values of the electric field (V/m) at the
axes x and y. Therefore, the axial ratio is useful to determine what type of
polarization a plane wave has depending on its value. If AR=0 dB, then the plane
wave posses a circular polarization as both components have the same weight. On
the other hand, if AR=oc dB, then, the plane wave is linearly polarised as the

minor component is zero and the total electric field is the result of only one of the

2By Dave3457 derivative work: RJB1 [Public domain], via Wikimedia Commons https:

//commons.wikimedia.org/wiki/File%3ALinearly_Polarized_Wave.svg

3By Dave3457 (Own work) [Public domain], via Wikimedia Commons https://commons.
wikimedia.org/wiki/File%3ACircular.Polarization.Circularly.Polarized.Light_

With.Components_Left.Handed.svg


https://commons.wikimedia.org/wiki/File%3ALinearly_Polarized_Wave.svg
https://commons.wikimedia.org/wiki/File%3ALinearly_Polarized_Wave.svg
https://commons.wikimedia.org/wiki/File%3ACircular.Polarization.Circularly.Polarized.Light_With.Components_Left.Handed.svg
https://commons.wikimedia.org/wiki/File%3ACircular.Polarization.Circularly.Polarized.Light_With.Components_Left.Handed.svg
https://commons.wikimedia.org/wiki/File%3ACircular.Polarization.Circularly.Polarized.Light_With.Components_Left.Handed.svg

24 2.1 ANTENNA THEORY

components. For all the other remaining AR values, the plane wave is considered
to be elliptically polarized.

Another efficiency factor to consider comes from the mismatch between the
antenna polarization and a plane wave polarization. Any antenna generates
an electromagnetic wave with a specific polarization, and from the reciprocity
theorem, any antenna is only able to harvest an electromagnetic wave that have
the same polarization as the antenna. This is because the electric field is only
able to excite a resonating current in the antenna if the wave is received at a
specific angle of polarization. The polarization loss factor (PLF) (dimensionless)
accounts for the mismatch between the antenna polarization and the plane wave

polarization, and defined as [34]

PLF = |éant : Binc|2 — |COS ¢|2, (216)

where &g, (dimensionless) and by, (dimensionless) are the unitary vectors
of the antenna and incident wave polarizations and || is the absolute value.
As observed, the PLF depends directly on the angle ¢ (radiants) between the
two unitary vectors a,,, and a;,.. If the angle is ©)=0 or ¥=nr radiants (for
n=1,2,3,...), there is no polarization mismatch and all the energy from the wave
is coupled to the antenna. On the other hand, if the angle is ¢»)=nm /2 radiants (for
n=1,3,5,...) then no coupling exists between the incident wave and the antenna
and consequently no energy is harvest from the plane wave. In this later case,
the plane wave presents an orthogonal polarization with regard to the antenna
polarization. In addition, in a system of two or more antennas, where one or more
is transmitting and one or more is receiving, it is vital to guarantee as much as

possible the alignment of their polarizations for an efficient communication.

2.1.3 THE ELECTRICALLY SMALL ANTENNA

Traditionally, the size of an antenna is determined by the wavelength of the

electromagnetic wave to be transmitted or received, being half of the wavelength
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or larger the most ideal size. However, smaller antenna designs are possible at
the expense of deteriorating other important antenna parameters such as the
antenna bandwidth, gain and efficiency [38]. This trade-off dictates the maximum
reduction of a radiating system for a specific set of antenna restrictions. The
quality factor () is commonly used to characterise the performance of antennas
as it provides an indication of the power radiated by the antenna and the energy

stored in the antenna.

The quality factor () (dimensionless) of antennas that excite either one of
the transmagnetic T'My; or the transelectric T'Ey; modes for linearly polarised
antennas, or both modes at the same time for circularly polarized antennas, can

be calculated as [39], [40]

1 1\*
Q= Tt (E) : (2.17)

for the linearly polarised case, and as

% N (%)5] , (2.18)

for the circular polarised case, where k=27 f/c is the wavenumber or phase

Q =

constant (rad/m) of the electromagnetic wave and a is the radius (m) of the
smallest sphere that encloses entirely the antenna. Note that the term “electrically
small antenna” refers to antennas that are much smaller in size to the wavelength.
Typically, an antenna is electrically small if it occupies a volume that it is enclosed
within a sphere of radius a < /27 [41], [42]. This gives a ratio of ka < 1 which
means that electrically small antennas have large values of quality factor. Large
values of quality factor () translates into more energy stored in the antenna and
less being radiated. This dramatically affects the achievable antenna bandwidth
and gain. In [43] the quality factor @) analysis is extended to any type of antenna

polarization.
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QUALITY FACTOR AND BANDWIDTH LIMITATIONS

In [44], a practical and realistic relation between the quality factor and the

fractional bandwidth of an electrically small antenna is defined

1VSWR-1
Q VVSWR'’

where F'BW is the fractional bandwidth (dimensionless) expressed as

FBW =~ (2.19)

fu—fr
Vit

where fy and fp are the high- and low-edge frequencies (Hz) defining the

FBW = (2.20)

bandwidth [45]; and VSW R is the voltage standing wave ratio (dimensionless)

1+ |pl
1 —|p|

VSWR = (2.21)

As it is seen, the higher the quality factor, the lower the fractional bandwidth,
and consequently, electrically small antennas are expected to have very narrow
bandwidths. Additional formulations in [45], based on Fano’s and Wheeler’s
principles, provide other approximations depending on the number of tuned

circuits.

QUALITY FACTOR AND GAIN LIMITATIONS

Harrington demonstrated in [43] that the gain of the antenna is dependent on the

size of the antenna

G = (ka)® + 2 (ka). (2.22)

Consequently, electrically small antennas are also expected to have small

values of gain.
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2.1.4 THE RECONFIGURABLE ANTENNA

A reconfigurable antenna is designed in a manner that it is possible to manu-
ally or automatically (via software) change its resonant frequency, operational
bandwidth, radiation pattern, and/or polarization to adapt to different services,
system requirements and environments. This is achieved by switching, via me-
chanical or electrical actuation, the current path propagating along the element,
changing their geometrical shapes, tuning their feeding network or modifying their

physical dimensions [46].

Mechanical switching is mostly performed by Micro or Nano Electromechanical
systems (MEMS or NEMS) depending on the device scale. MEMS (NEMS) are
basically very small switches formed by two plates separated, OFF state, a certain
distance to each other with a dielectric between them. Then, the plates are
electrostatically attracted via an applied voltage to the other until they touch,

ON state.

Electrical switching is mainly carried out by transistor based technology such
as Metal Semiconductor Field Effect Transistor (MESFET), Pseudomorphic High
Electron Mobility transistor (PHEMT); or by diode-based technology such as the
P-type Insulator N-type diode (PIN diode). In most of the cases, the switching is
achieved when changing charge carrier concentrations by applying a direct current
(DC) voltage bias or light (mostly infra-red IR) so an electrical path is created
through the switch.

Varactors are diodes added to any part of the antenna where its capacitance
varies with the applied control voltage [46], [47]. Tunable materials are the latest
solution being considered for reconfigurable antennas. They are materials where
electrical, magnetic and/or mechanical properties are tuned by applying external

excitations such as thermal, electric, magnetic or light bias.

In this thesis, graphene, carbon nanotubes and metamaterials are investigated

as alternative methods to obtain antenna size reduction and reconfigurability. In
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the next sections, these materials are defined and analysed for the implementation

in antennas.

2.2 GRAPHENE

6 carbon atoms arranged in a
hexagonal lattice

(a) (b)

Figure 2.5: Graphene: (a) graphical representation of a graphene sheet and (b)

actual picture of a graphene sheet®.

Graphene is a flat mono-atomic layer of Carbon atoms distributed in a two-
dimensional honeycomb-like lattice through sp2 bonding [22], [48]-[51]. Graphene
sheets can be very narrow (a few atoms width) and up to several centimetres
length [52] while being just one atom thick, making graphene the first “two
dimensional” material. Electrons/holes behave as massless relativistic particles,
called Dirac fermions, as their energy-momentum is linear, instead of being
quadratic, and at the specific Dirac point their energy (or energy gap between
the conduction and valence band) is exactly zero making graphene a zero-gap
semiconductor or semi-metal [22], [49]-[51]. This phenomena translates into some
extraordinary electronic properties theoretically predicted by [53] and measured

much later by [18], such as the fact that the surface admittance of graphene can

4Graphene resonator made at the Scottish Microelectronics Centre (SMC), courtesy of Prof.

Rebecca Cheung.
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be tuned by applying and electrostatic field via a DC voltage bias. In addition,
an unbiased pristine single layer of graphene (SLG) only absorbs 2.3% [54], [55]
of the visible light spectrum and measurements of mechanical strength conclude
that it is able to support breaking forces of up to 42 N/m with Young’s modulus
of 1 TPa and intrinsic strength of 130 GPa [56] while being extremely light (0.77

mg/m?) at the same time.

2.2.1 ADMITTANCE PROPERTIES OF GRAPHENE

The surface admittance of graphene o, (S) can be evaluated considering quantum
mechanics and statistics such as the quantum mechanical Fermi-Dirac statistics,
the Pauli principle and the Drude-Sommerfield model [57]-[59]. This results in a
surface admittance expressed in a Kubo-like formula (based on the current-current
correlation function) that accounts for the quantum nature and interband effects

in graphene and is calculated as [59]-[61]

Og —

jq *_Ofale) Oful=e)y, [T fa(=¢) — fale)
T wh2(w — j20) [/0 ( ) /o ( !

Oz BE w— 202 — 4(h)2 "]’
(2.23)

where ¢ is the electron charge (C), I'=1/27; is the phenomenological scattering
rate (s7!), 7; is the relaxation time (s), & is the reduced Planck’s constant (Js), € is
the carrier energy (J), 7' is the operational temperature (K), w=27 f is the angular
frequency (rad/s) and fy(¢) is the Fermi-Dirac distribution (dimensionless)

computed as equation (2.24)

1
fale) = it 11

(2.24)

where p. is the chemical potential (J), or Fermi energy ep (J), and kg is the
Boltzmann constant (J/K). This approximation provides the isotropic surface
longitudinal admittance of graphene valid at any frequency (from DC to optical

frequencies) and in the absence of magnetic field (no Hall conductivity is present)
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[60]. In equation (2.23), the first integral is determined by intraband interactions
and the second one is due to interband contributions.

For the range of frequencies considered here, 27f < 7, where f is up
to 110 GHz and 7 <l1ps, the intraband contributions are dominant and the
resulting surface admittance can be simplified, if I' (and hence 7;) is assumed

to be independent of the energy ¢, as [61]

~ —j¢’ksT (uc
gAC —

e\ on(e FsT + 1)) , (2.25)

where the resulting surface admittance is still dependent on the chemical
potential ., relaxation time 73, operational temperature 7" and operational
frequency w. In graphene, the chemical potential p. is related to the carrier

density n (m~2) as [22], [24]

o) c hl)g 2
" ﬂ%vf‘)?/o elfale = pe) — fale + pre)]de ~ M, (2.26)

™

where v} = 1 x 10% is the Fermi velocity (m/s) in graphene. The value of n
can be dynamically modified via the electric field effect shown in Fig. 2.6, where
a direct current (DC) voltage is applied between a graphene sheet and a heavily
doped semiconductor to vary the number of charge carriers n in the graphene
sheet. The change of n follows equation (2.27)

eoerb

= °2r > 2.27
n= Sl (227)

where ¢, is the vacuum permittivity (F/m), V; is the DC voltage bias (V), d is
the thickness (m) and €? is the relative permittivity of the dielectric separating the
graphene sheet and the back gate material (a p or n doped semiconductor) [18],
[24].

Nonetheless, one might gain the impression that any value of the surface
impedance of graphene Zs=c,5 (2/n) can be achieved by applying a sufficiently

large or small value of V}. Unfortunately, this is not possible due to scattering
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Figure 2.6: Example of an electric field effect structure added to a patch antenna.

mechanisms present in graphene that will limit Zs to lie between a minimum and
a maximum achievable values for very low and very high voltages V}. Therefore,
it is important to understand the physics involved in the variable admittance
phenomenon and its limitations to enable realistic surface impedances and the
associated voltages V; to be considered in the design of reconfigurable antennas

in this thesis. This is discussed in detail in the next section.

2.2.2 SCATTERING MECHANISMS IN GRAPHENE

For a simplistic evaluation, 74 in equation (2.25) might be considered constant
and independent of the carrier density n and hence the surface admittance is only
proportional to n [18]. However, this is not always the case. The relaxation time
7¢, and consequently also the carrier mobility, are almost always dependent on
the charge carrier density n. This is due to the fact that for different values of n,
there are different scattering mechanisms that ultimately determine the surface
admittance value in (2.25) [22], [62]. The Matthiessen rule, equation (2.28),

determines the overall relaxation time for any carrier density n and temperature

T [24],
D)@ R) e

where each 7, is due to a single scattering mechanism such as defects (74),
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impurities (7;), phonons (7,) and carrier-carrier (7.) interaction. Furthermore,
scattering mechanisms in graphene might be classified into two main groups, long
range scattering (77,) and short range scattering (75) as shown in equation (2.28).
The main difference between them is their dependence on n and 7. Note that, in
graphene, the relaxation time 7, and the carrier mobility u; (m?/Vs) are related
to the carrier density n by the Drude’s model conductivity equation [22], [24],
[63]-[66] as

pm* pghy/Tn

g
(& GUf

(2.29)

Tt =

where m* is the carrier mass in graphene (Kg).

LONG RANGE SCATTERING EFFECTS

To start with, defects in graphene might be caused by topological defects (i.e.
Stone-Wales defects), vacancies, interstitial atoms, substitutions of non Carbon
atoms/molecules, grain boundaries, edge defects and inter-facial roughness (or
wrinkles/ripples) [22], [24]. Localized defects cause moving carriers to be scattered
within the crystal lattice and also a slight modification of the local energy bands
(even create a bandgap or displace the Dirac Point at that location) [22], [67]. The
relaxation time for graphene due to these effects follows the equation (2.30) [51],

[68], [69].

S VI In(kpR,)2 = Y In(kp R,))%, (2.30)
quy Ly

where /14 is the carrier mobility (m?/Vs) due to defects, ng is the defect density
(m~2), k is the Fermi wavevector (rad/m) and R, is the radius of the interaction
potential (~ 0.284 nm). The value of n,; might be empirically obtained by the
equation (2.31) [49], [51], [70].

1,8 x 102 I,

L (2.31)

ng(m=?)
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where A is the wavelength of the excitation source (in nm), and Ip and Ig
are the D and G peak values obtained from graphene’s Raman spectroscopy,
respectively.

The relaxation time 74 has a /n dependency on the number of charged
carriers, and consequently, it is considered to contribute to the long range
relaxation time 7, [51], even though they are short-range processes [51], [71].
Defects might be reduced, or even completely removed, through better synthesis
techniques, improved patterning processes, dry transfers, thermal and ohmic
annealing and substrate engineering [49], [51], [72]-[74]. For example, chemical
vapour deposition (CVD) grown graphene is more sensitive to these defects than
mechanically ex-foliated graphene, but a proper selection of the target substrate,
better transfer process and post-annealing help to drastically reduce them [75],
[76].

Another scattering source comes from impurities trapped in the surface of
graphene, and/or at the interface between graphene and the substrate (see Fig.
2.6); and even inside the substrate itself [22], [51]. They cause the charge carriers
propagating in graphene to be scattered from Coulomb forces [49], [51]. Its

associated relaxation time is defined by equation (2.32)

wihn/nm 10y/nm
T = =

g R
quy TNV}

(2.32)

where n; is the impurity density (m~2). In this case, n; is commonly obtained
from experimental measurements of the conductivity when Coulomb scattering is
dominant. The resulting 7; is again proportional to y/n and hence it is also
classified as long-range scattering effect (7) [51]. Similarly to defect based
scattering, impurities might be reduced by improved transfer methods, annealing
and substrate engineering [49], [51], [77]-[85]. Moreover, in [71] the authors
predict that reducing a couple of orders of magnitude the impurity density (from

10 m=2 to 10 m~2) should provide carrier mobilities as high as ~20 m?/Vs,

which would be then limited by scattering caused by phonons as discussed next.
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SHORT RANGE SCATTERING EFFECTS

Carrier-phonon scattering is caused by collisions between the charge carriers and
the atomic nuclei that are moving in the crystal lattice due to, for instance,
thermal vibrations [51]. They are acoustic or optical whether the phonons move in
phase or out of phase, respectively [58], [86]. Unlike defects and impurities (where
they are either fully intrinsic or extrinsic), they might depend on both graphene’s
internal properties and the surrounding environment. Longitudinal acoustic (LA)
phonons are considered here to be dominant as optical phonons in graphene have
too high energies (~0.1-0.2 eV) to affect the material at room temperature [62],
[87], and any other phonons (i.e. extrinsic optical, polar, remote oxide, flexural
and remote inter-facial phonons) caused by the environment can be substantially
reduced or even completely removed by substrate engineering or by suspending
the graphene sheet in air [62], [88]. In fact, LA phonons are often considered to
be the ultimate mechanism that will limit graphene device performance in the
future, once the other scattering effects are drastically reduced or completely
removed [62], [88]. Their relaxation time is expressed in equation (4.11), as
long as the temperature 7" is well above the Bloch-Griineisen temperature Tg¢q

(T > TBg) [62],

_ pphn/nm _ 4h2/0mv;2;hv?
qu§ VnrD2kgT’

where D is the deformation potential (eV), p,, = 7.6 x 1077 is the two

(2.33)

p

dimensional mass density of graphene (Kg/m?), v,, = 2.1 x 10* is the sound
velocity of LA phonons in graphene (m/s) and Tpg is the Bloch-Griineisen
temperature (K) defined as

2hl€F"Uph

- (2.34)

Tpa =

In this case, the relaxation time depends on the carrier density as 1/y/n so it

contributes to the short range relaxation time (7g5). The operational temperature
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plays an important role and can reduce or increase considerably the surface
impedance of graphene due to phonons.

Finally, carrier-carrier interactions do not provide substantial losses in
graphene at room temperature with finite charge carrier densities and in the
diffusive regime [89]. Under these conditions, other scattering processes, specially
LA phonons, would be dominant over any carrier-carrier collisions so that its con-
tribution can be neglected. Therefore this effect is not considered in this thesis

for the relaxation time equation in (2.28).

2.2.3 MAXIMUM AND MINIMUM Zs

At room temperature (295 K), the maximum surface impedance (or minimum
surface admittance) in the low electric field-effect carrier density regime is limited
by thermally excited carriers [90], and electron-hole puddles caused by charged
impurities [91]. As observed from the surface admittance equation in (2.25), the
Kubo formalism already takes into account the thermally excited carrier densities
as it is temperature dependent. However, the energy of the electron-hole puddles
needs to be determined to set the minimum achievable surface admittance. The
energy of the electron-hole puddles epyqae (J), or the lowest possible chemical

potential level fi¢ i (J), follows equation (2.35)

Epuddle = Me,min = hl}? 7T’fl,, (235)

where 7 is the carrier density (m~2) variations - carrier inhomogeneity density
- caused by the electron-hole puddles which forces the minimum carrier density
n to be greater than or equal to this value n,,;, > n. It is important to mention
that defects ng and impurities n; are the main cause of the electron-hole puddles
n present in graphene sheets and reducing their densities should decrease their
effect.

Fig. 2.7 shows a typical example of how the total relaxation time 7 is

dominated at different charge carrier densities n by long-range and short-range
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relaxation times (77, and 7g respectively). The total relaxation time is computed
from equation (2.28) by selecting different values of n (from 1-10'® m~2 to 1-10'8
m_2), where 7;, and 7g are obtained by setting p; = p; =2 m? /Vs in equation
(2.29); D=18 eV and T=295 K are used in equation (4.11) to evaluate 7,. The
range of simulated values for n here is selected in order to visually demonstrate
the differences. It is firstly observed that as the carrier density n is increased (for
instance raising the DC bias voltage) the long-range scattering times increase as
defects and impurities contribute less to the scattering of carriers. Conversely,
the short-range scattering time drops to lower values for high carrier densities as

LA phonons start to dominate scattering.

Scattering time contributions
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Figure 2.7: The total relaxation time (7;) is dominated by different relaxation times.

As expected, for low n values, the relaxation time is dominated by defects
and impurities while for high densities it is the LA phonons that are the limiting
factor. If the resulting total relaxation time 7; is used to calculate the total
surface impedance Zs - from equation (2.25) - for different values of charged
carrier density n, the resulting total Zs also follows the same behaviour as 7;.

Consequently, there is a trade-off between the graphene material quality (defined
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by setting either a value of 7, or u, or by independent values of ng and n;), the
maximum applied Vj, needed (which directly depends on required carrier density
n), the deformation potential D, the operating temperature 7" and the maximum

and minimum values of Zs achievable.

2.2.4 MICROSTRIP PATCH ANTENNAS FULLY MADE
OF GRAPHENE

In this thesis, graphene-based antennas are implemented in planar structures, like
the microstrip patch antenna, due to its two dimensional nature. This section
provides the equations necessary to evaluate the performance of microstrip patch

antennas fully made of graphene.

w
& _ FEED POINT
\——>Q

X(J TOP PATCH

SUBSTRATE

GROUND PLANE

Figure 2.8: Graphical representation of a microstrip patch antenna.

The radiation efficiency (dB) of a microstrip patch antenna fully made of

graphene is calculated following the cavity model in [92], see Fig. 2.8, as

e = 101og ( ) , (2.36)

1
6efor

where

s bt o111
7 Qr  Qu Qe Q' Qu

where (), is the dielectric loss, (). is the conductor loss, @), is the radiation

(2.37)

loss and (), is the surface wave loss. The dielectric loss ()4 is directly determined

by the loss tangent tand (dimensionless) of the substrate
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1

- 2.
tand (2.38)

Qa

The conductor loss Q). (dimensionless) is caused by power dissipated as heat

in the antenna due to the finite admittance of the material used

1 kH
Qe = ook (%) ; (2.39)

where H=0.02¢/ fs (m) is the substrate hight set to satisfy the validation
of the cavity model [92], no~376.73 Q is the free space impedance, p, is the
relative permeability (dimensionless) of the antenna substrate and Zs is the
surface impedance of graphene, see equation (2.25). In this case, Zs is obtained
from equation (2.25). The radiation loss @, considers the energy that it is stored

within the antenna and not radiated to free space. It is computed as

_ 2wW

, , 2.40
Q Prad ( )
where Wy is the energy (J) stored in the antenna. W is calculated as
€06, LWV2
Wy = ——7, 2.41
SH (2.41)

where V., is the driving point voltage (V), €, is the relative permittivity of
the substrate, L is the length (m) of the antenna and W is the width (m) of the

antenna. The antenna width is calculated as

2
er+1

2fT€S '

The antenna length is calculated to resonate at the specific resonant frequen-

W - (2.42)

cies of interest f,..s as

C

- 2fres \% €7e“ff

L — 27, (2.43)

where
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e+ 1 € — 1
eiff: +

2 2,/1+ 124

is the effective relative permittivity (dimensionless) due to the fringing fields

(2.44)

and

(7 +0.3) (Y +0.264)
(77 +0.258) (% +0.8)

AL = 0.412H (2.45)

is the additional length (m) due to the fringing fields. The power radiated by

the microstrip antenna is

VR Az A A2\ B A A
Pog= = 1-B)(1—-—=+"— — 12— =+ — 24
93040 {( ) < 5 420> M ( 7 189)}  (246)

with

AN
A== 2.47
(5 (2.47)
where A=c/ f, being f any frequency (Hz) and
9 2
B (TW) | (2.48)

Finally, the surface wave loss ), (dimensionless) accounts for the amount of
power lost by waves propagating on the surface of the substrate. It is computed

as

B Eﬁed
st - QT‘ 1 _ €¢6d Y (249)
where
phed
hed __ T 1 2

el = (2.50) —=1- = 4+ = 2.52

FJel 4 Pl a=l-mtgy 29

koH)” (8072 1?2
Prhed _ ( 0 ) ()\277 ,UT01)’ (251) ny = \/m’ (253)

0

and where
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3/2

hed __ ﬂokg r (.1'% — 1) / (254)

. 8 e(1+x1)+koH\/22 —1(1 + e2ay)’

2
x5 —1
= 2.55
T €, — l'(%’ ( )
—¢2 2 _9 2

vo—1+ €, + ooy + €, \/er Qo0 + O (2.56)

(€7 — af) ’
ap = Ve, — Ltan (kgHVe, — 1), (2.57)

tan (k:OH\/er — 1) + fOH— Ve’”_l_
o= — (borrver=) | (2.58)

€ — 1

Following the same procedure as in [92], the cavity model also provides a

method for calculated the input impedance of a microstrip patch antenna as

Jwoxy
Zin = E = : (2.59)
— Z 2’ _ (1_]5effw2)
where X and Y are the modes (dimensionless) excited in the cavity, wxy is

the angular resonant frequency (rad/s) for each mode X and Y obtained from

1 X7\2 yr\?
— 2 va —_ [ _— 2.60
wxy = 27 fre; neff\/([/) +(W)’ (2.60)

ng f

where n.sy is the effective electromagnetic refractive index equal to pﬁf !

where €/ and p¢// are the effective relative permittivity and permeability of the

antenna substrate respectively; and axy (Np/m) is calculated as

Hoxo Xy Yri XY
axy = LW)ZO:T cos? (Tﬂy) cos® (#) sinc? ( 27pr> : (2.61)

where ¢ (m) and # (m) are the coordinates of the driving point.
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An interesting electrical property of graphene is that it can support surface
plasmons at much lower frequencies than conventional metals, see Section 2.4.
These are surface waves guided along the boundary of the graphene sheet and
the surrounding material (i.e. free space if suspended) or between two substrates
with permittivities e;=¢eq (F/m) and e;=¢%eq (F/m), and permeabilities p1 =4} 110
(H/m) and po=pbpo (H/m) for the top and bottom substrates respectively. These
surface waves can propagate as transverse-electric (TE) or transverse-magnetic

(TM). Their dispersion equations are [61]

ZTE (k)P w) = Mipy + py + josps = 0, (2.62)

for the TE wave and

OsP1P2

ZTM(kgM7W> = ngl + p2 +
Jwer

=0, (2.63)

for the TM wave, where M2=piy /11, N2=€z/e1, pr=y/k2 — ki, po=\/k2 — k3,
k1 and ky are the phase constants (rad/m) in substrates top and bottom
respectively and k, is the plasmon phase constant (rad/m). These two dispersion
equations provide the conditions for the TE or TM waves to propagate along a
graphene sheet placed between two substrates. Likewise, if M =1, puj=p5=p" and

€]=e,=¢" then the plasmon phase constants for the TE and TM can be obtained

as [61]

ro__.r 2,2(,,r)2\ 2
kgE — k\/lu'r'e’i’ . ((61 62)2:;87]0(M ) ) 7 (264)

and

2057]0 2
ETM — ey [ et — . 2.65
: \/“ ‘i <<eq “a)+ ozn3<m>2> (2.65)

The formulations provided in this section will be used in Chapter 3 to evaluate

the use of graphene in microstrip patch antennas to provide antenna size reduction
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by exciting plasmon waves and antenna reconfigurability by changing the surface

impedance of graphene.

2.3 CARBON NANOTUBES

~«——Shell #1
Ly ~—Shell #2

s

JAN
6 carbon atoms arranged in a
hexagonal lattice

(a) (b) (c)

Figure 2.9: Graphical representation of different carbon nanotubes (CNTs) config-
urations (a) single-wall carbon nanotube (SWCNT), (b) multi-wall carbon nanotube

(MWCNT) and (c) carbon nanotube bundle.

Carbon nanotubes (CNTs) are basically hollow tubes composed of carbon
atoms forming a single-atom thick shell along an axis. Firstly synthesized by S.
[jima in 1991 [16], they are seen as “rolled up” graphene sheets, although they
are grown from porous substrates where carbon atoms are deposited or injected
via arc discharge, laser ablation and chemical vapour deposition (CVD), among
others [93].

In general, their radii varies from 0.3 nm to several nanometres [94] and their
length can be up to a few centimetres [95]. It is this aspect ratio that makes carbon

nanotubes so interesting in nanotechnology (a quasi “one dimensional” material).
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CNTs offer a very wide range of thermal, electrical and mechanical properties
such as ballistic conduction of a few micrometers [96] and Young modulus of
1-1.3 TPa [97], [98]. Furthermore, CNTs can be synthesized into single-wall
carbon nanotubes (SWCNTs) and multi-wall carbon nanotubes (MWCNTSs),
which basically consist of multiple concentric SWCNTs. MWCNTSs can have radii
from 1 nm to 50 nm. Additionally, SWCNTs and MWCNTs might be arranged

into bundles of dozens or even hundreds of nanotubes.

2.3.1 ADMITTANCE OF CARBON NANOTUBES

Following a quantum-mechanical analysis of the effective permittivity of the
carbon nanotube, the total axial admittance o,, (S) of a single-wall carbon

nanotube is [99]

0., = 0., + Ao, (2.66)

where &,, is the admittance (S) evaluated following a semi-classical approxi-
mation of the motion of m-electrons under the effect of an electromagnetic field

and Ao accounts for the interband contributions

_ Jg* (w+jv) 1 Fl=E(p:,5)] = FIEP-, 5)]
il 2m2hrswent /15th E(p=, s) bov (p=s o) B2 (w + ju)? — 4€%(p., s) ap:,
(2.67)

where v=1/7 is the relaxation frequency (Hz), rswcn7 is the radius (m) of the
SWCNT, s=[1,2,3,...,m,] is the counter for the chiral angle, m, is an integer that
sets the radius of the SWCNT, 1stBZ refers to the first Brillouin zone, &(p,, s)
is the electron dispersion relation (eV), F(£E&(p.,s)) is the Fermi equilibrium
distribution function (dimensionless), p, is the z-projection of the electron’s two-
dimensional quasi-momentum p (Kgm/s) tangential to the SWCNT surface and

|0| is the matrix element of the longitudinal velocity (m/s)
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|0cs] = B : (2.68)

%[\/HIQ/H128H12/8pz:|

where Hiy is the Hamiltonian matrix of electrons in a hexagonal lattice [100]

0 His(ky, k
Hip = 12(ka, ky) (2.69)
Hiy(ky, ky) 0
with [101]
. _sb(1. /3 .
Hyg(ky, ky) = — el P — e ik (spe—g'm) _ 736_J%(%p”+\/gpy), (2.70)

where 73 = v, = 73 = v are the overlap integrals (eV), k,, are the x- and
y-projections of the phase constant (rad/m) and p,,, are the x- and y-projections
of the electron quasi-momentum p (Kgm/s).

In the microwave and infra-red frequencies, the 7., contribution is dominant,
and thus in this thesis, 7., is the only admittance considered for carbon nanotubes.
The general solution for the admittance of carbon nanotubes 7., following
the semi-classical approximation and assuming homogeneous distribution of the
electromagnetic field (h=0) depends on the type of the SWCNT obtained.
Depending on how the carbon nanotube is “rolled up” from an equivalent
graphene sheet, the resulting nanotube presents different chiral angle which in

turn defines its electrical behaviour [101]

(2.71)

0 = tan ™"
SWCNT (er e

V3n, )

where m, and n, are the dual indices that represents multiple integers of
the atomic distance between adjacent carbon atoms. Likewise, following the

configuration of m, and n, the resulting radius of the SWCNT is obtained as [101]

3
TSWONT = ;/—;b\/mz + m,n, + n2, (2.72)
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where b=0.142 nm is the inter-atomic distance between carbon atoms in
graphene. Depending on the chiral angle, the resulting CNTs can adopt different
electronic behaviours [101]. A CNT is a zig-zag SWCNT when n,=0 and for any
value of m,. On the other hand, a CNT is an armchair SWCNT when n,=m,
and for any value fo m,. Finally, a CNT is a chiral SWCNT when 0< n, # m,..

Zig-zag SWCNT's are metallic if m,. is multiple of 3 but form a semiconductor

otherwise. The full expression of ., for zig-zag SWCNTSs is [101]

' 1902 mr 2mh/3b OF
G99 = — )4 » / V2(p., 8) == dp., (2.73)
V3rhm,b (w + jv) = J 2nns3e 0¢
where
IE(p., s)
VZ pz7 S = —, 274
(P2, ) . (2.74)
E(p..5) = 41+ dcos | 222z ) 4 dcos? [ 22 (2.75)
., S) = cos [ —= | cos | — cos? [ — |, )
p " 2h m, my
1
F= E(pz,s) 7 <276)
1+e k8T

are the electron velocity (m/s), the electron dispersion (eV) in zig-zag
SWCNTs and the Fermi equilibrium distribution function respectively. For small
radius values m, <60 and metallic zig-zag SWCNTs, equation (2.73) is reduced
to [99]

~ 219249 ~, 4 2\/§q27
= Tmurh?(w + ju)’

(2.77)

Armchair SWCNTSs are always metallic and the general expression for their

admittance 6, is [101]

o = 1/3 (P2, 8) == dp., (2.78)

~ armchair _ j2Q2 3 /27Th/3b aF
= 37Thm7«b (CU + j'U) —27h/3b 0&

s=1
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where now

m, 2h

E(p.,s) = £y, |1 +4cos (W—S> oS <@> + 4 cos? (%) (2.79)

Note that the only difference between equation (2.73) and (2.78) is the /3 < 3
change and different electron dispersion relation &(p,,s). Again, for small radii

m,. <50, equation (2.78) can be reduced to

v 207y
~armchair
~ ) 2.80
Oz m,mh?(w + jv) ( )

Finally, chiral SWCNTSs can also be either metallic or a semiconductor if
2m,. + n, is multiple of 3 or not, respectively. The approximate admittance &,

for chiral SWCNTs is [99]

~chiral ~, ; 2\/§q27

~ . 2.81
= Th2\/m2 4+ m,n, +n2(w + jov) (2.81)

Note that equation (2.81) converts to equation (2.77) for n,=0 and to equation
(2.80) for m,=n,..

2.3.2 DIPOLE ANTENNAS FULLY MADE OF CAR-
BON NANOTUBES

Carbon nanotubes can be implemented into dipole antennas, see Fig. 2.10, due to
their cylindrical nature. In this section, the important parameters of the radiation
efficiency and plasmon phase constant are presented for antenna dipoles made of
SWCNTs, MWCNTs and bundles of SWCNTs and MWCNTs.

The radiation efficiency 7, (dB) of a carbon nanotube dipole can be calculated

as [102]

Prad
. =10log [ —— )| 2.82
" g<Prad+Ploss> ( )
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Figure 2.10: Graphical representation of a dipole antenna.

where P,q.q (W) is the power radiated by the carbon nanotube dipole (SWCNT,
MWCNT or SWCTN and MWCNT bundle dipole) and P55 (W) is the power lost
as heat in the carbon nanotube. The power radiated is calculated by integrating

the radiation intensity over a sphere surrounding the carbon nanotube dipole

2T T
P / / U sin 0dAdo, (2.83)
0 0

where U=W,4qr? is the radiation intensity (W/sr) and W,.q is the radiation
density (W/m?) calculated as

2

N sin 6 5
8mtr 1— (%) cos2 0

P

2 2 cos (K cos @) — cos (2
e (L) 0000 g, R0 T ()]

Tp

where v, is the plasmon propagation constant and V; is the maximum voltage

(V) in the antenna

Vermz'na s
p = —ominals (2.85)
2 cosh ('71?5)

where [=2v,/ f,es is the length (m) of the dipole (assumed to be a A/2 dipole)
and Z. is the characteristic impedance (£2) of the transmission line and the
antenna made of carbon nanotube. The resulting radiation density from a dipole
made of carbon nanotubes is different to the well known radiation density from a

common metallic material (i.e. copper) as it accounts for the plasmon effect (k/~,)



48 2.3 CARBON NANOTUBES

produced in the carbon nanotubes, see Section 2.4. The plasmon propagation

constant is obtained from

Yp = a+ jk, = \/(Ronr + jwLr) (jwCr), (2.86)

where « is the attenuation constant (Np/m), Royr (£2/m) is the resistance
per unit length in carbon nanotubes, Ly (H/m) and Cr (F/m) are the total
inductance and capacitance per unit length present in carbon nanotubes and w is
the angular frequency (rad/s). The plasmon phase constant k, can be calculated

alternatively as

2 res
= 2res. (2.87)

Up

The velocity of propagation v, (m/s) is calculated as

1
VLrCr

The total inductance is the series addition Ly=Lx+L,, of the kinetic in-

(2.88)

’Up:

ductance Lx (H/m) and the magnetic inductance L,, (H/m). The magnetic

inductance can be calculated as [103]

_ Moo

Lm Y
Ces

(2.89)

where C,q is the electrostatic capacitance (F/m) between the carbon nanotube

and the ground plane which is calculated from [102]

TEREQ
log (5%)°

where €, is the relative permittivity of the surrounding material, sep is the

Cy = (2.90)

separation (m) between the two carbon nanotubes forming the transmission line
and the dipole and dia=2rgwonr is the diameter (m) of the carbon nanotubes

(assumed here to be SWCNT). On the other hand, the total capacitance is the
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parallel addition Cr=1/((1/Cq)+(1/C.s)) of the quantum capacitance C¢ (F/m)
and the electrostatic capacitance Ces (F/m).
Going back to equation (2.84), the characteristic impedance of the transmis-

sion line and the dipole made of carbon nanotubes is

7, = \/RCN? +jwlr (2.91)
JwCr

Finally, the power lost as heat in the antenna P, is calculated from the

voltage Viermina (V) and current ljepmina (A) at the terminals of the dipole as

1
Ploss = §§R<V26rminallterminal*)7 (292>
where
Vo . l
]terminal - Z_C sinh (7125) . (293)

The equations presented above apply for the SWCNT, MWCNT, SWCNT
bundle and MWCNT bundle dipole antennas. However, for each case, the
calculation of Renr, Lk and Cg must be adapted to the different CNT cases. For
the case of SWCNT dipole antennas, the resistance per unit length is calculated

from [104] as

Renr =R ( ! ) . (2.94)

2T SWONTOSWCNT

where ogwont is the admittance (S) of the SWCNT obtained from equations

(2.73), (2.78) and (2.81). The kinetic inductance is extracted from [104] as

1
Lo — %<2TI'7'SWCNTUSWCNT) 2.95
K = W ! ( ' )

and the quantum capacitance is calculated as [102]

2q2

CH=—"—"_ 2.96
@ 2mhv§ (2.96)
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where v$ is the Fermi velocity (m/s) in carbon nanotubes calculated as

0

For the multi-wall carbon nanotube dipole antennas formed by N, number
of shells, the values of Rony, Lx and Cg must account for the effect of having
multiple concentric shells (nys=2,3,4,...,N,). Following [103], [105], the value of

Rcont is calculated as

(2.98)

Revr = Z R ( 27TZO'5WCNT< N’

where i is the radius (m) of the ng shell, $s=7ner+I N (m) is the total radius

of the MWCNT, 7ner is the radius (m) of the inner most shell, §=0.34x 1072 (m)
is the inter-shell distance, m; is the number of channels of a shell of radius ¢ and
oswont(?) is the admittance of the shell (SWCNT) with radius 7. The number

of channels per shell of radius 7 is calculated as

2/3 i< 3nm
Kii+ Ky ¢ >3nm
where K;=122x107% m~! and K,=0.425. The value L is calculated similarly

as RC NT

I 2.100
K= Z 3 27TZUSWCNT( )/w) ( )
Finally, the value of Cg is obtained from

Co =AN + Eripper + 1, (2.101)

where A=2.56x10"" (F/m), ==7.525x10"? (F/m?) and T=9.887x10~'!

(F/m).
Similar to the MWCNT case, grouping a number N, of SWCNT and MWCNT

to form dipole antennas also affects the resulting per unit lengths of the resistance,
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kinetic inductance and quantum capacitance as the resulting bundle can be
considered as mmultiple SWCNT and MWCNT in parallel. In order to consider
this effect, in the bundle cases, the Ronr, Lx and Cg is calculated following the
equations (2.94), (2.95) and (2.96) for the SWCNT bundle case and equations
(2.98), (2.100) and (2.101) for the MWCNT bundle case. The only difference is
that the resulting values of Ronr and L are now divided by the number of tubes
in the bundle N, (Renyr/Ny and L /Ny) and the resulting Cg is now multiplied
by Ny (CoNy) to account for the aggregation effect [106], [107].

The formulations provided in this sections will be used in Chapter 3 to evaluate
dipole antennas made entirely of carbon nanotubes in order to achieve antenna

size reduction from plasmon frequencies.

2.4 PLASMONS

A Plasmon is a quantization of a collective oscillation of charges within a medium
due to a perturbation in a plasma equilibrium [86]. An exciting property of CNTs
and graphene is that plasmon resonant frequencies are observed at much lower
frequencies than in conventional metals. This means that a signal propagating
along CN'Ts and graphene has a much shorter wavelength than in a conventional
medium, e.g. free space. As a result, antennas made of CNTs and graphene can
resonate at considerably smaller dimensions for the same frequencies as larger
antennas made from conventional materials would do. In CNTs and graphene,
the plasmon wavelengths can be up to several tens of times shorter than in free

space.

2.5 METAMATERIALS

Metamaterials (MTM) are artificial materials made of the repetition of smaller

elements that present unusual electromagnetic properties not found in nature [30],
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Figure 2.11: Graphical representation of size reduction in carbon nanotubes dipoles

due to plasmon resonances.
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Figure 2.12: Graphical representation of a metamaterial and the unit cell that forms

it.
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see Fig. 2.12. Among their most interesting properties, MTMs can be synthesised
to be frequency selective surfaces that filter signals with specific frequencies or
present zero reflection phase such as the electromagnetic band gap (EBG), the
reactive impedance surface (RIS) and the artificial magnetic conductors (AMC)
[108]. Furthermore, MTMs can also be materials with negative permittivities or
permeabilities, or both simultaneously [19], [29].

Taking advantage of the negative permittivity and/or permeability found
in metamaterials, transmission lines made by these materials provide different
refractive index ngr=,/€.pt, at different frequencies. For instance, electromagnetic
waves propagating in a pure imaginary refractive index experience phase velocities
moving in an opposite direction to the the wave velocity, or group velocity [30].
When this phenomenon occurs, the resulting electromagnetic waves are said to
be propagating in a left-handed transmission line (LH TL). Because it is not
possible to obtain pure LH TLs, due to parasitic capacitances and inductances,
real metamaterial transmission lines are composite right /left-handed transmission
lines (CRLH TL) where at some frequencies the transmission line acts as a right-
handed transmission line (RH TL), or as a classical transmission line, while at

other frequencies acts as a pure LH TL.

2.5.1 COMPOSITE RIGHT/LEFT-HAND TRANSMIS-
SION LINE BASED ANTENNAS

CRLH TL can be applied to the antenna field to produce antennas that have
right-hand, left-hand and zeroth order resonances. Interestingly, zeroth order
resonances are independent of the antenna size. This means a zeroth order
resonant antenna of any dimension could resonate at any desired frequency.
However, increasing the size of the antenna will increase the antenna gain,
bandwidth, etc; as seen in section 2.1.3. The CRLH TL based antenna can
be modelled using a unit cell equivalence formed by a resistance R (§2) and a

conductance G (S) representing the losses in the antenna, a right-hand inductance
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Figure 2.13: Circuit model of a CRLH TL unit cell.

Ly (L), a right-handed capacitance Cg (F), a left-handed inductance L, (L) and
a left-handed capacitance C, (F) as shown in Fig. 2.13 [30].
Additionally, the same unit cell can also be modelled as a series impedance

Zseries (£2) and a shunt conductance Yspunt (S5)

1
Zories = R+ (wLp — , 2.102
v (wn- o) (2.10)

1
Yohunt = G +J (wCr— —— | 2.103
o = G+ (= ) (2.109)

Consequently, the dispersion relation f(w) (rad/m) of a CRLH TL antenna
can be extracted by applying the periodic boundary conditions (PBCs) related
to the Bloch-Floquet theorem as [30]

Blw) = lcos_1 (1 21

» 9 (Zseries}/;hunt)) -

1 1 2 2 2 2
—COS_l (1 _ 5 <ﬂ ‘l‘w_z _ ﬁ _ w_2L)> , (2104)
p

where p is the length of the unit cell (m) and

1 1
- : 2.105 e = , 2.107
VG Aoy e ey B
1 1
WR = (2106) Wgh — (2108)
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are the resonances due to the right-handed wg (rad/s), the left-handed wy,
(rad/s), the series ws, (rad/s) and the shunt wg, (rad/s) contributions respectively.
From the dispersion relation of the CRLH TL antenna in equation (2.104), an
open- or short-ended resonator based on the CRLH TL presents resonances
whenever the following condition is satisfied [109]
B, (W) = @ - % for npm=0,1,42,...,(N-1); (2.109)
where n,, is the resonant mode, [ is the total length of the CRLH TL structure
(m) and N is the number of cascade unit cells. Therefore, the higher the number
of unit cells placed in cascade the higher the number of negative and positive
resonances.
Zeroth order resonant antennas are evaluated in more detail in Chapter 6
where the two proposed antenna designs are based on this type of metamaterial-

based antenna.

2.6 CONCLUSIONS

In this chapter, the basic theory on antennas and the materials implemented in
this thesis have been presented. The definition of antennas and their main pa-
rameters have been introduced and explained. Likewise, the electrical properties
of graphene, carbon nanotubes and metamaterials have been provided in detail.
Finally, the formulations that allow to analyse microstrip patch antennas entirely
made of graphene, dipole antennas entirely made of carbon nanotubes and meta-
material based antennas have also been described. Specifically, the formulations
provided for the graphene and carbon nanotube antennas used to analyse the

antenna efficiencies, size reduction and reconfigurability in the next chapter.






Chapter 3

PERFORMANCE
EVALUATION OF ANTENNAS
ENTIRELY MADE OF
CARBON NANOTUBES AND
GRAPHENE

This chapter studies whether antennas entirely made of carbon nanotubes or
graphene can provide advantageous features such as antenna size reduction and
reconfigurability at microwave and millimetre wave frequencies. This is carried
out, at three resonant frequencies 2.45 GHz, 60 GHZ and 110 GHz, by analysing
dipole antennas entirely made of single-wall carbon nanotubes (SWCNTs), multi-
wall carbon nanotubes (MWCNTSs) and groups of SWCNTs and MWCNTs, called
bundles, with different nanotube radii, number of shells and number of tubes.
Likewise, microstrip patch antennas entirely made of graphene are also simulated

at the same resonant frequencies but for different surface impedances of graphene.
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3.1 INTRODUCTION

Carbon nanotubes and graphene might accommodate plasmon waves at much
lower frequencies that conventional metals [110]. Additionally, graphene posses
the ability to dynamically change its surface impedance by changing the charge
carrier density via chemical doping or DC voltage bias. Plasmon waves propa-
gating in carbon nanotubes and graphene are slower waves compared to waves
propagating in free space. Consequently, these plasmon wavelengths are consid-
erably smaller than in free space. This is particularly interesting for antennas be-
cause antennas operating at plasmon frequencies could have considerably smaller
sizes than conventional antennas made with other materials, and consequently,
could substantially save space in future wireless and mobile devices. In addition,
the variable surface impedance of graphene, specially the imaginary part, might
provide reconfigurability in antennas. Reconfigurable antennas can perform the
same operation as multiple antennas designed for different applications but occu-
pying much less space, and thus, also could reduce the antenna footprint in future
devices. Some research on the performance of antennas entirely made of carbon
nanotubes and graphene have been realised in [32], [102]-[105], [111]-][122] for
microwave, millimetre wave, terahertz (THz), infra-red and optical frequencies.
The aim of this chapter is to provide a conclusive analysis of the performance,
trade-offs and achievable reconfigurability of antennas entirely made of carbon
nanotubes and graphene at specifically microwave and millimetre wave frequen-
cies. This chapter intends to serve as a stepping stone for the following chapters
of this thesis.

The key concepts discussed in this chapter can be summarized as follows:

e Determine whether antennas entirely made of carbon nanotubes can pro-
vide considerable size reduction with reasonable radiation efficiency for mi-

crowave and millimetre wave applications.

e Determine whether antennas entirely made of graphene can provide recon-
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figurability and size reduction with reasonable radiation efficiency for mi-

crowave and millimetre wave applications.

The chapter is structured as follows, section 3.2 will study antennas entirely
made of different configurations of carbon nanotubes, while section 3.3 will deal
with antennas entirely made of graphene for different charge carrier densities.

Finally, section 3.4 will finish the chapter with some key conclusions.

3.2 DIPOLE ANTENNAS ENTIRELY MADE
OF CARBON NANOTUBES

In this section, a summary of the main conclusions obtained from simulated
carbon nanotubes as dipole antennas is provided. For the detailed analysis
of carbon nanotubes as dipole antennas, see Apendix 3.2. In Appendix 3.2
the performance of dipole antennas made of SWCNT, MWCNT and bundles
is simulated following an equivalent transmission line approximation where the
special condition of the admittance of carbon nanotubes is taken into account
[102]. Special interest is paid to the radiation efficiency and size reduction trade-
offs.

From the evaluation in Appendix 3.2, it is concluded that SWCNT dipoles are
not acceptable for antenna applications at the frequencies of interest due to their
extremely low antenna efficiencies. The reason is, although carbon nanotubes
have considerably lower resistance per unit lengths Ron7 than for other nanotube
materials with same dimensions (i.e. copper), the resistance per unit length found
in SWCNT is still excessively high for antenna applications.

In the case of MWCNTs dipoles, it might be considered for antenna applica-
tions where some size reduction is desired at the expense of low efficiency. For
example, for a large number of shells and at f,.,=60 GHz and f,.s=110 GHz, the
radiation efficiencies converge to reasonable values but they are still below the

target value of n, >-10 dB.
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In the case of CNT bundles, it is shown that even with a large number of
SWCNTs in a bundle, the resulting radiation efficiency is still far below the target
value of 7, >-10 dB. Consequently, there is not a single case where SWCNTs
could potentially be used for antenna applications at the frequencies of interest.
In contrast, for the MWCNT bundle case, radiation efficiencies of around -10 dB
can be achieved with as little as two tubes of MWCNTSs with 151 shells at 60
GHz and 110 GHz, or with fifty tubes of MWCNTs with 151 shells at 2.45 GHz.
As a result, it is possible to find an optimum value of N, for MWCNTSs that
might satisfy the minimum radiation efficiency of some commercial applications.
However, by improving the radiation efficiency, the ratio between k, and k is
drastically reduced and little to no size reduction is obtained when acceptable
values of radiation efficiency are achieved. This is an important drawback because
one of the main reasons for using carbon nanotubes antennas is the ability to
enable significant reduction of the antenna size. Consequently, even in the cases
where MWCNTSs bundles could be used, it might still not justify the lower antenna
performance compared to antennas made of other metallic materials (i.e. copper).

Finally, dipoles made of carbon nanotubes present a very high input impedance
(on the order of k§2) which makes them impossible to match to conventional source
impedances of 50 € and 75 €. Consequently, it is unlikely for them to be of any
use at microwave and millimetre wave bands as long as the standard internal

impedances of radio-frequency sources are set to 50 €2 or 75 €.

3.3 MICROSTRIP PATCH ANTENNAS EN-
TIRELY MADE OF GRAPHENE

In this section, the performance of microstrip patch antennas made of a single
layer of graphene is evaluated by following the cavity model [92], where the special
condition of the surface impedance of graphene is taken into consideration. In

here, the interest is on the radiation efficiency and frequency reconfigurability
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trade-off. First, the initial considerations and set up are defined in subsection

3.3.1. Later, the simulated results are discussed in subsection 3.3.2.

3.3.1 EVALUATED ANTENNAS

TOP PATCH

~_GRAPHENE

ANTENNA SUBSTRATE
GROUND PLANE

Figure 3.1: Graphical representation of a microstrip patch antenna where the top

patch is entirely made of graphene.

Due to the planar nature of graphene, microstrip patch antennas entirely made
of graphene are studied here at f,.s=2.45 GHz, f,.s=60 GHz and f,.,=110 GHz,
see Fig. 3.1. The antennas are evaluated by calculating their radiation efficiency
as well as the achievable frequency reconfigurability.

The radiation efficiency 7, (dB) is calculated following the cavity model in [92]

as, see equation (2.36) in Chapter 2 for a detailed explanation,

n. = 10log ( (3.1)

)
5efor ’

where ), (dimensionless) accounts for radiation losses and d. ¢y (dimensionless)
includes all the losses in the microstrip antenna. To evaluate the frequency
reconfigurability, the reflection coefficient S11 (dB) is calculated for different
surface impedances of graphene. In order to do so, the graphene microstrip patch
antenna input impedance is matched to a 50 §2 source for a specific value of
the surface impedance of graphene. Then, the surface impedance of graphene is
changed by adjusting the charge carrier density n. The cavity model also provides
a method for calculating the input impedance z;, (2 of a microstrip patch antenna

as
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It is expected to have small input impedances due to the relatively large
surface impedances of graphene. Consequently, a A/4 transmission line section
(transformer) with a characteristic impedance Z, ~23 (2) is placed between the
driving point and the source. The resulting input impedance seen from the source

is then

ZQ
Mt = 20 3.3
m Zin’ ( )

Finally, the S11 is extracted as

ZM_ 7
101log m/4—0
Z'L'n +Z0

The plasmon phase constants for the TE and TM can be obtained as [61], see

511 = . (3.4)

equations (2.64) and (2.65) in Chapter 2 for a detailed explanation,

2

1 __ T + 2 2
klj;E _ ]{?\/1 _ (( 62) Ugraphene”()) 7 (35)

205 Mo

and

2
20510
ETM — k|1 — d , (3.6)
b ((1 - Eg) + Ugraphenen?))
However, it is important to highlight that the T'E' and T'M surface plasmon
waves must fulfil the condition of their dispersion wave equations [61], see

equations (2.62) and (2.63) in Chapter 2 for a detailed explanation,

ZTE(kZan) = Mipl +p2 +j0-s,U/2 = 07 (37)

for the TE wave and

OsP1P2

ZTM(kZMaW) = szl +p2+
Jwer

=0, (3.8)
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in order to propagate on the graphene layer in the boundary between the

antenna substrate and free space.

3.3.2 RESULTS

In here, the radiation efficiency 7, and the tunable resonant frequency (S11
variations) are simulated for different charge carrier densities n for three different
frequencies f,.s=2.45 GHz, f,.s=60 GHz and f,.s=110 GHz. The voltage applied
to the driving point is Vo=1 V. The coordinates of the driving point are y=0
m and £=W/2 m. In here, only the trans-magnetic mode 7'M, is considered
(the antenna resonance is proportional to the length L of the antenna), so
P=1 and @=0. The antenna substrate is Polystyrene (PS) with ¢,=3.1 and
tand=0.0002 [123], with a substrate height H=0.02¢/f..s m in order to satisfy
the limits of application of the cavity model. The values of Zs for the microstrip
antenna are set by the surface conductance of graphene in equation (2.25) of
chapter 2, as Z s:agé. As for carbon nanotube antennas, an acceptable radiation
efficiency for commercial applications would be 7, >-10 dB.

Fig. 3.2 represents the variation of the resulting radiation efficiency and
reflection coefficient by changing the charge carrier density for a microstrip patch
antenna made of graphene at 2.45 GHz. The obtained radiation efficiency is
close to, but still lower than, the minimum value for the frequency of interest.
Furthermore, the achieved variations in the resonant frequency are negligible. On
the other hand, the graphene antenna does provide a method for dynamically
tuning the antenna to the source (dynamic antenna matching) by changing the
values of n. This also affects the operational bandwidth (BW), and hence, it is
theoretically possible to select any value of BW by selecting a proper value of
n. However, due to the low radiation efficiency and the negligible changes in the
resonant frequencies, this solution is only suitable for applications where variable
antenna matching and bandwidth is desired at the expense of low radiation

efficiency. For f,..s=60 GHz, see Fig. 3.3, very similar results are obtained. The
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Figure 3.2: Microstrip patch antenna made of graphene for 2.45 GHz applications,
(a) Radiation efficiency and (b) tunable reflection coefficient for different charge carrier

densities n (m~2).

radiation efficiencies are still below the minimum value for virtually no changes
in the resonant frequencies.

In Fig. 3.4, the results obtained for the reflection coefficient S11 show that,
although not substantial, some changes in the resonant frequencies are possible
by changing the values of n. However, the radiation efficiencies are still below
the minimum value of acceptable radiation efficiency (7, >-10 dB). As a result,
graphene could potentially be used for applications at 110 GHz where small
changes in the resonant frequency, antenna matching and bandwidth is required

(e.g. for wearable antennas) but at the expenses of low antenna efficiencies.
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Figure 3.3: Microstrip patch antenna made of graphene for 60 GHz applications, (a)
Radiation efficiency and (b) tunable reflection coefficient for different charge carrier

densities n (m™2).

Finally, Fig. 3.5 shows the results of the dispersion equations for the
trans-electric (TE) and trans-magnetic (TM) guided waves propagating along
the Polystyrene/graphene/free space boundary, as well as their plasmon phase
constant values (kg E and kZM ) normalized to the free space phase constant k.
Note that the values shown in Fig. 3.5 are either 0 or 1. These values indicate
whether the conditions ZT% and ZT™ in equations (3.7) and (3.8) are satisfied (0)
or not satisfied (1). As observed, a TE guided wave cannot propagate because the
result is not zero, see equation (3.7), while a TM guided wave may or may not be

excited and propagate as its result is zero, see (2.63). In case a TM guided wave
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Figure 3.4: Microstrip patch antenna made of graphene for 110 GHz applications,
(a) Radiation efficiency and (b) tunable reflection coefficient for different charge carrier

densities n (m~2).

becomes excited and is able to propagate in graphene, the kgM /k ratio is near
one, meaning that the resulting wave has a wavelength close to the wavelength
of the same wave propagating in free space. Therefore, for the frequencies of
interest, no TE or TM surface plasmon waves can be excited and hence no size
reduction can be achieved.

This does not mean that graphene cannot be used in conventional antenna
applications at these frequencies. It means that the graphene plasmons are
not excited and hence cannot be used for substantial size reduction at these

frequencies as in carbon nanotubes. The reason is found in the admittance of



CHAPTER 3. PERFORMANCE EVALUATION OF ANTENNAS

ENTIRELY MADE OF CARBON NANOTUBES AND GRAPHENE 67
Frequency [ GHz ]
1 26 51 75 100 125 150
12 == eeesssssosoooooooooooooooooo-ooo- tF==-: 13
1.0 . ; e ’;
0.8 —0 '%
E‘OAB ag;
0.4 S
0.2 g
0.0 0- 0 g
kp(TE)/k —kp(TM)/k ==Z(TE) Z(TM)

Figure 3.5: Ratio between surface plasmon phase constant and free space constant
for the TE and TM guided waves (solid lines), and dispersion equation results for the
TE and TM guided waves (dashed lines), for a charge carrier density of n=5x10'7
m~2

graphene at these frequencies. In order to excite a TE surface plasmon wave, the
susceptance of graphene should be positive. This condition only occurs when the
interband contributions are dominant (in the THz and infra-red regime). On the
other hand, in order to have a TM surface plasmon wave with k‘g M/E >1, the
susceptance of graphene must be negative, a condition which is satisfied at the
frequencies of interest here, but at the same time, the graphene sheet must be
placed between two substrates with extremely high relative permittivities €] and
e, (whose ratio is in the order of hundreds). However, this can also be achieved
by traditional means in antennas made of other metallic materials as the excited
waves that contribute to the radiation are strongly confined in high permittivity

substrates, and hence, graphene is not required.

3.4 CONCLUSIONS

This chapter has studied the suitability of antennas entirely made of carbon
nanotubes and graphene for size reduction and/or reconfigurability at 2.45 GHz,

60 GHz and 110 GHz. It is concluded that:
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e Dipole antennas entirely made of either single SWCNTs or MWCNTSs could
potentially provide a substantial size reduction but are not efficient at all.
Conversely, dipole antennas made of SWCNT and MWCNT bundles could
provide reasonable radiation efficiencies but at the expense of achieving little

to no size reduction versus conventional metal antennas.

e Microstrip antennas entirely made of graphene are close to the desired
minimum radiation efficiency of 1, >-10 dB but provide little frequency

reconfigurability and no size reduction.

Although the admittance of carbon nanotubes cannot be tuned, carbon
nanotubes might still be implemented in nano-communications at THz and infra-
red frequencies, due to their great size reduction ability provided by the plasmon
phenomenon, if large source impedances and characteristic impedances become
the standard. However, for microwave and millimetre wave, the high input
impedance of carbon nanotubes dipoles might present an unbridgeable challenge.
On the other hand, antennas entirely made of graphene present more conventional
input impedances. In addition, graphene can be an interesting solution for THz
and infra-red frequencies due to the ability to present surface plasmons that
can be tuned by changing the charge carrier densities. However, the variable
surface conductance of graphene could still be used in the microwave regime.
This is because at such frequencies, the surface conductance of graphene does
change considerably. In such case and in order to obtain reasonable radiation
efficiencies, graphene antennas cannot be made entirely of graphene but in
combination with other metallic materials (i.e. copper) so that the ohmic losses
are substantially reduced while still providing a high degree of reconfigurability.
For this reason, chapters 4 to 6 propose hybrid metal-graphene reconfigurable
antennas. Specifically, in Chapter 4, a hybrid antenna made of copper and
graphene is proposed and evaluated as a frequency reconfigurable antenna for

WIFI and LTE applications.



Chapter 4

HYBRID METAL-GRAPHENE
FREQUENCY
RECONFIGURABLE
ANTENNAS

This chapter studies, analyses and discusses the performance, limitations and
trade-offs of implementing graphene in planar frequency reconfigurable antennas
for wireless and mobile applications. This is carried out by proposing and
simulating two antenna designs where graphene is introduced to provide frequency
reconfigurability to cover some WIFI and LTE bands. It examines the two
proposed antennas as well as the field-effect structure where the variable surface
impedance of graphene is achieved. Additionally, the results are compared to
other state-of-the-art frequency reconfigurable antennas that implement other

switching technologies.

69



70 4.1 INTRODUCTION

4.1 INTRODUCTION

Frequency reconfigurable antennas are now used for multiple applications in the
microwave [124]-[140], millimetre wave [141]-[146], theraherz (THz) [147], [148],
infrared [149], [150], and even in the optical domain [151]-[156]. Although fre-
quency reconfigurability is not a new concept, it is only recently that it has been
extensively implemented in telecommunications. Frequency reconfigurable anten-
nas are particularly important in wireless and mobile devices due to the strong
space constraints in these devices. A single frequency reconfigurable antenna can
provide operation at multiple bands where usually multiple individual antennas
would be needed, and hence, save space. Commonly, frequency reconfigurable
antennas are achieved by integrating micro electromehanical systems (MEMS),
nano electromehanical systems (NEMS), field-effect transistors (FET), p-type in-
sulator n-type (PIN) diodes, varactors or tunable materials. In [131], a frequency
reconfigurable antenna is achieved by manually placing and removing two copper
tapes on the longitudinal radiating edges which increases or reduces the electrical
size of the antenna. In a similar fashion, graphene is implemented here in two
novel designs as a tunable material to achieve frequency reconfigurability by also
changing the electrical size of the antenna.

Graphene frequency reconfigurable antennas are being mostly studied for
infrared and THz frequencies as it can significantly reduce size and provide high
antenna reconfigurability at such frequencies [121], [157]-[165]. As large area
samples of graphene (in the order of several centimetres) grown by chemical
vapour deposition (CVD) have been successfully synthesised [52], it is viable
to realize devices for microwave applications made of graphene. However,
antennas fully made of graphene are expected to have low antenna efficiencies
with very little reconfigurability at microwave frequencies [121], [157]. For this
reason, the antenna designs proposed here are hybrid metal-graphene frequency
reconfigurable antennas where the impact of the high ohmic losses of graphene

is reduced while providing substantial antenna reconfigurability. In [166], the
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concept and analysis of hybrid metal-graphene antennas was introduced for THz
frequencies. In [167], a hybrid graphene-metal for millimetre wave applications
has been investigated and in [168], [169] graphene has been implemented as a radio
frequency (RF) switch in frequency reconfigurable antennas in the microwave. In
contrast, this chapter carries out a feasibility study of using graphene as a tunable
material for hybrid metal-graphene antennas in the microwave regime.
Additionally, a single layer of graphene only absorbs 2.7% of visible light, mak-
ing graphene an interesting material for transparent antennas in the microwave
regime. Transparent antennas can be integrated in places where traditional non-
transparent conductive materials (i.e. copper or aluminium) cannot be used such
as car and building windows, solar panels (particularly useful in satellites), elec-
tronic displays, product labels and light panels. Traditionally, transparency in
antennas is achieved by implementing thin-film transparent conductors, meshed
conductors or a hybrid combination of both [170]-[180]. Graphene has already
been implemented in transparent antennas for microwave applications as a mul-
tilayer structure or as a part of a hybrid transparent conductive film to improve
the mechanical and electrical properties of the transparent antenna [181], [182].
However, frequency reconfigurable transparent antennas still rely on traditional
switching technologies (i.e. MEMS, PIN diodes, varactors, FET switches and tun-
able materials) that might present little or no transparency. Thus, graphene is
proposed here as a solution for enabling frequency reconfigurability in transparent
antennas for microwave applications without compromising their transparency.
The novel contributions presented in this chapter can be summarized as

follows:

e Analyse and simulate two possible hybrid metal-graphene reconfigurable
antenna designs to cover WIFI (2.4 GHz, 3.6 GHz and 5 GHz) and LTE
(1.8 GHz , 2.1 GHz , 2.6 GHz and 3.6 GHz) frequency bands.

e Present the advantages and disadvantages of using graphene in reconfig-

urable antennas at microwave frequencies as well as system limitations such
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as the selection of suitable dielectric-semiconductor layers for the DC volt-

age bias and the power consumption.

The chapter is structured as follows, section 4.2 will define the system
limitations and trade-offs of using graphene in the two proposed antenna designs,
then, section 4.3 will describe the proposed antenna designs and the scenario set
up. Afterwards, the simulation results will be presented and discussed in section

4.4. Finally, section 4.5 will finish the chapter with key conclusions.

4.2 SYSTEM LIMITATIONS

In this section, three critical issues are discussed related to the implementation of
graphene, and the field-effect structure, in antennas for frequency reconfigurabil-
ity. In subsection 4.2.1, there is a discussion of the trade-offs between suspending
graphene on air or laying it on a dielectric/substrate, see Fig. 4.1, and in case
of depositing graphene on a substrate, to select a suitable dielectric/substrate
material that could provide the best performance. Afterwards, a brief analysis
of the effect of adding the heavily doped semiconductor to the antenna struc-
ture is found in subsection 4.2.2. Finally, the instantaneous power consumption
expression, when a graphene sheet is switched between large or small surface
impedances, is derived in subsection 4.2.3. These points are important for sup-
porting later the selection of the parameters in section 4.3 as well as the power

consumed by the proposed antennas in section 4.4.

4.2.1 SUSPEND GRAPHENE IN AIR OR LAY IT ON
A SUBSTRATE?

Traditionally, suspending graphene in air provides better performance than over
substrates [78]. However, large electric fields and narrow distances d between the

gate semiconductor and graphene sheet, see Fig. 4.1, are needed to induce high
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Figure 4.1: Example of an electric field effect structure added to a patch antenna.

carrier density n values with reasonably low voltages V;, values. This might not be
possible to achieve for suspended graphene without compromising its structural
integrity [56], [78]. Consequently, only graphene laid on a substrate acting as a

dielectric (Fig. 4.1) is considered from now on.

Recently, mobilities similar to suspended graphene have been obtained for
graphene on hexagonal Boron Nitride (hBN) [81] [83] [75]. This is an excellent
substrate for graphene because it is flat, possesses a similar crystal structure to
graphite (reduced lattice mismatch) and provides large optical phonon energies
and band gap [183]. Additionally, CVD grown graphene has also been successfully
transferred to hBN substrates providing qualities close to exfoliated graphene [76].
However, at the time of writing, this has been only achieved for very small areas
of graphene. However, in this chapter, it is assumed that a large area of graphene
sheet could be deposited onto hBN substrates following, for instance, the dry

method described in [76] in the near future.

4.2.2 DOPED SEMICONDUCTOR EFFECT

Heavily doped semiconductors can potentially provide reasonably good values
of conductivity, specially in the microwave regime. From the general Drude’s

formula of conductivity, the conductivity of a doped semiconductor opg (S/m) is
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Ops = NpsqUps, (4-1>

where ¢ is the electron charge (C), nps (m™3) and pupg (m=2/Vs) are the free
carrier density and mobility of the doped semiconductor respectively. Therefore,
by substantially raising the free carrier density nps (assuming the electron
mobility pups is kept the same) the conductivity of the doped semiconductor
is also highly increased. To compensate this effect, a low carrier mobility upg
should be selected. As shown later in this chapter in Table 4.2, the number of
free carrier densities needed in graphene are noy=5-10" m~2 for the ON state
and nopp=>6-10'* m~? for the OFF state. Consequently, The required free carrier

density npg in the doped semiconductor can be obtained as

(nON - nOFF) (4‘2)

Y

nps = r
DS

where tpg (m) is the thickness of the doped semiconductor layer. Note that,
to reach this relation, the length l[pg (m) and the width wpg (m) of both, the
graphene layer and the doped semiconductor, are assumed to be the same. From
equations (4.1) and (4.2), the total resistance of the doped semiconductor Rpg

can be calculated as

I [
R (g _ _ 4.3
ps < (opc) wtps  (noNy — Norr) Wpsqiips -

For the size of the graphene sheets considered in this chapter, see Tables
4.3 and 4.4, and to obtain resistances Rpgs on the order of k{2 or larger, the
required electron mobility should be pps <0.02 m~2/Vs. Heavily doped silicon
carbride (SiC) [184] or hydrogenated amorphous silicon (a-Si:H) [185] can meet
these requirements and be used as the heavily doped semiconductors in Fig.
4.1 without a noticable impact on the antenna performance. Alternatively, the
graphene layer could be self-biased. In [186], the authors produced a field-

effect structure composed by two doped graphene monolayers at THz frequencies.
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There, the authors applied one or two DC voltage bias to control independently
the conductivity of each of the doped graphene layers. Applying a similar
procedure here but at microwave frequencies would allow one to substitute the
heavily doped semicondcutor in Fig. 4.1 for another doped graphene layer with
low quality (low electron mobility) and hence reduce undesired effects on the

antenna performance.

4.2.3 DC INSTANTANEOUS POWER IN BIASED
GRAPHENE

Finally, another important system limitation is set by the power consumed. In
the field effect configuration, Fig. 4.1, the graphene sheet and the heavily doped
semiconductor might be modelled as a parallel plate capacitor. Although the DC
power consumption in capacitors is negligible due to electrical isolation, there is
still movement of induced charges between the plates every time the DC bias
voltage Vj, is changed. This movement of charges creates a temporary current
and therefore power is dissipated in any resistance present in the circuit as ohmic
losses. In a Resistor-Capacitor (RC) circuit, the time needed for the capacitor to
achieve the final carrier density n is proportional to the time constant 7rc = RC'
(s) [187]. In the particular case considered here, Trc must be set as low as possible
so it is suitable for WIFI and LTE applications. The capacitance C' (F) created
between the graphene sheet and the doped semiconductor is defined in equation

(4.4) [187]

d
e, A

C =
d Y

(4.4)

where € is the relative permittivity of the dielectric, ¢, is the permittivity of
vacuum (F/m), A is the area of the graphene sheet and the doped semiconductor
(I x w, assumed to be the same) (m?), and d the separation distance between

the graphene and the semiconductor (m). Hence, the resulting capacitance C' is
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dictated, in one hand, by the parameters € and d in equation (2.27) (see equation
(2.27) in Chapter 2 for more details) as low V}, values are desired, and on the other

hand, by the dimensions of the graphene sheets used.

€.V,
=2r> 4.5
The value of the resistor R () is extracted from the required 7pc and C
values. The dynamic power p(t) (W) consumed by the circuit depends on the

transitional current and voltage on the resistor R - ig(t) and vg(t) - as equation

(4.6) shows

p(t) = vgr(t)ir(t) = Z e (4.6)

Hence, combining the relation of 7rc = RC with equations (4.5),(4.4),(4.6)

the peak power is defined as (4.7)

n?q*dA

Fyear = p(0) = €o€qTRe

(4.7)

This is the maximum power that the circuit might consume at the instant of
changing the value of Vj,. As observed in Fig. 4.2a, a fast switching time causes a
large current in the system and more power is consumed during a short amount of
time. In contrast, a longer waiting time reduces the maximum power consumed
during the charging-discharging time. The value at P, can be further decreased
by reducing the thickness d of the dielectric, see Fig. 4.2b, using a larger €?, see
Fig. 4.2c¢, or having smaller area of graphene sheets, see Fig. 4.2d. This would
additionally reduce the required V,. However, these parameters are not easily
modified as d depends on current technology constraints, ¢ on the properties of

the target dielectric substrate and A on the target application.
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Figure 4.2: Time representation of consumed instantaneous power in the resistor
following equation (4.6). Common values are 7=1 ms, d=10 nm, ¢?=4 and A=100
mm?. A charging cycle for different settings of a) time constants, b) dielectric

thickness, c) dielectric relative permittivity and d) graphene sheet areas.

4.3 PROPOSED ANTENNA DESIGNS

Following the cavity model, the resonant frequency for a rectangular patch

antenna is given by (4.8) [34], see equation (2.60) for more details,

2 2
Xy c X Yn
Y _ — 4.8
Tes 27Tneff \/(Lmaln) + ( 1[1 7 ) ? ( )

where ¢ is the speed of light (m/s), n.ss is the effective electromagnetic

refractive index; X and Y are a multiple of the half-period of the time-varying
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electromagnetic field propagating along each dimension of the structure; L,,qin
(m) and W (m) are the physical dimensions of the antenna. Therefore, modifying
any of the dimensions of the antenna at a particular time (L,,q;,, and W) causes
a switch of the operational frequency for that particular mode (X and Y). A
solution to dynamically affect the length and/or width of the antenna is to stop
or allow current to propagate to certain parts of the structure or to divert it to
cause it to travel longer distances. This is done by adding graphene sheets to
the structure which allow or impede current to flow when these are activated or
deactivated, hence changing the behaviour of the antenna.

In order to demonstrate the use of graphene in frequency reconfigurable

antennas, two main designs are studied:

e A rectangular microstrip antenna with extensions made of graphene added

at the edges, Fig. 4.3.

e A rectangular microstrip antenna with inserted strips made of graphene,

Fig. 4.4.

The first design (Fig. 4.3) aims to increase or decrease the physical length
of the structure in the ON or OFF state respectively, while the second one (Fig.
4.4) diverts the current propagating along the antenna so the effective length is
larger or shorter than the physical length in the OFF or ON state respectively.
The DC voltage bias (V4) could be applied directly through the feeding port if
a common value of V; is desired for all the graphene extensions/strips so that
it activates and deactivates them all at the same time. That would save the
necessity of adding a DC bias circuit. However, inserting a gap between the
main patch and the extensions/strips provides a solution to avoid a common DC
bias voltage throughout the antenna and allows individual control to activate and
deactivate single extensions/strips. Consequently, different DC voltage bias (i.e.
Vby and Vby) should be applied through individual DC vias lines to each of the
required graphene sheets. Figs. 4.3 and Fig. 4.5 include an example of how the
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Figure 4.3: Graphical representation of the frequency reconfigurable antenna for

WIFI applications.
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Figure 4.4: Graphical representation of the frequency reconfigurable antenna for

LTE applications.

DC vias lines could be implemented. Note that for the field-effect structure in
Fig. 4.5, and consequently neither the DC vias in Fig. 4.3, is not included in

the simulations due to its extremely small thickness (in the nanometre scale).
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Figure 4.5: Graphical representation of zoomed view of the tuning structure for

WIFI design (x-z plane) in Fig. 4.3.

The values of Zson, Zsorr and the general set up values for the simulations are

defined next.

4.3.1 ELECTRIC FIELD EFFECT CONFIGURATION

For the values shown in Table 4.1, it is firstly assumed that the time between
switching from one operating frequency to another does not have to be fast (on
the order of 1 millisecond). This is within a reasonable assumption considering
handover interruption times in LTE-advanced (60 ms) [188]. The switching time
is defined as the time needed for the voltage between the graphene sheet and
the semiconductor to rise from 50% of the final value to the 90% [46]. Secondly,
the thickness d of the dielectric can be reduced up to a few nanometres which
is technologically available nowadays [189]. Finally, the €? for hBN is obtained
from [189].
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Table 4.1: Selected general parameters

Tre [ms] 1

Switching time [ms] | 1.6

d [nm)] 10
¢4 for hBN 4

4.3.2 SIMULATED Zspon AND Zsorr VALUES

In order to obtain practical values of the ON and OFF state surface impedances
Zson and Zsorr, realistic values of 75, 7, and n are needed. Additionally, a high
OFF/ON ratio (Zsorr/Zson) is also desired. The values of surface impedance
for the ON and OFF states, Zson and Zsporpr respectively, in Table 4.2 are
obtained from equation (4.9), which is a slightly modified version of equation
(2.25) in Chapter 2 which includes the relaxation time effect in equation (2.28)
in also Chapter 2,

gh?(2n f(T7s) — j(71 + 75))
(178 e + QkBTln(efkitTcT + 1)]’

where 77, accounts for all the long range scattering effects and can be calculated

as [18], [22], [65]

AR

(4.9)

prm”  pphy/nm
q qu§

where pi7, is the electron mobility (m?/Vs) and m* is the carrier mass (Kg) in

T, =

, (4.10)

graphene. The value of 75 is calculated as in equation (4.11) by just considering
the LA phonon contribution, considered in this chapter to be the dominant

scattering mechanism at room temperature [62], [88], [89],

 pphiy/nm AR pav vl
N Qv - /nnD2kgT’
where D is the deformation potential (eV), p,, = 7.6 x 1077 is the two

Ts (4.11)

dimensional mass density of graphene (Kg/m?) and v,, = 2.1 x 10* is the sound
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velocity of LA phonons in graphene (m/s). The precise deformation potential
D value is still discussed, but some experimental values have been obtained in
the literature and D ~18 eV seems to be a common and accepted value for
graphene over a substrate [62]. However, it might theoretically have a large range
of possible values between 4 eV and 30 eV as found in graphite and carbon
nanotube materials [190]. The value of p, is directly obtained by substituting
equation (4.12), see equation (2.26) in Chapter 2 for more details, into equation

(4.5)

fie = hoy/nT. (4.12)

The Zson value is found by increasing the charge carrier density n until
saturation is reached as LA phonon scattering becomes dominant and at the
same time the voltage Vj, is not too high (22.7 V). On the other hand, the value
for Zsorr is obtained by setting the minimum achievable chemical potential equal
to the energy of the electron-hole puddles (e min = Epudare) in equation (4.13), see

equation (2.35) in Chapter 2 for more details,

Epuddle = Hemin = hv}qc . (413)

The carrier inhomogeneity density n=6x10'* m~2 is obtained from [76]. The
value of py, is also extracted from reference [76]. Vj, values are calculated using
equation (4.5) by considering selected values of ¢ and d in Table 4.1, and n
values in Table 4.2. Although the resulting Vj, values might be too large for
implementation in low voltage devices, e.g. mobile phones, the values can be
reduced in the future by using thinner dielectrics with higher relative permittivity
once the technology is available. For the OFF state, the resulting Vj, values are
near 0 V due to having very low inhomogeneity density n.

Finally, for all the scenarios evaluated in Section 4.4 the antenna substrate
selected is Polystyrene (PS) with ¢,=2.4 and tand=0.0002 [123]. The antenna

substrate thickness (H) is set to 2.1 mm as the space available in mobile devices
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Table 4.2: Selected surface impedance Zs values

Set 1 2 3

State ON OFF ON OFF ON OFF
n [m~? 51017 6-10M 51017 6-10* | 5.10'"  6-101
Vi [V] 22.72 ~0 22.72 ~0 22.72 ~0
pr [m?/Vs| 2.7 2.7 2.7

D [eV] 4 18 18

T [K] 295 295 4.2

Zson [Q/n] | 64j0.3  2580+j6 | 34+j0.3 2580+j6 | 5+j0.1 3840+j9

is very limited. In the next section, the proposed antenna designs are simulated

and analysed.

4.3.3 IMPEDANCE UNCERTAINTY ANALYSIS

As seen in equation (4.9), the surface impedance Z, of graphene depends on
various factors such as the DC voltage bias Vj, the electron mobility gy, the
operational temperature 7" and the deformation potential D). The effect of
reducing the operational temperature and deformation potential on the surface
impedance of graphene has already been calculated in Table 4.2 and their impact
on the antenna efficiency is shown later in section 4.4. In this section, an
impedance uncertainty analysis is carried out to show how small changes in the
ideal DC voltage bias and the expected electron mobility might affect the final
surface impedance of graphene. To do so, the variation in the surface impedance
of graphene is calculated via partial derivatives of the surface impedance over the

variation in the values of V}, and pp.

The resulting surface impedances of graphene for the ON and OFF states can

be calculated as
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ZSON:ZSON+AZSON‘ —f—AZSON

AVon

, (4.14)

Apr

ZSOFF = ZSorF + AZSOFF‘ + AZsorr
AVorFr

, (4.15)

Apr

where Zspon and Zsorpp are the expected values from Set 2 in Table 4.2 and

. (9ZSON ~

AZs ‘ _ desony o 416

ON |y o oN (4.16)
0Z350FF ¢

AZs ‘ _ desorry 417

OFF AVopp aVOFF OFF ( )

8ZSON
AZs ‘ _ dZson, 418
OFF Aus BiiL 1237 ( )

are the partial derivatives of Zspony and Zsopp over the actual DC voltage
bias applied for the ON and OFF state, VON and VOFF, and the actual electron
mobility of the graphene sample jiy,.

The actual values of the applied DC voltage bias, Von and Vopr, depend on
the power supply accuracy. The values of Von and Vopr evaluated here a found

as

Von.orr = VONOIE L (yONOFEY 4 0.05% + 10mV, (4.19)

where the accuracy values, 0.05% and 10 mV, have been obtained from
the datasheet of the power supply model E3634A 200W Power Supply [191].
Therefore, the actual DC voltage bias for the ON and OFF state are set between
the theoretical values of V}, found in Set 2 of Table 4.2 and the values VO N.OFF
obtained in equation (4.19) when V;, is also from Set 2 in Table 4.2. On the other
hand, the values of the electron mobility in the graphene samples are expected to
be between 2.7 and 4.5 m?/Vs [76].

The resulting surface impedances of graphene for the ON and OFF states are

ZSON:?)O—i—jO.Q Q/p and Zsopr=974+j2.8 Q/n, respectively. As observed, the
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value for the ON state does not change considerably due to that the change in
the DC voltage bias for the ON state is negligible and that increasing the electron
mobility decreases the surface impedance, which is desired for the ON state.
However, the surface impedance for the OFF state does change drastically due to
the DC voltage bias for the OFF state is a very small value and the power supply
accuracy rises the final V} value. In addition, increasing the electron mobility,
again, decreases the surface impedance, which for the OFF state is not desired.
In any case, the change in the surface impedance of graphene between the ON and
OFF state is still relatively large and hence still valid for the desired operation.
Later in section 4.4 the impact of these new surface impedance values on the

antenna performance is shown.

4.4 RESULTS

The results here are obtained from the transient solver (time domain solver) in
the CST Microwave Studio 2015. The graphene sheets have been defined as
solid sheets with thickness equal to zero and simulated as ohmic sheet surface
impedances. The excitation is a discrete port with 50 €2 port impedance. The

efficiencies calculated from CST follow equation (4.20);

PT(I
= (P d) x 100 (4.20)

where 7, is the total antenna efficiency (%), P,.q is the power being radiated

by the antenna (W) and Pi;,,=0.5 W is the power generated by the excitation

signal.

4.4.1 WIFI SCENARIO

The following scenario evaluates the first design to cover three bands in WIFI
(2.4 GHz, 3.6 GHz and 5 GHz), see Fig. 4.3. The extensions are activated and
deactivated to change the resonant frequencies between 2.4 GHz and 3.6 GHz.
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In this scenario, the T'M;; mode is used as the antenna is fed in a corner which
allows an extra resonance at 5 GHz by adjusting the width of the main patch W.

See Table 4.3 for the antenna dimensions.

Table 4.3: Set up parameters for WIFI scenario, see Fig. 4.3

Lmain [mm] ‘ W [mm] ‘ Lleft [mm] ‘ Lright [mm] ‘ X [mm] ‘ Y [mm]
23 ‘ 14.7 ‘ 5 ‘ 7.3 ‘ 2.5 ‘ 2

FREQUENCY [ GHz ]
1.92.12.42.62.93.13.33.63.84.14.34.54.85.05.35.5

2,20

---ON STATE —OFF STATE

Figure 4.6: Reflection coefficient for the WIFI design with the extensions activated

(dotted line) and with the extensions deactivated (solid line).

Fig. 4.6 provides the reflection coefficient (S11) parameters for the WIFI
scenario. When the extensions are deactivated (OFF state), the resonant
frequencies are found at 3.6 GHz and 5 GHz. On the other hand, when the
extensions are activated (ON state), the lower resonant frequency changes from
3.6 GHz to 2.4 GHz. Thus the activation and deactivation of the extensions is
required to switch between these two resonant frequencies.

In order to confirm that the activation/deactivation of the graphene exten-
sions do change the antenna behaviour, Fig. 4.7 provides the surface current
distribution along the main patch and the graphene extensions for frequencies 2.4

GHz, 3.6 GHz and 5 GHz, when the graphene extensions are either activated or
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Figure 4.7: Surface current density on the WIFI antenna at (a) 2.4 GHz, (b) 3.6
GHz and (c) 5 GHz.

deactivated respectively. As expected, when the graphene extensions are on the

OFF state - at 3.6 GHz, little current is allowed to propagate along the exten-
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sions. In contrast, when the graphene extensions are in the ON state - at 2.4
GHz, substantially more current is able to propagate along the extensions and
contribute to the electromagnetic radiation. This effectively changes the resonant

length of the antenna and hence its resonant frequency.

Fig. 4.8 shows the radiation patterns at 2.4 GHz , 3.6 GHz and 5 GHz,
when the graphene extensions are activated and deactivated respectively. As
observed, all the radiation patterns are similar in shape to a balloon and close to
the characteristics for a typical square patch antenna, showing that the graphene
extensions have little effect on the shape of the radiation pattern. The obtained
antenna gains are -3.4dB, 1.3 dB and 5.2 dB at 2.4 GHz, 3.6 GHz and 5 GHz

respectively.

The antenna efficiencies extracted from the WIFI design are shown in Fig.
4.9. The antenna efficiencies 7, (solid line) show that when the antenna radiates
at 2.4 GHz, n, is lower than at any of the other two frequencies because of the
graphene extensions attenuating the currents that contribute to radiation at that
frequency. The power lost on graphene is about 337 mW which is a 67% of the
total loss. When the graphene extensions are deactivated, in theory, the presence
of the graphene extensions should have an equal effect at 3.6 GHz and 5 GHz, but
their respective antenna efficiencies are not the same. An explanation might be
that at 3.6 GHz, the graphene sheet must stop as much as possible any current
propagating to the extensions. The better the graphene extensions achieve that,
the less power is lost in the graphene material and the more is radiated. On
the contrary, at 5 GHz there are some currents propagating on the extensions,
see Fig. 4.7c. However, whether these currents are attenuated or not does not
strongly affect the antenna efficiency but the antenna matching at that frequency,
see Fig. 4.6. In addition, the antenna efficiencies obtained when considering
the surface impedances from the impedance uncertainty 7 son.orr (dotted line)
show that there is a small improvement at 2.4 GHz compared to the theoretical

values Zson orr, but a decrement in the performance for the 3.6 GHz and 5 GHz
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Figure 4.8: Radiation patterns of the WIFI antenna at (a)-(b) 2.4 GHz, (c)-(d) 3.6
GHz and (e)-(f) 5 GHz.
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Figure 4.9: Antenna efficiencies of the WIFI design, solid line: from Zsonorr

values, dotted line: from Zson orr values.

frequencies. In any case, it is demonstrated that the WIFI design proposed here
is able to cover the target bands but the antenna efficiency at 2.4 GHz might be

too low.

To demonstrate the impact of the surface impedance on the ON state (2.4
GHz), the same antenna is evaluated but now Zsony=64j0.3 /5 (set 1 in Table
4.2) instead of Zspony=344j0.3 /5 (set 2 in Table 4.2) by assuming that the
deformation potential D is improved from D=18 eV to D=4 eV. The resulting
value of n; changes from 9.4% to 35.5% as the the power lost in graphene has
been reduced from 337 mW to 253 mW at 2.4 GHz. This shows how important
is to reduce the graphene surface impedance for the ON state Zsoy in order
to have reasonable antenna efficiencies. Unfortunately, the lower limit of Zsoy
depends on the deformation potential D which is yet not fully determined from
experimental studies, and consequently, variations when defining this parameter

strongly affects the final performance.
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EFFECT OF THE DC BIAS LINES ON THE ANTENNA EFFI-
CIENCY

In this section, the DC bias lines shown in Fig. 4.3 are added in the simulation
analysis to observe the effect on the antenna efficiency. Note that, the tuning
structure in Fig. 4.5 is still not simulated here due to the extremely small
thickness of the layers. Therefore, only copper strips are added to simulate some
bias lines that could provide different DC voltage bias to the graphene and doped
semiconductor. The size of the added lines are Lvias1=5 mm, Lvias=5 mm and
100 pm thick. The resulting antenna efficiencies are 8%, 25% and 32% at 2.4 GHz,
3.6 GHz and 5 GHz respectively. As expected, the values obtained with the DC
bias lines are smaller than the ones without the DC bias lines, see Fig. 4.9, at all
the resonant frequencies. Additional simulations are carried out where the values
of Lviasl and Lvias2 are changed. The results concluded that decreasing the value
of Lviasl further reduced the antenna efficiency at 2.4 GHz but increased at the
other two resonant frequencies. Likewise, when increasing Lvias2 all the antenna
efficiencies were reduced. Therefore, the addition of the DC bias lines affects the
antenna efficiency, and consequently, an optimum configuration and size of the

DC bias lines is required when building the physical prototypes of the antennas.

TUNABLE BANDWIDTH AND ANTENNA MATCHING

Here, the antenna matching and operational bandwidth is studied when different
surface resistances Rs are selected. Note that by changing the Rs, the surface
reactance X s of the surface impedance - Zs = Rs+ jXs - is also slightly changed
but has no impact on the final result. As observed in Fig. 4.10, this allows to
improve the antenna matching and tune the operational bandwidth BW. For
instance, at 2.4 GHz, the value of the reflection coefficient goes from -8.7 dB
to -13.2 dB by just selecting Rs=51 €2/ or Rs=31 /g respectively, see Fig.
4.10. This effect is also reproduced for the 3.6 GHz and 5 GHz frequencies.

Consequently, the control of the input impedance, and hence the reflection
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coefficient, might help to reduce the complexity of the antenna matching network
in future reconfigurable antennas made partially of graphene. The operational
bandwidth can be tuned from a maximum all the way down to 0 MHz, which
means not having the condition S11 <-10 dB, by again selecting a proper Rs, see
Fig. 4.11. Having control of the operational bandwidth might allow graphene
reconfigurable antennas to adapt to diverse communication technologies that
might operate at the same frequency. The resulting antenna efficiencies are close
to each other, however, the best efficiencies are again found when both Rsoy and

Rsopp are minimum and maximum respectively.

TUNABLE RESONANT FREQUENCY

Since intermediate values of the graphene surface impedance between Zspy and
Z sorr can be selected, it is theoretically possible to select any resonant frequency
between the two edge frequencies limited by these values. To show an example
of this, Fig. 4.12 shows the reflection coefficient of the WIFI antenna design,
Fig. 4.3, for four different values of Rs. Both extension lengths have been
shrunk to Licy=Lyigny=3 mm to keep a good matching of the antenna over
the range of operating frequencies. In this case, the four different values of
Rs provide four different resonant frequencies, see Fig. 4.12. Interestingly, the
antenna efficiency n; for the two extreme values Rs=70 2/ and Rs=2580 Q/n,
see Fig. 4.13, are now better than the ones obtained in the WIFI scenario for
Rson=34 Q/n and Rsorr=2580 /0, see section 4.4.1. Clearly, shorter graphene
extensions cause less ohmic losses but smaller changes in the resonant frequencies
since now the lower resonant frequency is 3 GHz instead of 2.4 GHz. For the
intermediate resonant frequencies, the antenna efficiencies are worse compared
to the two edge frequencies. The cause is that as more and more current is
allowed to propagate to the extensions (by reducing the Rs), the current is being
substantially attenuated due to large values of Rs. The ability to select any

resonant frequency within a specific range might prove very useful in wearable
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Figure 4.10: Reflection coefficient for the WIFI antenna with variable BW for the

(a) ON state and (b) OFF state.

applications, where streching and bending affects the resonant frequency of the

antenna among other parameters.

For instance, in [192], the authors studied the performance of wearable

antennas made of graphene ink from 1 GHz to 5 GHz. Their obtained gains,

between 0.2 dB and -1 dB, were similar or lower to the ones obtained here, see

section 4.4.1. The resonant frequency, bandwidth and gain of the antennas under

their study were slightly affected at different bending and twisting cases. Because
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Figure 4.11: Bandwidth and antenna efficiency variation for different values of Rs

at a) 2.4GHz and b) 3.6GHz and 5GHz.

the graphene ink cannot provide reconfigurability by itself, using graphene as in
the proposed antennas might produce enough reconfigurability to compensate for

the side effects observed in the graphene ink case.
FREQUENCY RECONFIGURABILITY FOR TRANSPARENT AN-
TENNAS AND IN LOW TEMPERATURE APPLICATIONS

As a single layer of pristine graphene is 97.7% transparent to visible light,

graphene could be implemented in fully transparent antennas. Here, the WIFI



CHAPTER 4. HYBRID METAL-GRAPHENE FREQUENCY
RECONFIGURABLE ANTENNAS 95

FREQUENCY [ GHz ]
2.5 2.7 3.0 3.2 3.5 3.7 3.9

-18
-20
—Rs =70 Q/o-++Rs = 300 Q/o= Rs = 600 Q/o==Rs = 2580 Q/o

Figure 4.12: Reflection coefficient for the WIFI design with intermediate Rs values

selected.

Rs [ Q0]
70 300 600 2580

3.7 35
N3.6 30 X
O35 25
334 20 8
g 'S
%&3 15 5
& 3.2 10 g

) [}
§3.1 5 5

3.0 0

Figure 4.13: Resonant frequency and antenna efficiency variation as Rs changes.

design is analysed as a full transparent solution. To do so, the copper used
in the main patch and ground plane is substituted by a hybrid transparent
conductive film composed by mesoscale and nanoscale silver and copper nanowires
(AgNW/Cu) produced in [193]. This conductive film provides 92% transparency
in the visible light and a surface resistance of Rs=0.36 /5. The antenna
dimensions are kept the same as in Table 4.3. The ON and OFF state surface
impedances selected, Zspy and Zsopp, are from the set 2 in Table 4.2 as it is

assumed to operate at room temperature. The full transparent WIFI antenna
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is still able to switch between the desired frequencies of 2.4 GHz, 3.6 GHz
and bGHz. Fig. 4.14 shows the antenna efficiencies for the fully transparent
antenna at room temperature. The values obtained are lower than when copper
is implemented, see Fig. 4.9. However, this is expected as the conductivity of the
transparent film AgNW /Cu is lower than copper and therefore additional ohmic
losses are introduced. In fact, transparent antennas found in the literature have
lower antenna efficiencies, from 6.4% up to 85% for transparencies of around 81%
to 90%, than their counterparts made of non-transparent materials with better
conductivity (i.e. made of copper) [174], [175], [177], [178]. This shows that a
hybrid graphene-AgNW /Cu antenna with a minimum transparency of 92% can
be a potential solution to provide frequency reconfigurability to full transparent

antennas.

Additionally, the surface impedance of graphene is temperature dependent.
Decreasing the operational temperature results in a much lower surface impedance
for the ON state Rspy and a much larger surface impedance for the OFF state
Rsorr, see set 3 in Table 4.2. Now, the WIFI design is simulated again with the
AgNW /Cu transparent film as the main patch and ground plane but, in this case,
the surface impedances for the ON and OFF state are selected from the set 3 in
Table 4.2. Fig. 4.14 shows the antenna efficiency for the fully transparent antenna
at T=4.2K. The extracted antenna efficiencies are now higher than the previous
full transparent antenna at room temperature and even higher than when copper
is used in the main patch and ground plane. This is due to the ratio Rsorr/Rson
when the operational temperature is 4.2K (set 3 in Table 4.2) is larger compared to
the ratio for the non-transparent (i.e. copper) and the full transparent antenna at
room temperature (set 2 in Table 4.2). Increasing this ratio improves the antenna
efficiency as there are less ohmic losses in the ON state and more current is stop in
the OFF state. This demonstrates that graphene could be a suitable solution to
provide frequency reconfigurability to antennas that need to operate at very low

temperatures with reasonable antenna efficiencies such as in space applications.
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This is specially important because other switching technologies such as MEMS,
PIN diodes and FET switches might struggle to work at such low temperatures

and hence graphene might be an interesting alternative solution.
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Figure 4.14: Resonant frequency and antenna efficiency variation as Rs changes.

4.4.2 LTE SCENARIO

The second design, Fig. 4.4, covers four bands of LTE (1.8 GHz, 2.1 GHz, 2.6 GHz
and 3.6 GHz) by switching ON and OFF different graphene strips. This scenario
also uses the T'M;; mode for radiating. The values of Zspon and Zspopp are

assigned from the Set 2 in Table 4.2. See Table 4.4 for the structure dimensions.

Table 4.4: Set up parameters for LTE scenario, see Fig. 4.4

Lmain w L1 w1 L2 W2 L3

39 22 2 8.5 11 2 2

8.5 11 2 23.5 10 12.5 1
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Fig. 4.15 provides the S11 parameters for the LTE scenario. When all four
graphene strips are activated, the antenna operates efficiently at 2.1 GHz and 3.6
GHz. Conversely, when all four strips are deactivated, the antenna switches now
to 1.8 GHz operation. Finally, when strips 2 and 4 are OFF and strips 1 and 3 are
ON, the antenna achieves good matching at 2.6 GHz. Ideally, the antenna should
switch between the four desired bands by switching ON or OFF all four strips at
the same time. Unfortunately, when the four strips are deactivated the secondary
frequency is found to be slightly over 2.6 GHz. This is because deactivating strips
1 and 3 affects the resonance at 2.6 GHz.
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Figure 4.15: Reflection coefficient for the LTE design with all strips activated (solid
line), all strips deactivated (dashed line), and with strips 2 and 4 deactivated and strips
1 and 3 activated (dotted line).

The surface current densities have been simulated to show the effect of the
graphene strips on the behaviour of the antenna. Fig. 4.16 and Fig. 4.17 show the
current distributions along the main patch and the graphene strips at 1.8 GHz,
2.1 GHz, 2.6 GHz and 3.6 GHz; where pairs of graphene strips are activated and
deactivated (Fig. 4.4). When the graphene strips 1 and 3, Fig. 4.16b, and strips
2 and 4, Fig. 4.17b, are set to the ON state the current is allowed to propagate
through the strips. However, when the graphene strips are set to the OFF state,
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Fig. 4.16a and Fig. 4.17a, the currents are not allowed to propagate through the
strips but are diverted around them. That makes the currents travel longer paths

and therefore the antenna resonances are found at lower frequencies.
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Figure 4.16: Surface current density in the LTE antenna at (a) 1.8 GHz and (b)
2.1 GHz.

Fig. 4.18 and Fig. 4.19 show the radiation patterns at 1.8 GHz, 2.1 GHz, 2.6
GHz and 3.6 GHz; where again the graphene strips activated and deactivated.
The resulting radiation patterns are again similar in shape to a balloon and close

to a typical square patch antenna, as previously observed in the WIFI scenario.
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Figure 4.17: Surface current density in the LTE antenna at (a) 2.6 GHz and (b)
3.6 GHz.

Thus, the addition of the graphene strips seems to not strongly affect the shape
of the radiation pattern. The resulting antenna gains are -1.6 dB, -0.7 dB, -3.3
dB and 3.9 dB at 1.8 GHz, 2.1 GHz, 2.6 GHz and 3.6 GHz respectively.

The efficiency results obtained are shown in Fig. 4.20. The worst efficiency
is found at 2.6 GHz due to a large change of frequency being forced - from 3.6
GHz to 2.6 GHz. This is because, on one hand, the losses due to the graphene

strips and diversion of currents, and in the other hand, at 2.6 GHz the resulting
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Figure 4.18: Radiation patterns of the LTE antenna at (a)-(b) 1.8 GHz and (c)-(d)

2.1 GHz.

physical size of the antenna is much smaller than the optimum half-wavelength,

consequently, the antenna does not radiate well.

INDIVIDUAL GRAPHENE STRIP SWITCHING

In the LTE design, in order to change the resonant frequencies, pairs of strips are

accordingly switched ON and OFF. However, it could be possible to individually

activate or deactivate any of strips independently and hence achieve intermediate

resonant frequencies. Fig. 4.21 presents the results for individually switching

graphene strips 1 and 3, where the widths of strips 1 and 3 were changed from
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Figure 4.19: Radiation patterns of the LTE antenna at (a)-(b) 2.6 GHz and (c)-(d)
3.6 GHz.

W1=W3=8.5 mm to W1=9.5 mm and W3=7.5 mm. As shown, if both graphene
strips are on the ON state, the antenna is radiating at 2.1 GHz, as in the previous
LTE configuration. But, if strip 1 is now individually changed to the OFF state
while strip 3 is kept on the ON state, the resonance changes to 1.92 GHz. On the
contrary, if strip 3 is the one changed to the OFF state and the strip 1 is kept on
the ON state, the obtained resonant frequency is now 2.01 GHz. Finally, if both
are switched to the OFF state, then the antenna resonates to 1.8 GHz as in the
previous scenario. The efficiencies for the two extra resonant frequencies achieved

here - 1.92 GHz and 2.01 GHz - are found to be 11% and 15.5% respectively, in
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the same order as for 1.8 GHz.

Therefore, frequency reconfigurable antennas

made partially of graphene extensions/strips could provide as many resonant

frequencies as combinations of activating/deactivating graphene sheets without

causing a drop in the the antenna efficiency.
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4.4.3 PERFORMANCE COMPARISON

Here, the results obtained from the proposed WIFI and LTE antennas are
compared to some other planar frequency reconfigurable antennas found in the
literature. In [133], an anular slot antenna is configured to switch between two
operating frequencies by integrating MEMS. In [138], a planar inverted-F antenna
(PIFA) covers some commercial mobile phone bands by implementing multiple
PIN-diodes. In [139], a patch antenna with a varactor loaded slot can operate at
any frequency within a specific range by applying different DC voltages. Finally,
in [137], a microstrip patch antenna with a stub connected through an optical
switch can switch between two frequencies by illuminating the optical switch

with a laser. Table 6.5 summarizes the comparison.

As observed from Table 6.5, the antenna efficiencies obtained when using
graphene are lower compared to any of the other switching technologies in the
low and high limits. This is expected as graphene is still a material under
developement. Moreover, graphene is used here as part of the radiating structure
which does not add extra weight or space. However, in the other papers, the
RF switches are elements added to the structure that do not contribute to
radiation and increase the weight and volume of the antenna. In the case of
using optical switches, it also increases the complexity and power consumption of
the feeding system. As shown in this section, implementing graphene in antennas
can provide the ON/OFF behaviour similar to MEMS, PIN-diode and optical
switches. In addition, it provides the continous frequency selection found in
antennas loaded with varactors with the extra feature of bandwidth selection.
Therefore, using graphene converges multiple modes of operation into a single
solution. Additionally, graphene can easily operate at mm-wave and THz regime

where conventional switches will perform poorly or even not work at all.
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Table 4.5: Comparison of different reconfigurable antennas

Reference Technology | Frequencies Covered | Antenna Efficiency
This  work: 24 GHz, 3.6
. Graphene 9.4 to 68%
WIFT design GHz and 5 GHz
1.8 GHz, 2.1
This  work:
Graphene GHz, 2.6 GHz 10% to 46.8%
LTE design
and 3.6 GHz
2.4 GHz and 5.2
[133] MEMS 90% to 92%
GHz
0.7 GHz,
0.85/0.9 GHz,
[138] PIN-diode 52.1% to 85.4%
1.8/1.9 GHz and
2.3/2.5 GHz
continuous from
[139] Varactor 3.24 GHz to 4.35 38% to 90%
GHz
0.875 GHz and
[137] Optical switch No data provided
1.01 GHz

4.4.4 SWITCHING POWER CONSUMPTION

Table 4.6 and 4.7 provide the peak power consumed (Pyq;) for all the scenarios

evaluated in this paper when switching from one operating frequency to another

due to the change of required values of charge carrier density n. For example,

when switching between 2.4 GHz and 3.6 GHz in the WIFT design as the graphene

extensions are activated or deactivated respectively. It is important to highlight

here that the power consumption happens during a very short period of time - t

< switching time - and quickly drops to zero. So in normal use, hybrid metal-

graphene reconfigurable antennas have very low power consumption. The total
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power shown is calculated by using equation (4.7) where the dielectric thickness
d, the relative permittivity €/ and the time constant e are set using the values
in Table 4.1. Specific values such as the charge carrier density n and the physical
area of graphene A are extracted from Tables 4.2, 4.3 and 4.4. Note that, in the
evaluated scenarios there are from two to four graphene sheets being fed and the
total power consumed is the addition of the power consumed by each individual

sheet as it switches ON or OFF.

Table 4.6: P,.q; values for WIFI based designs

WIFT (Section 4.4.1) n m™?] | A [mm?] | Ppear [mW]
Zson= 34+0.3 [Q/] 5107 | 180.8 330.6
Zson= 6+j0.3 [Q/0] 5107 | 180.8 330.6
Tunable BW and S11 (Section 4.4.1) | n [m™?] | A [mm?] | Ppeqr [mW]
Rson= 34 [Q/q] 5-10"7 180.8 330.6
Rson= 42 [Q/d] 1.8107 | 180.8 42.8
Rson= 51 [Q/d] 1.05-10'7 | 180.8 14.6
Tunable fresonant (section 4.4.1) nm? | A [mm? | Ppear [mW]
Rson= 70 [Q/c] 5.7-106 | 88.2 2.1
Rson= 300 [Q/q] 8.5-10" | 882 0.0466
Rson= 600 [Q/c] 3.9-101% | 88.2 0.0008

From Table 4.6 and 4.7 it is observed that the peak power consumption
substantially decreases as the physical dimensions of the graphene sheets reduce.
For example, when the area of the extensions of the WIFT design is reduced from
180.8 mm? to 88.2 mm?, or when only strips 1 and 3 are turned ON - total
area of 34 mm? - instead of all the strips ON - total area 78 mm? - in the LTE
design, the value of Py is reduced. This is another reason for implementing
graphene in hybrid metal-graphene antennas instead of full graphene antennas.

Likewise, low values of charge carrier density n also help to reduce the power
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consumed. Interesting results are obtained for the tunable resonant frequency
scenario in Table 4.6 (Subsection 4.4.1) where very low peak power consumptions
are obtained - 2.1 mW, 46.6 uW and 9.8 uW - for changes in the resonant
frequency of up to 650 MHz. Likewise, relaxing the values for the ON state surface
impedance (Zson) seems to be also beneficial on the point of view of power
consumption. For example, in the tunable bandwidth and matching scenario,
selecting the Rsony=b51 /n instead of Rson=34 Q/n reduces the neccessary
carrier density significantly and hence the peak power consumption drops by

more than 20 times, from 330.6 mW to 14.6 mW.

Table 4.7: P,..; values for LTE based designs

LTE scenario (4.4.2) n m™?] | A [mm?] | Ppear [mW]
All Zson= 34+j0.3 [Q/g] 5107 | 78 142.6
Strips 1-3 Zson= 344j0.3 [/c] | 51017 34 62.2
Individual Strip 4.4.2) n m7?] | A [mm?] | Ppear [mW]
Strip 1 Zson= 34+4j0.3 [Q2/0] 5-1017 19 34.7
trip 3 Zson= 34+j0.3 [/q)] 51017 15 97.4

It is also worth to analyse the impact of the deformation potential D and
operational temperature values in the power consumption. As seen in the
WIFT section, see section 4.4.1, the antenna efficiency can be greatly improved
by assuming Zson=6+j0.3 /5 due to a much better achievable deformation
potential D=4 eV. However, if instead of dropping the value of Zs so much, it
is enough to have Zsony=34+j0.3 (assuming that the antenna efficiency obtained
is acceptable), then, the required charge carrier density n to achieve that value
would be n=7x10' m~2 instead of n=5x10'" m~2 (an order of magnitude lower).
This reduction in the n would cause a reduction of the peak power consumption
from 330.6 mW to just 6.6 mW, a factor of 50 times less. Exactly the same
conclusion is extracted for the case of very low temperature. As a result, there is a

trade off between in one hand a required antenna performance, such as achievable
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frequency reconfigurability and/or antenna efficiency; and on the other hand, the
allowed switching power consumption. It is possible to greatly improve one aspect

at the expense of increasing the other.

4.5 CONCLUSIONS

This chapter has analysed the performance of using graphene in frequency
reconfigurable antennas in the microwave regime via the simulation of two
hybrid metal-graphene antennas for WIFI and LTE applications. It has been

demonstrated that:

e Graphene, as a material with tunable surface impedance, allowed large
frequency reconfigurability - up to 1.2 GHz change - with additional
tunability of the antenna matching - up to 20 dB improvement - and

bandwidth - up to 225 MHz increase.

e The proposed antennas can achieve high degree of reconfigurability in terms
of changing operational frequency but at the expense of lower antenna

efficiencies - between 9.4% and 68%.

e Although very low power consumption is achieved during normal operation,
moderate values of the instantaneous peak power (< 330.6 mW) are present
during the switching process which only occurs during very short time

periods (< 1.6 ms).

Reducing the area of the graphene sheets would substantially improve the
instantaneous peak power values. This might be of special interest in millimetre
wave applications where the size of the graphene sheets is expected to be much
smaller than in microwave applications. Additionally, choosing higher values
of surface impedances for the ON state (Zspoy) would also reduce the power
consumed at the expense of reducing the antenna efficiency. Results showed

that the higher the ratio between Zsporppr and Zson, and the lower the value of
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Zson, the higher the antenna efficiencies that are achieved. Unfortunately, the
lower limit of Zspyn depends on the deformation potential D which is yet not
fully determined from experimental studies, and consequently, variations when
defining this parameter strongly affects the final performance. For instance, an
improvement of the antenna efficiency, from 9.4% to 35.5%, is achieved in the
WIFT scenario by selecting D=4 eV instead of D=18 eV. Alternatively, one can
reduce the thickness d and increase the relative permittivity ¢ of the dielectric
placed between the graphene sheet and the doped semiconductor, but this solution
is limited by current material synthesis and processing techniques, and will only
become possible as technology improves.

In Chapter 5, a polarization reconfigurable antenna made of a hybrid metal-
graphene combination is proposed and evaluated for DAB, GNSS, different link

conditions and arbitrary antenna orientation.






Chapter 5

HYBRID METAL-GRAPHENE
POLARIZATION
RECONFIGURABLE
ANTENNAS

This chapter studies, analyses and discusses the performance, limitations and
trade-offs of implementing graphene in planar polarization reconfigurable anten-
nas for wireless and mobile applications. Here, two antenna systems are proposed
and simulated. The first system is composed of a single element while the second
system is composed of a two element array. In this chapter, graphene is imple-
mented to switch between different linear and circular polarizations. The first
design switches between digital audio broadcast (DAB) and global navigation
satellite system (GNSS) such as Galileo and the second design is able to adapt to
different channel conditions for any communication technology operating at 2.4
GHz. The performance results are compared to other state-of-the-art polarization

reconfigurable antennas that implement other switching technologies.
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5.1 INTRODUCTION

In general, any communication system can operate using any polarization, but in
practice, some polarizations are preferred to others for particular applications. In
many terrestrial broadcasting (i.e. DAB), wireless (i.e. WIFI, RFID, Bluetooth)
and mobile communications (i.e. GSM, UMTS, LTE) linear polarization is
widely, but not exclusively, used as the proportion of electromagnetic radiation
coupled is higher and the position of the antennas are assumed to be known. In
contrast, circular polarization is mainly used for satellite-to-earth communications
(i.e.  GNSS) due to the Faraday rotation effect present in the ionosphere
[194]. However, in bad communication link conditions such as rich multipath
environments, circular polarization can also be used as it is more robust than
linear polarization in such conditions. For instance, in no-line-of-sight (NLOS)
conditions, the multipath effects are reduced by using circular polarization
instead of linear polarization, which is more sensitive to depolarization caused
by reflections and refractions [194]. Furthermore, if the antennas are aligned on
the same axis, linear polarization (either horizontal or vertical) is desired, while
when they are not aligned, circular polarization is preferred as it is independent
of the antennas’ alignment.

Polarization diversity [195]-[198] is another method used to reduce undesired
effects due to channel fading as electromagnetic waves with different polarizations
suffer different channel scattering and hence their associate fading are statistically
independent [194], [196]. Consequently, polarization reconfigurable antenna
arrays are capable of adapting to different environment/link conditions [196].
Additionally, using orthogonal polarizations in antenna arrays reduces the size
of the system as radiating elements that work at orthogonal polarizations suffer
much less mutual coupling, and thus, they can be located closely together. [194].

There are already many planar polarization reconfigurable antennas and
antenna arrays in the literature that use traditional switching technologies such

as MEMS [199], [200], FET switches [201]-[203], PIN diode [204]-[215], varactors
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[216], [217] and tunable materials [218] for reconfigurability. In [204], the
authors proposed a single-fed square patch antenna with its four corners slightly
separated from the top patch. These corners are activated and deactivated
via PIN-diodes which allow the selection of linear and circular polarizations.
Similarly, this chapter will analyse the use of the variable surface impedance
of graphene as a potential method to switch between different polarizations at
microwave frequencies. The proposed microstrip antennas are made of copper
or a hybrid transparent film where graphene sheets are placed on the space
left by the truncated corners. Potential applications of transparent polarization
reconfigurable antennas and arrays might be found in vehicular communication
systems, access points and base stations integrated in building windows for
indoor and outdoor communications, substitution of visible cellular base stations,
product labels, etc. To the best of the author’s knowledge, there are no reports
in the literature of polarization reconfigurable antennas made fully or partially of
graphene for any range of frequencies (i.e. microwave to THz frequencies).

The novel contributions presented in this chapter can be summarized as

follows:

e Analyse and simulate a proposed hybrid metal-graphene polarization recon-
figurable antenna that switches between linear polarization for DAB appli-
cations at 1.45-1.5 GHz and circular polarization for GNSS applications at
1.55-1.6 GHz.

e Analyse and simulate a proposed two element array of hybrid metal-
graphene polarization reconfigurable antennas that switches between linear
polarization and circular polarization at 2.4-2.45 GHz for any antenna

orientation and link condition.

e Present the advantages and disadvantages of using graphene in polarization
reconfigurable antennas at microwave frequencies as well as the power

consumption.
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The remainder of the chapter is structured as follows: Section 5.2 will describe
the proposed hybrid antenna designs and system configuration. Section 5.3 will
present the results obtained, the hybrid antenna performance compared to other
polarization reconfigurable antennas in the literature and the power consumed.

Finally, Section 5.4 will summarise some conclusions.

5.2 PROPOSED ANTENNA DESIGNS

Standard microstrip patch antennas present linear polarization if a single feed and
no patch modifications are implemented. However, it is possible to obtain circular
polarization by exciting two orthogonal modes (i.e. T'My; and T M,) with a 90°
phase difference [34]. Commonly, two orthogonal modes with the necessary phase
difference can be excited by using one or two feeds. When using two feeds, one
of the feeds is directly applied into one edge of the patch while the second feed,
containing a 90° power divider, is applied to another edge of the patch. Using a
double feed prevents the necessity of adding modifications to the patch. On the
other hand, if only a single feed is desired, modifications such as changing the
patch shape, patch dimensions or inserting slots into the patch are required for
the 90° phase difference. Forcing the length L and the width W of the patch to
be slightly different or trimming opposite corners are two of the most common
methods for achieving 90° phase difference. Here, the trimmed corners of a patch
antenna are substituted by graphene sheets in order to switch between different
polarizations.

In order to demonstrate the use of graphene in polarization reconfigurable

antennas, two main antenna designs are studied:

e A single polarization reconfigurable antenna based on a square patch

antenna with corners truncated made of graphene.5.1a.

e A two element array based on the first design 5.1b.
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Figure 5.1: Graphical representation of polarization reconfigurable antennas for a)
Scenario 1: DAB-+GNSS applications and b) Scenario 2: Known-unknown antenna
orientation and LOS-NLOS LINK applications.

The first antenna design aims to switch between horizontal linear polariza-
tion (HLP), right-hand circular polarization (RHCP) and left-hand circular po-
larization (LHCP) by switching ON and OFF different pairs of corners made of
graphene. This design allows operation of two radio frequency systems that use

completely different polarizations. Likewise, the second antenna system aims to
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switch between vertical linear polarization (VLP), HLP, RHCP and LHCP. By
switching between different linear and circular polarizations, the system is able
to work under different link conditions such as known or unknown orientation
of the antennas and/or in line-of-sight (LOS) or non-line-of-sight (NLOS) cases.
The advantage of the second design compared to the first design is that because
there are two elements, it is possible to have more than one type of polarization
at the same time. This feature might be of special interest for applications where
polarization diversity is desired to improve the channel capacity [219] or where
full duplex simultaneous transmission and reception is desired [220]. The surface
impedance of the graphene corners in both designs are controlled by applying DC
voltage bias through DC vias lines. A similar bias circuit as in Chapter 4, see Fig.
6.5 in Chapter 4, could be implemented here. As in Chapter 4, this bias circuit
is not simulated here due to the extremely small dimensions of the bias structure
(in the order of nanometres). Note that in scenario 2, antenna 1 and antenna 2
are fed with different ports, port 1 and port 2. Therefore, the antennas do not
produce an array factor gain because the two antennas are not fed simultaneously
with the same signal. It might be possible to work as an antenna array in the
cases where both antennas produce the same polarization by actively connecting
both ports together, and thus acting as a single port. However, that would disable
the polarization diversity necessary for MIMO systems. In any case, scenario 2

can provide both methods of operation if required.

5.2.1 ELECTRIC FIELD EFFECT CONFIGURATION

Table 5.1 summarizes the selected values for the electric field effect structure that
could be used to switch between different surface impedances of graphene. The
hexagonal Boron Nitride (hBN) material is chosen again as the dielectric layer
in Fig. 6.5 with e/=4 [189]. In addition, the same thickness, d=10 nm, for the
hBN layer is selected to obtain reasonable values of DC voltage bias V;,. However,

in this chapter, the switching time can be relaxed because fast switching is not
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Figure 5.2: Graphical representation of zoomed view of the tuning structure (x-z

plane).

required for the applications considered here. Therefore, a switching time of 1

second 1is selected.

Table 5.1: Selected general parameters

Tro [s] 0.625
Switching time [s] 1
d [nm] 10
¢d for hBN 4

5.2.2 SIMULATED Zsony AND Zsorr VALUES

Following the same procedure as in Chapter 4, the values of sheet resistances used
here for the ON and OFF states (Rsony and Rsorr respectively) in Table 5.2 are

obtained from equation (5.1).
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gk (2m f(tp7s) — (1L + 75))

78~ - ’
@ (175 e + 2kpTIn(e” F5T 4 1)]

(5.1)

As can be seen, the values are exactly the same as the values found in the
table for sets 1 and 2 in Table 4.2 Chapter 4. These values are selected again
for this chapter because they represent a practical case. In addition, for all the
scenarios evaluated in Section 5.3 the antenna substrate selected is Polystyrene
(PS) with a relative permittivity €,=2.4 and tangent loss tand=0.0002 [123]. The
antenna substrate thickness (H) is set to 5 mm as the space available for most
wireless devices is very limited. In the next section, the proposed antenna designs

are simulated and analysed.

Table 5.2: Selected surface impedance Zs values

Set 1 2

State ON OFF ON OFF
n [m=? 5107 6.10" | 5.10'7  6-10'
Vi [V] 22.72 ~0 22.72 ~0
pr, [(m?/Vs] 2.7 2.7

D [eV] 4 18

T K] 295 295

Zson [Q/0] | 6+j0.3  2580+j6 | 34+j0.3 2580+j6

5.3 RESULTS

The results presented in this section are divided into scenario 1 and scenario
2. Scenario 1 discusses the results obtained from the simulations of the single
polarization reconfigurable square patch antenna with graphene extensions in the
corners. Scenario 2 discusses the simulation results of the two element array

polarization reconfigurable antenna with graphene extensions in the corners. The
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antennas have been designed in order to obtain the required polarization for each
application (i.e. HLP, VLP, RHCP or LHCP). The axial ratio (AR) is used here
as the main indicator that the proper polarization is achieved. The AR is obtained
as (5.2) [34]

Ex By

A = -— E— -2
R By or ==, (5.2)

where Fx and Fy are the electric field components on the x- and y- axis
respectively. Ideally, the AR needed for an antenna to radiate with a circular
polarization (CP) is AR=0 dB as this corresponds to the two components of the
electric field (Ez and Ey) being equal. However, an AR within 3 dB of this value
is still accepted as CP [36]. In contrast, linear polarization is achieved when the
AR is as high as possible since it means that the electric field is being propagated
only on one of the axes.

The results here are obtained from the transient solver (time domain solver)
in the CST Microwave Studio 2015. The graphene sheets have been defined as
infinitesimally thin solid sheets and simulated as ohmic sheet surface impedances.
The excitation is a discrete port with 50 §2 port impedance. The efficiencies

calculated from CST follow equation (5.3);

P
= <P d) x 100 (5.3)

where 7, is the total antenna efficiency (%), P,4q is the power being radiated
by the antenna (W) and Pi;,,=0.5 W is the power generated by the excitation

signal.

5.3.1 SCENARIO 1: DAB-GNSS SOLUTION

The following scenario considers a single polarization reconfigurable antenna to
cover Digital Audio Broadcasting (DAB) at 1.45-1.5 GHz and a global navigation
satellite systems (GNSS) such as Galileo and GPS, at 1.55-1.6 GHz, Fig. 5.1a.
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Activating or deactivating certain pairs of the graphene corners allows one to
switch between different polarizations. Linear polarization is achieved when all
the extensions are ON. Right-hand circular polarization (RHCP) is set when
only extensions 1 and 2 are OFF while left-hand circular polarization (LHCP) is
produced when only extensions 3 and 4 are OFF. The surface impedance values
for the ON and OFF states, Zsony and Zsopp respectively, are selected from the
set 2 in Table 5.2. See Table 5.3 for the antenna dimensions. Note that the four
graphene corners have the same dimensions. The conductor used for the ground

plane and the top patch is copper.

Table 5.3: Set up parameters for scenario 1, see Fig. 5.1a

52 ‘ 47 ‘ 14 ‘ 14 ‘ 7 ‘ 23.5

FREQUENCY [ GHz ]
01.0 11 12 13 14 15 1.6 1.7 1.8 1.9 20

-5

-10

S11[dB ]

-15

20 :
-=+1-4 ON STATE —1-2 OR 3-4 OFF STATE

Figure 5.3: Reflection coefficient for scenario 1 with graphene corners 1-4 activated

(dotted line) and with the graphene corners 1-2 or 3-4 deactivated (solid line) .

Fig. 5.3 provides the values of the reflection coefficient for scenario 1. As
observed, when all the graphene corners are activated, the obtained values for the
S11 parameter are S11<-10 dB for the frequencies of interest, between 1.45 GHz
and 1.5 GHz, and hence, the antenna is suitable for DAB applications. On the
other hand, when either the graphene corners 1 and 2 or 3 and 4 are deactivated,

the resonant frequency moves slightly to higher frequencies to guarantee that
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the return coefficient values are S11<-10 dB for the frequencies used by GNSS
operating at 1.55 GHz to 1.6 GHz.

FREQUENCY [ GHz ]
1.0 1.4 15 16 1.7

--=1-4 ON STATE —1-2 OR 3-4 OFF STATE

Figure 5.4: Axial ratio for scenario 1 with graphene corners 1-4 activated (dotted

line) and with graphene corners 1-22 or 3-4 deactivated (solid line) .

Fig. 5.4 shows the axial ratio (AR) for scenario 1 when all the graphene
corners are in the ON state and when either graphene corners 1 and 2 or 3 and 4
are in the OFF state. When all the graphene corners are activated, the resulting
axial ratio is AR=40 dB. Here, the important point is not the number itself but
that the axial ratio is very large. That is the condition necessary to accept that
the antenna polarization is purely linear. On the other hand, when either pairs of
graphene corners 1 and 2 or 3 and 4 are deactivated (while the others activated),
the resulting axial ratio is kept as AR<3 dB for the range of frequencies of interest,
between 1.55 GHz and 1.6 GHz, thus the antenna polarization can be considered
circular. These results confirm that the antenna polarization changes between
linear polarization and circular polarization when activating and deactivating
certain pairs of graphene corners.

The axial ratio figure is useful to provide information about the type of
polarization but it does not provide information about whether the orientation of
the polarization is HLP, VLP, RHCP, or LHCP. In order to demonstrate that
activating and deactivating certain pairs of graphene corners will change the

polarization of the antenna between HLP, RHCP and LHCP, Fig. 5.5, Fig. 5.6
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and Fig. 5.7 show the surface currents for the antenna. In turn, they show the
cases when all the graphene corners are activated, when 1 and 2 are deactivated
while 3 and 4 are activated; and when 3 and 4 are deactivated while 1 and
2 are activated, respectively. Following the changes of direction of the surface
current, it is also possible to follow the changes in the electric and magnetic field
orientation. For instance, if the surface current flows from the left side to the
right side of the patch it means that the voltage on the left side is larger than the
voltage on the right side (i.e. positive voltage in the left side and negative voltage
in the right side). A positive voltage creates electric field lines driving from the
ground plane to the top patch (from negative to positive Z-axis) while a negative
voltage creates electric field lines that go from the top patch down to the ground
plane (from positive to negative Z-axis). Likewise, these electric field lines are
extended to the edges of the top patch in the x-y plane. These extended electric
field lines go from the left side to the right side of the antenna. Afterwards, when
the surface currents change orientation so do the electric field lines and hence
the electric field lines now go from right to left. Consequently, showing how the
surface currents propagate on the top patch, allows direct identification of the

antenna polarization.

In Fig. 5.5, all the graphene corners are activated. The surface currents
are represented for four different phase-times (0°, 90°, 180° and 270°) to show
how current propagation evolves during a wave cycle. For all the phase-times,
the surface currents propagate following the x-axis in a linear fashion. Having
the surface currents propagating linearly means that the electric field lines are
excited along the x-axis as well. The electric field is radiated along the positive

values of the Z-axis.

In Fig. 5.6, the graphene corners 1 and 2 are OFF while the corners 3 and 4 are
kept ON. The surface currents are also represented for four different phase-times
(0°,90°, 180° and 270°). In this case, it is observed that at phase=0°, most of the

surface current propagates diagonally from the bottom left corner to the upper
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Figure 5.5: Surface current of the antenna when graphene corners 1-4 are activated

for different current phases.
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Figure 5.6: Surface current of the antenna when graphene corners 1-2 are

deactivated for different current phases.

right corner. Afterwards, at phase=90°, the surface currents propagate diagonally
from the bottom right corner to the upper left corner, then from the upper right

corner to the bottom left corner (phase=180°) and finally from the upper left
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corner to the bottom right corner. Consequently, it is observed that the surface
currents follow an anti-clockwise rotation. This anti-clockwise rotation produces
a right-handed circular polarization of the electric field along the x-y plane when

radiating towards the positive values of the Z-axis.
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Figure 5.7: Surface current of the antenna when graphene corners 3-4 are

deactivated for different current phases.

In Fig. 5.7, the graphene corners 3 and 4 are deactivated while the corners
1 and 2 are kept activated. In this case, the surface currents follow a clockwise
rotation along the x-y plane. Consequently, the resulting electric field rotates
with a left-handed circular polarization in the x-y plane and propagates along
the Z-axis. From these figures it is shown that by switching ON and OFF
certain graphene corners, the antenna design is able to cover the required linear
polarization for the DAB applications and choose between right-handed or left-
handed circular polarizations for the GNSS applications.

Figs. 5.8, 5.9 and 5.10 show the x-z and y-z planes of the radiation patterns
for the antenna at different polarizations. As observed in Fig. 5.8, the radiation
patterns for the linear polarization are similar to the radiation patterns commonly

found in rectangular microstrip patch antennas, and hence, the addition of the
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Figure 5.8: Radiation patterns for the antenna when graphene corners 1-4 are

activated for a) x-z plane and b) y-z plane.

graphene corners does not seem to affect the radiation patterns of the antenna
when operating with linear polarization. In Fig. 5.9 and Fig. 5.10, the radiation
patterns shown are for when the graphene corners 1 and 2 are deactivated
(RHCP) and when the graphene corners 3 and 4 are deactivated (LHCP)
respectively. All four radiation patterns are very similar to each other and to a
common rectangular microstrip patch antenna radiation patterns. Therefore, the
activation and deactivation of the graphene corners does not significantly change
the radiation patterns of the proposed antenna operating circular polarizations.
The antenna gains are 4.8 dB, 5.5 dB and 5.5 dB for the HLP, the RHCP and
the LHCP cases respectively. Interestingly, the cross-polarization discrimination
(XPD), which is the difference in the magnitude between the co-polar (desired
polarization) and cross-polar (undesired polarization), is -109 dB and -31.8 dB for
the linear polarization and the circular polarizations at 6=0° respectively. The
0 angle is found between the x-z and y-z axes, which means that the antenna
is able to highly discriminate between desired and undesired polarizations. This
feature is important when the target application needs a high purity polarized

electromagnetic wave.
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Figure 5.9: Radiation patterns for the antenna when graphene corners 1 and 2 are

deactivated for a) x-z plane and b) y-z plane.
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Figure 5.10: Radiation patterns for the antenna when graphene corners 3 and 4 are

deactivated for a) x-z plane and b) y-z plane.

The antenna efficiencies obtained from the simulations are 59.2%, 61.4% and

61.4% for the HLP, RHCP and LHCP respectively. These antenna efficiencies

are reasonably good for polarization reconfigurable antennas because the losses

suffered in graphene are low as small size graphene sheets are used in the corners

compared to the total size of the top patch made of copper. The power lost in

graphene represents the 36.4%, 30.4% and 30.4% of the simulated power for the
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HLP, RHCP and LHCP cases respectively. Furthermore, the antenna efficiencies
can be further increased if the surface impedance of the graphene sheets are
changed from set 2 to set 1 in table 5.2. The set 1 values provide a lower
surface impedance for the ON state Zsoy which causes lower losses when current
propagates on the graphene corners. The antenna presents very similar reflection
coefficients, axial ratio values, surface currents and radiation patterns but the new
resulting antenna efficiencies are now 78.5%, 74% and 74% for the HLP, RHCP
and LHCP cases respectively. These antenna efficiencies are higher, around 10%
to 20% more, than when set 2 is used, and closer to standard values of antenna

efficiencies for non reconfigurable antennas.

DAB-GNSS TRANSPARENT ANTENNA

As in chapter 4, graphene can take advantage of its high transparency in the
visible light regime to be implemented in transparent polarization reconfigurable
antennas. Here, the conductor for the ground plane and top patch is now
substituted by a hybrid transparent conductive film composed by mesoscale
and nanoscale silver and copper nanowires (AgNW/Cu) as in Chapter 4. This
conductive film provides 92% transparency in the visible light and a surface
resistance of Rs=0.36 /g [193]. The dimensions are kept the same as in
Table 5.3. The selected ON and OFF state surface impedances are from set
2 in Table 5.2. The resulting reflection coefficients, axial ratio values, surface
currents and radiation patterns are approximately the same as when copper is
used. The main difference is the resulting values of the antenna efficiencies
which are now 56.5%, 58% and 58%. Although the new antenna efficiencies
are slightly lower than when copper is used, they are still reasonably good for
polarization reconfigurable antennas. Therefore, graphene is a viable option to

provide polarization reconfigurability in transparent antennas.
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5.3.2 SCENARIO 2: KNOWN-UNKNOWN ANTENNA
ORIENTATION AND LOS-NLOS LINK CONDI-
TION SOLUTION

Here, the second scenario simulates a two element array based on the same design
as in scenario 1, Section 5.3.1, to cover any wireless technology such as wireless
fidelity (WIFI), radio frequency identification (RFID) or Bluetooth working at
2.4 GHz, Fig. 5.1b. As in scenario 1, activating and deactivating certain pairs of
the graphene corners allows one to switch between different polarizations. When
all graphene corners are ON, both antennas produce linear polarization but with
opposite orientation as antenna 1 produces horizontal polarization (HLP) while
antenna 2 radiates with vertical polarization (VLP). In this manner, both linear
polarizations are covered by the system. When graphene corner pairs 1-2 and/or
7-8 are OFF, RHCP is achieved in antenna 1 and/or 2 respectively. In contrast,
when graphene corner pairs 3-4 and /or 5-6 are OFF, LHCP is produced in antenna
1 and/or 2 respectively. This allows the system to cover both circular polarizations
at the same time. Likewise, switching the corresponding graphene corner pairs, it
is also possible to achieve the same circular polarization in both antennas at the
same time. Therefore, with a two element array, the system is able to operate with
up to two different polarizations HLP, VLP, RHCP and LHCP simultaneously.
The surface impedance values for the ON and OFF states are taken from set 2
in Table 5.2. Copper is the conductor used for the ground and the top patch.
See Table 5.3 for the antenna dimensions. Note that the four graphene corners
of each antenna have the same dimensions. The distance D between the two
antennas have been optimized to minimize the mutual coupling between the two
antennas while keeping the array surface small. Moreover, due to the number
of possible combinations of activating and deactivating graphene corners, and
hence polarizations, and in order to not extend excessively the length of this

chapter, many of the results for the reflection coefficients, axial ratio values,
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surface currents and radiation patterns are not included because they are exactly
the same or very similar to each other, and hence, only the most significant results

for some of the combinations will be shown next.

Table 5.4: Set up parameters for scenario 2, see Fig. 5.1b

37.2 36.2 | 35.8 | 36.5 8 8 7.5
B2 X1 Y1 X2 Y2 D

7.5 ) 18.1 | 17.9 7.5 37.2

Fig. 5.11a and Fig. 5.11b present the reflection coefficients for port 1 in
antenna 1 and port 2 in antenna 2 respectively. The results are for when antenna
1 and antenna 2 are operating in HLP and VLP respectively; and when both
antennas are operating at LHCP. From Fig. 5.11a and Fig. 5.11b, it is observed
that both antennas resonate at 2.4 GHz for the different polarizations, thus,
the system is suitable for applications that use different polarizations at such
frequency. The return coefficient values for both antennas, S11 and S22, are
very similar. The small differences are due to the slightly different dimensions of
the antennas and the position of the feeds, see Table 5.4. These differences are
implemented to compensate the mutual coupling between antennas so that the
desired return loss for both antennas and for all the polarizations is achieved.

An interesting analysis is to compare how the mutual coupling between the
antennas is affected by selecting different polarizations at each antenna. For this
reason, Fig. 5.12a and Fig. 5.12b give the isolation coefficient (S21) between port
1 and port 2 when selecting the same or different polarizations at both antennas
at the same time. Fig. 5.12a shows the isolation coefficient for combinations
where at least one of the antennas operates with a linear polarization. The best

isolation value is found when both antennas work at a linear polarization. In this
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Figure 5.11: Reflection coefficients for scenario 2 with graphene corners 1-8
activated (dotted line) and with graphene corners 3-6 deactivated (solid line) in a)

port 1 and b) port 2.

case, antenna 1 operates as HLP while antenna 2 operates as VLP. Because these
polarizations are orthogonal, the induced currents of one antenna do not affect
the other antenna very much. The other combinations, which include at least
one circular polarization, provide poorer isolation values. The reason for that is

that circular polarization is a combination of time varying weighted vertical and
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Figure 5.12: Isolation coefficient for scenario 2 when a) at least one of the antennas

is linearly polarized and b) none of the antennas is linearly polarized.

linear polarizations. Consequently, an antenna operating in circular polarization
can induce linearly polarized currents into the other antenna and vice versa.
Fig. 5.12b presents the isolation values obtained when both antennas operate
with circular polarizations. Theoretically, when both antennas have the same
circular polarization, either RHCP-RHCP or LHCP-LHCP, the isolation should
be low because currents following the same orientation are induced in both

antennas. On the other hand, when the antennas have orthogonal circular
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polarizations, RHCP-LHCP or LHCP-RHCP, the isolation values should be high
because the induced currents from one antenna cannot propagate well into the
other antenna. As observed in Fig. 5.12b, the best isolation values are obtained
for the case LHCP-RHCP and for RHCP-LHCP as expected, however, the RHCP-
LHCP combination does not perform as well as the LHCP-RHCP combination.
The reason for this discrepancy might be found in small details such as the
feed point location and slightly different antenna dimensions. In antenna 1,
the feed point is closer to the centre of the patch than in the second antenna.
Also, antenna 1 is slightly longer but narrower than antenna 2. This causes
the induced currents from one antenna to the other to not resonate well. These
same differences between the two antennas also cause a reasonably good isolation
between the two antennas when they have the same polarization, see LHCP-
LHCP and RHCP-RHCP combinations in Fig. 5.12b. A good isolation might be
desired for applications where polarization diversity is desired such as in MIMO
systems and full duplex transmission and simultaneous reception or in antenna
arrays. In those cases, the antennas should be designed to have slightly different

dimensions and feed point location.

To further analyse how the different polarizations in one antenna affect the
other, Figs. 5.13, 5.14, 5.15 and 5.16 present the surface current propagating
on both antennas when antenna 1 is radiating. In the first case, Fig. 5.13
shows how the surface currents generated by port 1 propagate horizontally in
antenna 1 and how induced currents in antenna 2 also propagate horizontally with
a much smaller magnitude. Although the same surface currents propagate in both
antennas, the induced currents on antenna 2 do not affect much the performance
of antenna 2 because of the feed placement. The feed point of port 2 is located
exactly in the middle of the longitudinal side of the antenna and any horizontally
polarized current induced in antenna 2 finds a zero voltage distribution at that

point. Therefore, these induced currents generate a negligible current in port 2
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due to the extremely low voltage at that point. This is the reason for the good

isolation values obtained in Fig. 5.12a for this combination.
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Figure 5.13: Surface currents on antenna 1 and antenna 2 when antenna 1 radiates

and graphene corners 1-8 are activated for different current phases.

On the other hand, when antenna 1 produces a circular polarization (Fig. 5.15,

5.14 or Fig. 5.16), the induced surface currents in antenna 2 follow approximately

the same distribution of the surface currents in antenna 1 generated by port 1. In

this case, the voltage distribution in antenna 2 does not present a zero at the feed

point of port 2 and some current is introduced in port 2 from the induced surface

currents. This is the reason the isolation values found in circular polarizations are

lower than when both antennas use a linear polarization, see Fig. 5.12a and Fig.

5.12b. The only case of circular polarization where the induced currents from

antenna 1 do not generate currents in port 2 is when orthogonal polarizations are

excited in both antennas, see Fig. 5.16, as they are out of phase.

Figs. 5.17 and 5.18 show the radiation patterns in antenna 1 when antenna 1

has HLP and antenna 2 VLP; and when antenna 1 has LHCP while antenna 2 has

RHCP respectively. The resulting radiation pattern for all the combinations are
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Figure 5.14: Surface currents on antenna 1 and antenna 2 when antenna 1 radiates

and graphene corners 3-4 are deactivated for different current phases.
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Figure 5.15: Surface currents on antenna 1 and antenna 2 when antenna 1 radiates

and graphene corners 7-8 are deactivated for different current phases.
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Figure 5.16: Surface currents on antenna 1 and antenna 2 when antenna 1 radiates

and graphene corners 3-4 and 7-8 are deactivated for different current phases.

similar in shape to the radiation patterns found commonly in microstrip antennas.
However, there is a slight tendency of the radiation pattern, specially the cross-
polarized pattern in Fig. 5.18, to be oriented towards the side where the other
antenna is. This is a side effect of the mutual coupling between elements in
arrays. Nevertheless, the deviation suffered is not substantial. The simulated
antenna gains are 6.3 dB and 6.2 dB for antenna 1 and 2 operating both with
linear polarization respectively; and 5.2 dB and 5.7 dB for antenna 1 and antenna
2 operating with circular polarization respectively. The remaining antenna
gains are around the same values. In addition, the obtained cross-polarization
discrimination (XPD) when both antennas generate linear polarizations is high,
between -35.3 dB, in a similar fashion to the results obtained for scenario 1.
However, the XPD when both antennas radiate orthogonal circular polarizations
is -10.5 dB which is a substantial reduction compared to the results in scenario 1.
This is caused by the presence of the graphene corners when they are activated.

Although the surface impedance of the ON state is low Zsony=34+j0.3 Q/n,
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Figure 5.17: Radiation patterns for the antenna when graphene corners 1-8 are

activated for a) x-z plane and b) y-z plane.

there are still some currents that do not propagate well on the activated graphene
corners and hence are not purely polarized which affects the XPD. In order to
increase the cross-polarization discrimination, lower values of surface impedance
for the ON state should be applied. For instance, the same simulation is carried
out but now with lower surface impedance for the ON state. This is done by
selecting the values from set 1 in Table 5.2 for Zspy and Zsppp. The XPD
obtained in this case is -11.8 dB, which is more than 1 dB of improvement. Thus,
it is expected that if the surface impedance for the ON state is further reduced,

the XPD should be further improved.

The antenna efficiencies obtained for the scenario 2 are 64.6% and 71.6%
for antenna 1 and 2 operating with linear polarization respectively; and 59.3%
and 65.3% for antenna 1 and 2 when operating circular polarization respectively.
The antenna efficiencies obtained for the antennas when they radiate a circular
polarization are slightly lower than for linear polarization. This is because with
circular polarization operation, the S11 and S22 parameters are worse compared

to linear polarization operation, see Fig. 5.11. Nevertheless, the variation of
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Figure 5.18: Radiation patterns for the antenna when graphene corners 3-6 are

deactivated for a) x-z plane and b) y-z plane.

the antenna efficiency is not substantial and can be assumed that the antennas

perform similarly with any polarization.

5.3.3 ANTENNA PERFORMANCE COMPARISON

The results obtained from scenario 1 are compared here to other planar polariza-
tion reconfigurable antennas found in the literature. In [204], a single-feed square
patch antenna is able to switch between HLP, RHCP and LHCP by activating
the corners with PIN-diodes. In [209], a single-feed square patch antenna with
inserted slots in the ground (close to the corners of the top patch) is able to
switch between linear polarization and both circular polarizations by integrating
PIN-diodes in the slots. In [214], a two element planar monopole antenna is able
to operate a linear polarization and both circular polarization by switching the
phase difference of the feeding network with PIN-diodes. Table 5.5 summarizes
the comparison.

As observed from Table 5.5, the proposed antenna in scenario 1 performs very
similarly to other antennas found in the literature. The proposed antenna is able

to switch between three different polarizations as with the other antennas found
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Table 5.5: Comparison of different polarization antennas

Reference Polarizations Covered | Antenna Gain XPD
This work:
LP and RH/LHCP 4.8 to 5.5 dB -109 to -31 dB
scenario 1
[204] LP and RH/LHCP 5.2 to 5.3 dB | -17 dB to No data
[209] LP and RH/LHCP | 5.8 to 6.4 dB -30 to No data
[214] LP and RH/LHCP 22t00.6dB | -17dB to -15 dB

in the literature. The obtained antenna gain values are very close to the antennas
in references [204], [209] and even better than in reference [214]. In addition, the
cross-polarization discrimination (XPD) values are also better than in the other
references for all the polarizations. Note that, in references [204], [209], there is

no data about the XPD values for circular polarizations.

5.3.4 SWITCHING POWER CONSUMPTION

Table 5.6 provides the peak power consumed (P,qr) for all the scenarios evaluated
in this paper when switching from one polarization to another due to the change
of required values of charge carrier density n. The total power shown is calculated
by using equation (5.4), see Section 4.2.3 in Chapter 4 for a detailed analysis of

the equation,

n’q¢*dA

Fyear = p(0) = €o€9TRe

(5.4)

where the dielectric thickness d, the relative permittivity e? and the time
constant Tro are set using the values in Table 5.1. Specific values such as the
charge carrier density n and the physical area of graphene A are extracted from
Tables 5.2, 5.3 and 5.4. Note that, in the evaluated scenarios, there are four to

eight graphene corners being fed and the total power consumed is the addition
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of the power consumed by each individual corner as it switches between ON and

OFF.

Table 5.6: P, values for scenario 1 and 2 designs

Scenario 1 n m™?] | A [mm?] | Ppear [mW]
Zson= 34+j0.3 [2/0] | 5107 | 392 1.14
Zson= 6+j0.3 [Q/a] | 5107 392 1.14
Scenario 2 n m~?] | A [mm?] | Ppear [mW)]
Zson=34+i0.3 [2/0] | 5107 | 240.5 0.7

From Table 5.6 it is observed that the peak power consumption is reasonably
small due to a slow switching time. Allowing a longer time for charging the
graphene sheets causes less current because the flow of the charge carriers is
lower than for a faster switching time. Again, for scenario 2, the peak power

consumed is smaller than when larger areas are used (i.e. scenario 1).

5.4 CONCLUSIONS

This chapter has presented and analysed the use of graphene in polarization
reconfigurable antennas for two application-oriented scenarios. Results from both

scenarios demonstrate that:

e Antennas made partially of graphene can switch between the linear polar-

ization required for DAB and the circular polarization required for a GNSS.

e A two element array can switch between any possible polarization at the
same time to adapt to changing environments such us rich multipath
channels (i.e. indoor), random orientation of the antennas or when the

antennas operate in LOS or NLOS conditions.

e Very low power consumption is possible due to the implementation of small

graphene sheets and slower switching times.
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The antenna efficiency results showed that using graphene to switch between
polarizations does not strongly affect the performance of the antenna since the
area of graphene needed is much smaller than the total area of the antenna. This
translates into graphene being a very promising method to provide polarization
reconfigurable antennas that at the same time could be integrated in environments
where transparency and/or flexibility is a requirement. Specially, graphene can
be suitable for polarization reconfigurable antennas and arrays at millimetre
wave frequencies where antenna sizes are small and they might be integrated
in structures such as windows, cars, solar panels, product labels, etc. In addition,
improving the sheet resistance of the ON state from Rsony=34+j0.3 /g to
Rson=6+j0.3 Q/q slightly increased the antenna efficiency by about 10% to 20%.
Consequently, these antenna designs do not require very low sheet resistance to
work efficiently.

In the next chapter, Chapter 6, the idea of making a reconfigurable antenna as
a combination of a conventional metal (i.e. copper) and graphene is also applied

to ZOR antennas for frequency reconfigurability to cover two LTE bands.



Chapter 6

HYBRID METAL-GRAPHENE
FREQUENCY
RECONFIGURABLE ZOR
ANTENNAS

This chapter studies, analyses and discusses the performance, limitations and
trade-offs of implementing graphene in planar frequency metamaterial reconfig-
urable antennas for mobile applications. In order to demonstrate the concept,
two electrically small zero order resonant (ZOR) antenna designs are proposed
and simulated where graphene provides frequency reconfigurability to cover two
LTE bands. The investigation in this chapter includes the analysis and study of
the two proposed unit cells that form the proposed ZOR antennas as these unit
cells can be applied not only to antennas but to other electromagnetic applica-
tions such as filters, transmission lines, lenses, etc. In addition, a performance

comparison with other state-of-the-art ZOR antennas is provided in this chapter.

141
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6.1 INTRODUCTION

Traditionally, the resonance of an antenna has a direct dependence on the
dimensions of the antenna itself where the lower the operating frequency, the
larger the size of the antenna dimensions. This forces the designers of mobile
devices to reserve enough space to accommodate the required number of antennas
in wireless and mobile devices. Alternatively, it is possible to reduce the size
of the antenna. However, this reduces the antenna performance and narrows
the operational bandwidth. In order to overcome such constraints, frequency
reconfigurable metamaterial antennas might be a potential solution for future
wireless devices.

Metamaterials (MTM) can be used in the antenna field as additional elements
to improve the antenna performance such as MTM loads and metasurfaces; or
as electromagnetic resonators themselves such as the composite right /left-handed
transmission line (CRLH TL) based antennas [221]. For instance, metamaterial
loadings as the epsilon-negative (ENG) [222]-[225], the mu-negative (MNG) [226]—
[229] and the double negative (DNG) [230]-[233] have been integrated in electri-
cally small antennas (ESAs) to compensate downgraded antenna performance due
to the size reduction. Metasurfaces like the artificial magnetic conductors (AMC),
the electromagnetic band gap (EBG) and the reactive impedance surface (RIS)
structures have been studied and implemented in [234]-[240] to reduce surface
wave propagation, provide zero reflection phase and shrink antenna size while
maintaining or improving the antenna performance.

The CRLH TL based antenna is a metamaterial transmission line characterised
by presenting simultaneous left-hand (L and C7) and right-hand (Lr and Cg)
inductive and capacitive components that support negative (-1, -2"¢, .., zeroth
(0™) and positive (1%¢, 274 ) order resonant modes [30]. The metamaterial
leaky wave (MTM LW) antenna is an interesting application of the CRLH TL
antenna because it provides radiation pattern scanning as well as miniaturization

[241]-[245]. However, the interest in this chapter is on the zeroth order (0%)
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resonance of the CRLH TL antenna, also called zeroth order resonant (ZOR)
antenna. The most valuable characteristic of the ZOR antennas is that they
are size independent and hence can substantially save space in wireless and
mobile devices without suffering degradation in the antenna performance due
to size reduction. For example, in [246]-[253], ZOR structures are formed by
using printed planar equivalent capacitance and inductance components such as
interdigital capacitors, meanderlines, parallel plates, stubs, etc; while in [254]-
[258] mushroom-like structures are used as unit cells. In contrast, in [259],
[260] chip capacitors and inductors are implemented to achieve ZOR antennas.
Additionally, ZOR antennas can be made reconfigurable if their inductive and
capacitive components can be actively tuned. Frequency reconfigurable ZOR
antennas have been achieved by using varactors [261]-[263], PIN diodes [264]-
[266] and MEMS implementations [267]. In a similar manner, the variable surface
impedance of graphene is utilized here as a tunable material to create frequency
reconfigurable ZOR antennas by actively changing the capacitive and inductive
behaviour of ZOR antennas. To the best of the author’s knowledge, there are no
reports in the literature of frequency reconfigurable metamaterial antennas made
fully or partially of graphene for any range of frequencies (i.e. microwave to THz

frequencies).

The novel contributions of this chapter can be summarized as follows:

e Investigate the use of the variable surface impedance of graphene to tune
the capacitive and inductive components of ZOR antennas in the microwave

regime.

e Analyse and simulate two possible hybrid metal-graphene frequency recon-
figurable ZOR antenna designs to cover LTE (1.8 GHz and 2.1 GHz) fre-

quency bands.

e Provide design trade-offs between graphene sheet dimensions, reconfigura-
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bility, antenna efficiency and power consumption in hybrid metal-graphene

frequency reconfigurable ZOR antennas.

The chapter is structured as follows, Section 6.2 will define the proposed unit
cells and antenna designs followed by the simulation results in Section 6.3, while

Section 6.4 will close the chapter with some conclusions.

6.2 PROPOSED ANTENNA DESIGNS

As discussed in Section 2.5.1 in Chapter 2, the composite right/left-handed
transmission line (CRLH TL) is a metamaterial transmission line that supports
negative, positive and zeroth order resonances as its refractive index can be
negative or positive depending on the operational frequency. In this chapter,
it is of interest to operate with the zeroth order resonance of the CRLH TL to
create antennas.

When solving equations (6.1) and (6.2) for n,,=0 (zeroth order), see equations

(2.104) and (4.8) in Chapter 2 for a detailed explanation,

I |
= - B 1—-= Zseriesyjs un =
B(w) p cos ( 5 ( h t))

N T Ny T

Bn(w) = TNy for n,=0,£1,£2,...,(N-1); (6.2)

there are two possible solutions that fulfil the condition, or in other words,
there are two possible values for the zeroth order resonant frequency. In such
a case, the zeroth order resonant frequency is calculated from equation (6.3) by
either the series resonant frequency ws. if the structure is left short-ended, or

the shunt resonant frequency wyy, if left open-ended. Importantly, when n=0, the

zeroth order resonant frequency becomes independent of the physical length of
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the antenna and it is only determined by the values of C, and Lg in the case of

the short-ended case or C'r and Ly, in the case of the open-ended case.

1 1
oo = ) g = e (6.3)

VCLLR' VCRrLL

Although the ZOR antenna centre frequency is independent of the size of
the structure, in practice, it is limited by the space p, see equations (2.104) and
(4.8), required by the components Cg, Cp, Lr and L;. These capacitances and
inductances can be implemented by using surface mounted technology (SMT)
chip components or distributed components [30], such as microstrip interdigital
capacitors, parallel plate capacitors, meander lines, among others. In this
chapter, the variable surface impedance of graphene is proposed as a method
to actively change the capacitive C'r and inductive L behaviour of open-ended
ZOR antennas and hence change their resonant frequency.

The two proposed ZOR antennas are constructed from two unit cells:

e Two patches separated by a gap and connected to ground via a meanderline
and a cylindrical vias where graphene is placed under the meanderline, Fig.

6.1.

e Two patches separated by a gap where a graphene sheet is placed next to the
second patch and connected to ground via a meanderline and a cylindrical

vias, Fig. 6.2.

The proposed unit cells are based on microstrip distributed capacitances and
inductances where two microstrip patches are separated by a gap and followed
by a meander line connected to ground via a cylindrical solid bias. The values
Cpat1; Cpar2, Lpar1 and Lygo are the capacitances generated between the two top
patches and the ground plane, and the inductances present in the two top patches,
respectively. Additionally, R4 and R,.2 are the losses in the conductors forming

the top patches. Cyop, Cais1 and Cgso are the capacitances generated by the
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Graphene

F -— 12
eanderline
e

(a) (b)

Figure 6.1: The two proposed unit cell designs, a) Unit cell 1: graphene laid under

the meander line, b) Unit cell 2: graphene laid next to patch 2.

discontinuity (or separation) between the two top patches. Lieq, Crmea and Rypeq
are the inductance, capacitance and resistance of the meander line. L,;,s is the
inductance of the solid vias, where the resistance of the bias is assumed to be
negligible. Finally, the G, is the conductance of the substrate. In the first
unit cell design, Fig. 6.1a, a graphene sheet is laid under the meander line,
while in the second design, Fig. 6.1b, a graphene sheet is laid next to one of
the microstrip patches. The two unit cells achieve tunable C'r and Lj values
by changing the surface impedance Zs of graphene which causes the inductive
behaviour of the meander line in Fig. 6.2a and the capacitive behaviour in
Fig. 6.2b to change. However, the variation of the surface impedance of the

graphene sheets also affects the capacitive C,,., and resistive R,,., contributions
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Figure 6.2: Equivalent electrical circuit of the two proposed unit cell designs, a)
Unit cell 1: graphene laid under the meander line, b) Unit cell 2: graphene laid next

to patch 2.

of the meander line, the inductive L,q0 and resistive R, contributions of the
parallel plate, and the capacitances Cyq,, and Cg;qo of the gap between the patches.
Consequently, the theoretical variable ZOR resonant frequency fzor (Hz) for the

unit cells is calculated as

Wsh 1

fZOR - g - 27T\/CRLL’

where, by extracting the equivalent II and T networks via S parameters

(6.4)

analysis as in [30], the right-hand capacitance and the left-hand inductance might

be approximated as

OR ~ Opatl + Opat2 + Cdisl + CdisZ + Omem (65)
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and

LL ~ Lmea + Lvias- (66)

The two proposed ZOR antenna designs are shown in Fig. 6.3 and Fig. 6.4.
They are composed of 3 unit cells (N=3) each. Antenna design 1 is formed by
the unit cell 1 with graphene laid under the meander line, and antenna design 2 is
formed by the unit cell 2 with graphene laid next to the patch 2. Additionally in
Fig. 6.5, there is a proposed method to bias the graphene sheets in the proposed
antennas. Note that the field-effect structure shown in Fig. 6.5 is not simulated
here as the thickness of the hBN and doped semiconductor layers are extremely
small (in the order of nanometres). Note that, the antennas are fed by proximity
coupling to a microstrip section to reduce the inherent high input impedances
of the ZOR antennas for a wide range of frequencies. This generates additional
series, Cleedgap, and parallel, Cleeqaisi and Cleeqgis2, capacitances between the
feed antennas. Particularly important are the additional C'teeqaisi and Cleed,dis2
capacitances as they slightly modify the ZOR resonant frequency fzor when
added into equation (6.5).

Top patch z

: : ——— Tt
H| ¢ Vias I
Substrate-|_ Port T x

around

Figure 6.3: Frequency reconfigurable ZOR antenna Design 1: plan and 3D views

of graphene laid under the meander line.
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Figure 6.4: Frequency reconfigurable ZOR antenna Design 2: plan and 3D views

of graphene laid next to patch 2.
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TOP heN T VOLTAGE
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' ANTENNA GROUND COPPER '

Figure 6.5: An example of a possible bias structure

6.2.1 ELECTRIC FIELD EFFECT CONFIGURATION

As in Chapters 4 and 5, the surface impedance of the graphene sheets integrated

in the unit cells, see Fig. 6.1, and hence in the proposed antennas, see Fig. 6.3

and Fig. 6.4, can be tuned by a field-effect structure as in Fig. 6.5. For the

dielectric layer, the hexagonal Boron Nitride (hBN) material is chosen again with

ed=4 [189] due to the good performance provided by graphene when placed on

top of hBN. In addition, the same thickness, d=10 nm, for the hBN layer is



150 6.2 PROPOSED ANTENNA DESIGNS

selected to obtain reasonable values of DC voltage bias V;,. As in chapter 4, the
switching time is selected again to be fast because switching between different
frequency bands must be faster than LTE handover times (60 ms) [188]. Table

6.1 summarizes the selected values for the tuning structure.

Table 6.1: Selected general parameters

Tre [ms] 1

Switching time [ms] | 1.6
d [nm] 10
¢4 for hBN 4

6.2.2 SIMULATED Zspony AND Zsporr VALUES

Similar to Chapters 4 and 5, the values of the surface impedance for the ON and
OFF states are selected to be practical values. Following the same procedure as
in Chapter 4, the values of sheet resistances used here for the ON and OFF states

(Rson and Rsopr respectively) in Table 6.2 are obtained from equation (6.7),

R (2m f(tp7s) — (11 + 75))

ZS % e .
*(117s) e + ZkBTln(efkﬁTT +1)]

(6.7)

As observed, the values are exactly the same as for set 2 and 3 in Table 4.2
in Chapter 4. The antenna substrate used is the Rogers RT5880 with a relative
permittivity €,=2.2 and a loss tangent tand=0.0009 [268]. The thickness H of
the substrate is set to 4 mm to optimise the ratio between size reduction and
efficiency of the antenna, and at the same time, can still fit into current mobile

and wireless devices, e.g. mobile phones, tablets, etc.
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Table 6.2: Selected surface impedance Zs values

Set 2 3

State ON OFF ON OFF
n [m?] 51017 6-10 | 5-10'7  6-10™
Vi [V] 22.72 ~0 22.72 ~0
fi [m*/Vs] 2.7 2.7

D [eV] 18 18

T [K] 295 4.2
Zson (/0] | 344j0.3  2580+j6 | 5+j0.1 3840+j9

6.3 RESULTS

The results section is structured as follows, first, in subsection 6.3.1, the impact
of graphene on the unit cells is computed. Second, in subsection 6.3.2, the
two proposed antenna designs shown in Figs. 6.3 and 6.4 are evaluated. In
subsection 6.3.3, some antenna design trade-offs are analysed. In addition, some
intermediate values of Zs are simulated for frequency selection in subsection 6.3.4.
In subsection 6.3.5, a performance comparison is made to other designs found
in the literature. Finally, in subsection 6.3.6, the power consumed by the two

proposed unit cells and antennas is computed.

The simulation results are obtained from the computer simulation technology
(CST) microwave studio 2015. In the simulations, the excitation is modelled as
a discrete port with an internal impedance of Z=>50 ). The graphene sheets are
modelled as ohmic sheet surface impedance with real and imaginary impedances.

The antenna efficiency 7, (%) provided is calculated as

Pra
e = (P‘d) x 100, (6.8)

where P,,; is the power radiated by the antenna and Pk, is the power
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simulated (0.5 W). Therefore, the antenna efficiency also considers the mismatch

losses between the feed and the antenna.

6.3.1 IMPACT OF GRAPHENE ON THE MEANDER
LINE AND TOP PATCHES

In this subsection, the two proposed unit cells with integrated graphene sheets
are simulated. The proportion of capacitance and inductance reconfigurability
provided by varying the surface impedance of graphene is studied. In addition,
the losses caused by the introduction of the graphene sheets are also analysed.

As shown in Fig. 6.2, it is expected that changing the surface impedance of
graphene should change the inductive and capacitive behaviour of some of the
elements that compose the unit cells. Fig. 6.6 shows the two configurations used
to compute the inductance and capacitance variation when Zs is changed for
different lengths of the graphene sheets GI. The inductance and capacitance
values are obtained from network analysis by modifying the graphene sheet
lengths, Gl in Fig. 6.6, when it is activated (ON) and deactivated (OFF). The
values of the surface impedances of graphene for the ON state and OFF state
are selected from set 2 in Table 6.2. The conductor used for the ground plane
and the meanderline, patches and vias is copper. Table 6.3 provides the physical
dimensions of the unit cells.

The results in Fig. 6.7 show the difference between the variation in the in-
ductance AL and capacitance AC values when the graphene sheets are activated
(ON) and deactivated (OFF). Both values AL and AC are calculated as the
difference between the inductance and capacitance values generated when the
graphene sheet is deactivated and the inductance and capacitance values gener-
ated when the graphene sheet is activated. These inductance and capacitance
variations between ON/OFF states will cause the antenna resonant frequency to
change as they change the values of the left-handed inductance Ly and the right-

handed capacitance C'r. In the case where graphene is laid under the meander
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Figure 6.6: Inductance and capacitance computation of a) graphene under the

meander line and b) graphene next to the second patch.

Table 6.3: Unit cells dimensions, in millimetre (mm)

Unit cell 1, Fig. 6.1a
Wl1=W2=3 |L1=12=45| I0=435 | [1=1.2
[2=0.3 [3=12 4="175 [5=0.1
Gap = 0.01 r = 0.5 W3 =102 | p=12.16

Unit cell 2, Fig. 6.1b

W1=W2=36| L1=12=4 |10=2425 |11 =1.35
[2=0.15 13 =1.35 4 =35 [5=0.1
Gap = 0.01 r=20.5 W3=5 p=9.08

line, the result in Fig. 6.7a indicates that both components, AL and AC, change
when the length of the graphene sheet is varied. Specifically, when the graphene
sheet becomes longer, from GIl=2.7 mm to GI=10.2 mm, AL increases from AL=-

0.27 nH to AL=0.96 nH. The reason is that, ideally when the graphene sheet is
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deactivated, most of the current must propagate through the meander line and
consequently it has a large inductance. However, when the graphene sheet is
activated, some current is now diverted to propagate through the graphene sheet
instead of going all the way through the meander line. As the inductance of a
meander line depends on the number of turns and the length of the turns (among
other parameters), the longer the graphene sheet is the shorter the path of the
current that needs to propagate through the meander line, and consequently, the
lower the resulting inductance. On the contrary, the difference on the capacitance
values AC decreases, from AC=0.15 pF to AC=0.02 pF, becoming almost neg-
ligible for the longest graphene sheet. As a result, as the graphene sheet becomes
longer, the change in the resonant frequency becomes dominated by the change of
its inductance instead of the capacitance. Note that, the AC values are not large
enough to provide a substantial change in the resonant frequency, and hence, it
is necessary to base the change of the resonant frequency in the unit cell 1 on the

modification of the inductance values AL.

In the second case, Fig. 6.7b shows the results for the unit cell 2 when
the graphene sheet is attached to the second top patch. As the graphene sheet
becomes larger, from G[=0.5 mm to GI=10 mm, the capacitance difference AC'
also becomes larger, from AC=-0.11 pF to AC=-0.43 pF. The reason is that
when the graphene sheet is deactivated, negligible current propagates through the
graphene sheet and therefore it does not contribute to the parallel capacitance
between the top patches and the ground plane. Consequently, it does not matter
how large the graphene sheet is. However, when the graphene sheet is activated,
some current propagates through the graphene sheet which then contributes to
the total capacitance. Thus, the larger the area of the graphene is, the larger the
capacitance it generates. In this case, the variation of the capacitance is negative
because the capacitance generated when the graphene sheet is deactivated is lower
than when the graphene sheet is activated. Regarding the inductance change, it

does not follow a perfect linear change but it can be seen that in general the
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difference also decreases for longer graphene sheets. Nevertheless, in this case,
the inductance change is not important as it only contributes to the right-handed
inductance Lg and consequently it does not change the resonant frequency, see
equation (6.4). Therefore, the main contribution to the change in the ZOR

frequency for the unit cell 2 comes from the capacitance variations AC' as this

affects the right-handed capacitance Cg.

Graphene sheet length Gl [ mm ]
27 42 57 7.2 87 102
1.2 0.16
1.0 0.14
0.8 0.12
T 0.6 01
£ 0.4 0.08 Z
3 0.2 0.06 9
0.0 0.04
-0.2 0.02
-0.4 0
<#-Inductance change -® Capacitance change

(a)

Graphene sheet length Gl [ mm ]
0.5 2.5 5.0 7.5 10.0
0.50 0
0.48 0.1
_0.46 _
T 0.44 02y
042 030
3 0.3 a
0.40
0.38 e 04
0.36 -0.5
+#-Inductance change -® Capacitance change

(b)

line and b) graphene next to the patch 2.

Figure 6.7: Inductance and capacitance variations of a) graphene under the meander
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From the inductance and capacitance results it seems that large changes in
resonant frequencies are possible by implementing long graphene sheets. However,
it is also important to consider the losses. In Fig. 6.8 the losses due to the
presence of graphene when it is activated (ON) and deactivated (OFF) are shown
for both cases. Unfortunately, it indicates that the longer the graphene sheet is,
the larger the losses are. Consequently, there is a trade-off between the maximum
resonant frequency switch and the maximum acceptable losses due to the use of
graphene. Additionally, comparing both designs when the graphene sheets are
activated, using a graphene sheet under the meander line provides lower ohmic
losses for long lengths of graphene sheets - 29.2mW as compared to 66.8 mW
for graphene next to the second patch. On the other hand, when the length of
the graphene sheet is shorter, as well as when the graphene sheet is deactivated
(OFF), both designs perform similarly. The reason for this is that when graphene
is placed under the meanderline it provides an alternative path for the current to
propagate when switched to the ON state. However, there is still some current
propagating on the meander line which experiences low resistance. Therefore, the
total losses are low. In contrast, in the case where graphene is placed next to
the second top patch, in order to have an effect on the capacitance, some current
needs to propagate directly on the graphene sheet when activated. Because the
surface impedance of that graphene sheet is high, the current propagating on the

graphene sheet suffers larger power losses.

6.3.2 PERFORMANCE OF THE FREQUENCY RE-
CONFIGURABLE ZOR ANTENNAS

In this subsection, the two proposed antennas formed by the two proposed unit
cells are simulated. The two ZOR antennas are designed to switch between
the LTE bands of 1.8 GHz and 2.1 GHz. It is expected that activating and
deactivating the graphene sheets should provide enough change in the capacitive

Cr and inductive L; behaviour of the antennas to change the zeroth order
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Figure 6.8: Losses due to graphene in a) graphene under the meander line

(ML+-graphene) and b) graphene next to the patch 2 (Patch-+graphene).

resonant frequencies. The values of the surface impedance of graphene selected
are from set 2 in Table 6.2. Again, the main conductor is copper. Table 6.4 gives

the physical dimensions of the proposed antennas.

Fig. 6.9 shows the reflection coefficient values of the two antennas when
graphene is activated (ON) and deactivated (OFF). In the antenna design 1,

when graphene is activated, the resonant frequency is set to 2.1 GHz while when
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Table 6.4: Antenna dimensions, in millimetre (mm)

Common for both designs

H:4\t:0.5\wfeed=6\Lfeed=5

Design 1, Fig. 6.3
W =154 ‘ L = 30.18 ‘ Gfeea = 0.2

Design 2, Fig. 6.4
W = 21.15 ‘ L =251 ‘ Gfeed = 0.45

deactivated it changes to 1.8 GHz. Likewise, in the antenna design 2, when
graphene is activated, the resonant frequency is found at 1.8 GHz while when
deactivated it moves to 2.1 GHz. Additionally, Fig. 6.10 and 6.11 show the
surface current distribution on the two antennas when the graphene sheets are
activated and deactivated. In the case of the antenna design 1, Fig. 6.10, the
change in how the current propagates is difficult to appreciate due to the overlap
of the meander line on the graphene sheet. However, it is still possible to note
how the current follows the turns of the meander line when the graphene sheet
is OFF, Fig. 6.10a, and how it follows a more straight path when the graphene
sheet is ON, Fig. 6.10b. For the antenna design 2, when the graphene sheets are
deactivated, little current propagates on the graphene sheets. In contrast, when
the graphene sheets are activated some current now propagates on the graphene
sheets which effectively changes the inductive and capacitive behaviour of the

antenna.

In a CRLH TL based antenna, the order of resonance is identified by looking
into the electric field distribution at the particular frequencies of interest. When
the CRLH TL based antenna is operating at its zeroth order resonance, the electric
field lines in the enclosed volume that surrounds the antenna are all pointing to
the same direction as the wavelength is infinite. This condition is recognized for

both designs at both resonant frequencies as Fig. 6.12, Fig. 6.13, Fig. 6.14 and
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Figure 6.9: Reflection coefficients for the ON and OFF states, a) Design 1 b)

Design 2.

Fig. 6.15 demonstrate. In Fig. 6.12 and Fig. 6.14 the electric field lines between

the ground plane and the top patches are uniformly all pointing to the same

direction (upwards). Similarly, in Fig. 6.13 and Fig. 6.15, the electric field lines

are shown for the X-Z plane. Here, it is clearly seen that the electric field lines

go from the ground plane to the top patch within the antenna substrate. All the

lines point to the same direction. Therefore, it is confirmed that both antennas

are operating at the zeroth order resonance (0).
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Figure 6.10: Surface current distribution for antenna design 1 at a) 1.8 GHz and

b) 2.1 GHz.

Furthermore, the radiation patterns obtained in Fig. 6.16 and in Fig. 6.17

are of similar shape of a common microstrip antenna and switching ON and OFF

the graphene sheets seems to not strongly affect the resulting radiation patterns.

However, the radiation patterns are not symetric due to a shorter ground plane in

one of the sides of the antenna. The extracted gains for the antenna design 1 are

-0.2 dB and -3 dB at 1.8 GHz and 2.1 GHz respectively; and -0.8 dB and 0.6 dB
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Figure 6.11: Surface current distribution for antenna design 2 at a) 1.8 GHz and
b) 2.1 GHz.

at 1.8 GHz and 2.1 GHz respectively for the antenna design 2. All the presented

results confirm that by switching the surface impedance of the graphene sheets
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r\14\‘TTVI1
fhyvevoowwy

Figure 6.12: Electric field distribution within the substrate for antenna design 1 at
a) 1.8 GHz and b) 2.1 GHz, when the graphene sheets are deactivated and activated

respectively.

in the proposed antennas, their zeroth order resonant frequencies can be changed
between 1.8 GHz and 2.1 GHz.

The antenna efficiencies computed for the antenna design 1 are 31.6% and
15.8% at 1.8 GHz and 2.1 GHz respectively; and 28.8% and 33.9% at 1.8 GHz
and 2.1 GHz respectively for the antenna design 2. For both antenna designs,
material losses are dominated by graphene, accounting for around 55% to 95%
of the losses due to materials and between 35% and 75% of the total losses in

the antenna, causing the antenna efficiency to drop considerably. Ideally, when
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Electric field along the plane (X-Z) for antenna des

to increase the surface impedance for the OFF state (Zsorp) and decrease the
dance Zsorr for small values of applied DC b

would also cause an increment of the DC bias voltage V}, needed to achieve a

and b) 2.1 GHz, when the graphene sheets are deactivated and activated respectively.
the addition of graphene does not only affect the antenna efficiency when the
graphene sheet is activated but also when it is deactivated, and hence, at both
resonant frequencies. In order to reduce the losses in the antennas, it is necessary
graphene with lower long-ranged charge carrier mobility p; and/or lower carrier

that there are still some losses due to the presence of graphene.

Figure 6.13

graphene is deactivated

surface impedance for the ON state
inhomogeneity density n.

impe
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Figure 6.14: Electric field distribution within the substrate for antenna design 2 at
a) 1.8 GHz and b) 2.1 GHz, when the graphene sheets are activated and deactivated

respectively.

low Zson. Similarly, achieving lower deformation potential D or lowering the
operational temperature would allow to reduce the surface impedance of graphene
in the ON state. Unfortunately, the deformation potential is still not properly
controlled, making it difficult to achieve lower values, as explained in Section
2.2.2 of Chapter 2. In order to demonstrate how the increase of Zsorr and the
decrease of Zspn should cause the antenna efficiencies to improve, the same two

antennas are simulated with the same configuration as before but now with Zsgn
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liencies are

2ata) 1.8 GHz
1 at 1.8 GHz

ign

ign

and b) 2.1 GHz, when the graphene sheets are activated and deactivated respectively.

1S some 1mprovemen

in set 3 are useful because it

ions

(b)

4.2 K, the condit
hen the graphene sheets are in the OFF state, the

31.7% and 33.9% for antenna des

and 2.1 GHz respectively; and 56% and 36.6% for antenna design 2 at 1.8 GHz

. It can be seen that now all the antenna effic

iencies w

Electric field along the plane (X-Z) for antenna des

lencies now are

15

.

and Zsorp taken from set 3 in Table 6.2. Although it is not the aim here to
the antenna effic

has a lower value of Zspy and a higher value of Zspppr compared to set 2. The
highest improvement is found when the graphene sheets are in the ON state. This

higher than when the set 2 values are used. Although there

operate at a temperature T’
and 2.1 GHz respectively

Figure 6
antenna effic
in
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Figure 6.16: Radiation patterns of the ZOR antenna design 1 at (a)-(b) 1.8 GHz
and (c)-(d) 2.1 GHz.

means that, for the two proposed antennas, achieving the lowest possible surface

impedance for the ON state is still critical.

6.3.3 SUBSTRATE HEIGHT AND NUMBER OF
CELLS EFFECT ON THE ANTENNA EFFI-
CIENCY

The antenna efficiencies obtained in the previous subsection 6.3.2 are mainly

dominated by the losses in graphene. However, they are also affected by the
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Figure 6.17: Radiation patterns of the ZOR antenna design 2 at (a)-(b) 1.8 GHz
and (c)-(d) 2.1 GHz.

antenna size. Fig. 6.18 displays the trade-off between the height of the antenna
substrate H, the length of the antenna L and the antenna efficiency ;. For both
designs, increasing H helps to reduce L and improve 7,. During simulations, when
the substrate height was increased, the zeroth order resonance decreased and vice
versa. To compensate this effect, the lengths of the two patches, L1 and L2 in
Fig 6.1, were made shorter or longer, resulting in smaller or larger antennas when
increasing or decreasing H, respectively. This means that, in the zeroth order
resonant frequency, the effect of the vias inductance, L, in Fig. 6.2, is stronger

than the effect of the parallel plate capacitance between the top patches and the
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ground plane, Cpeicn1 and Charene in Fig. 6.2. On the other hand, the antenna
efficiency is improved for bigger heights H because the antenna occupies a larger
volume and radiates more efficiently. However, if the antennas are designed to be
implemented in wireless and mobile devices, the available substrate thickness is

limited and cannot be further increased.
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Figure 6.18: Trade-off between substrate height H, antenna efficiency 7, and
antenna length L for a) design 1 and b) design 2.

Likewise, Fig. 6.19 provides the trade-off between the number of cells N, the

length of the antenna L and the antenna efficiency 7;. In this case, adding or
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removing unit cells increases or decreases the length of the antenna at a linear
rate. It also improves or deteriorates the antenna efficiency respectively, but in
this case, the rate is not linearly proportional. Consequently, more unit cells
do not substantially improve the antenna efficiency. On the other hand, having a
larger number of unit cells allows for an easier antenna matching as each additional

unit cell drastically reduces the high input impedance of ZOR antennas.
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Figure 6.19: Trade-off between number of cells NV, antenna efficiency 7, and

antenna length L for a) design 1 and b) design 2.

From these results, it is therefore possible to optimize antenna efficiency of
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the proposed ZOR antennas by adjusting the substrate height and the number
of unit cells. It is also possible to compensate the efficiencies due to restrictions
on thinner substrates by adding more unit cells at the expense of a larger overall

antenna size, and vice versa.

6.3.4 ZEROTH ORDER RESONANT FREQUENCY
SELECTION

In previous subsections, only two sets of surface impedances, Zspy and Zsorp,
were used to switch between the two resonant frequencies, 1.8 GHz and 2.1 GHz.
However, the surface impedance of graphene can be adjusted to any value between
these two impedances. This allows the selection of any intermediate resonant
frequency between the two design frequencies. Fig. 6.20 shows the antenna
resonant frequencies for different intermediate values of surface resistance Rs for
antenna design 2. Note that in these results, only the real part of the surface
impedance Rs is changed as the imaginary part Xs has a small effect on the
total surface impedance and can hence be neglected. As observed, selecting
intermediate surface resistance values permits tuning resonant frequencies in the

tuning range. Similar results are obtained for antenna design 1.

Fig. 6.21 shows the change of resonant frequency and antenna efficiency for
the antenna design 1 and design 2 when selecting intermediate values of surface
resistance Rs. The efficiencies of the intermediate frequencies are lower than the
ones obtained for the 1.8 GHz and 2.1 GHz. The reason for this is that as the
surface resistance changes, the portion of current propagating on graphene also
changes. The current propagating on graphene suffers higher losses because the

surface resistance is not at its minimum or maximum value.
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Figure 6.20: Frequency selection in Design 2 by selecting different intermediate

surface resistance values of graphene.
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Figure 6.21: Resonant frequency and antenna efficiency variation for intermediate

values of Rs.

6.3.5 PERFORMANCE COMPARISON

The results obtained from the proposed frequency reconfigurable ZOR antennas
are compared to some other works found in the literature. In [263], a substrate
integrated-interdigital capacitor ZOR antenna is reconfigured by integrating
varactor diodes. In [264], a ZOR antenna composed by mushroom-like unit

cells is able to change its resonant frequency by implementing PIN-diodes in
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its integrated spiral slots. In [248], another mushroom-like antenna can switch
frequencies by activating and deactivating grounded MEMS. Table 6.5 summarizes
the comparison. Note that, )\ is calculated in each work from the lowest operating

frequency.

Table 6.5: Comparison of different ZOR reconfigurable antennas

Electrical Frequencies
Reference | Technology . Antenna Gain
Size (LxW) | Covered
1.8GHz
This work:
Graphene | 0.18X;x0.09)g | and/to -0.2dB to -3dB
Design 1
2.1GHz
1.8GHz
This work:
Graphene | 0.15Xgx0.13\g | and/to -0.8dB to 0.6dB
Design 2
2.1GHz
4.1GHz to
[263] Varactor 0.3X0x0.3Xg 2.5dB and 4dB
4.5GHz
2.3GHz
[264] PIN-diode | 0.06X\yx0.16\¢ | and -6dB and -4.9dB
3.1GHz
4.7GHz
[248] MEMS 0.23X9x0.28\ -2.3dB and -2.5dB
and 5GHz

As observed from Table 6.5, the two proposed antennas are smaller compared
to references [263] and [248] and of similar size to the antenna in reference [264].
It is important to mention that both antennas can be considered to be electrically
small antennas as their size is ~ A¢/27. The antenna gains obtained for the two
proposed antennas here are comparable to those found in other works. Likewise,
the range of change in the resonant frequency is within the same proportion

as found in the other works. However, the antenna efficiencies for the antennas
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proposed in this chapter are expected to be lower than in the other work (antenna
efficiencies not provided in the references) as there are large losses attributed to
graphene. This is expected as graphene is a technology still in development.
Interestingly, implementing graphene in reconfigurable antennas can provide the
ON/OFF switching functionality as in PIN diode and MEMS as well as the
possibility of continuous frequency selection as in varactors. Finally, graphene
can easily operate at higher frequencies (millimetre wave to THz regime) where

other switching technologies will struggle to work properly.

6.3.6 SWITCHING POWER CONSUMPTION

Following the same procedure as in Chapters 4 and 5, the power consumed by the
proposed antennas is calculated with equation (6.9), see Section 4.2.3 in Chapter
4 for a detailed explanation,

n?q¢*dA

Poear = p(0) = e (6.9)

where the dielectric thickness d, the relative permittivity €? and the time
constant 7o are set using the values in Table 6.1 while the remaining values for
the charge carrier densities n are obtained from Table 6.2. The value for the area
of graphene A used are from the Table 6.3 and Table 6.4 for the two proposed
unit cells and antenna designs. Note that there are as many graphene sheets as
number of unit cells in the antennas which are fed individually.

Fig. 6.22 shows the peak power consumed by the proposed unit cells as the
size of the graphene sheet length G1 is changed. It is shown that, as expected, the
power consumed becomes larger as the graphene sheet area increases. Therefore,
it is possible to reduce the power consumption by using graphene sheets smaller
but at the expense of reduced reconfigurability, see Fig. 6.7.

Fig. 6.23 presents the peak power consumed by the two proposed antennas
for different numbers of unit cells. As expected, the more unit cells are used

the larger the power consumed. This trade-off is added to the trade-off between
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Figure 6.22: Peak power consumed and graphene area for a) unit cell 1 and b) unit

cell 2.

number of unit cells, input impedance and total length of the antenna as seen in

Subsection 6.3.3. Although the number of unit cells does not affect the antenna

reconfigurability, it is important to find a balance between reducing the high

input impedance by adding more unit cells versus reducing the total length of the

antenna L by not adding many unit cells V. Therefore, an additional advantage
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Figure 6.23: Peak power consumed and graphene area for a) antenna design 1 and

b) antenna design 2.

of having a smaller antenna with less unit cells is the low power consumption that

can be achieved.

Finally, as seen in Subsection 6.3.4, the proposed antennas can be configured
to operate at intermediate resonant frequencies by selecting intermediate surface
resistance values for the graphene sheets. In Fig. 6.24 the peak power consumed

is calculated when different surface resistance values are selected. It is seen that
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Figure 6.24: Peak power consumed and charge carrier density for antenna design

2 with different surface resistance values.

the power consumed substantially decreases as the values of surface resistance
are increased. The reason for this is the low charge carrier density needed to
achieve such high surface resistance values and hence to select those intermediate
resonant, frequencies, see Fig. 6.20. Therefore, the advantage of being able to
select intermediate resonant frequencies is also an advantage from the point of

view of power consumption.

6.4 CONCLUSIONS

The present chapter has demonstrated that graphene can be used in frequency
reconfigurable ZOR antennas for microwave applications. Two unit cells and two
antennas formed by these two unit cells have been proposed, analysed, simulated

and discussed. The main conclusions obtained from the results are:

e Applying two different surface impedances of graphene, Zspoy and Zsopp,
allows the proposed zeroth order antennas to switch between the LTE
bands of 1.8GHz and 2.1GHz as their capacitance and inductance values

are changed.
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e The two proposed antennas provide reasonable values of antenna efficiency

for the size reduction offered.

e Low power consumption is possible due to the use of small graphene sheets.

Additionally, it has been shown that graphene can provide the functionality
of selecting intermediate resonant frequencies, between 1.8GHz and 2.1GHz, by
selecting different intermediate surface resistances Rs. The obtained antenna
efficiencies are mainly affected by the losses in graphene but also by the antenna
dimensions and configuration. The antenna design 2 achieves a slightly higher
antenna efficiency for the ON state than antenna design 1, 28.8% compared to
15.8%, and similar values to antenna design 1 for the OFF state, 33.9% compared
to 31.6%, due to the losses in graphene being lower. The antenna gains obtained
for both designs (between -3 dB and 0.6 dB) are better than the ones obtained
from other designs found in the literature that use PIN-diodes or MEMS as RF
switches. Only the reference that uses varactors performs better in this feature
(2.5 dB and 4 dB) but the proposed antenna designs in this chapter are half the
size of the antennas in that reference. Finally, the proposed unit cells could
be applied in other radio frequency applications such as filters, transmission
lines, matching networks and electromagnetic lenses where reconfigurability can

be produced as well.






Chapter 7

CONCLUSIONS

This thesis describes research on the application of the extraordinary electrical
properties of carbon nanotubes, graphene and metamaterials into the antenna
field at microwave frequencies. As a result, a total of five different antennas
have been proposed, studied and simulated where advantages, disadvantages and
trade-offs have been obtained and established. This chapter contains the main
summary and conclusions obtained in this thesis. The chapter is structured as
follows; first, a comparison between all the proposed antenna designs in this thesis
is provided in section 7.1. Afterwards, the main novelties and contributions of
this thesis are listed in section 7.2, followed by the future research lines arising

from this thesis in section 7.4. Finally, a last comment is given in section 7.3.

7.1 COMPARISON OF THE PROPOSED AN-
TENNA DESIGNS

The WIFI and LTE frequency reconfigurable antennas in Chapter 4 presented
the lowest antenna efficiencies (between 9.4% and 68%) when compared to
polarization reconfigurable antennas in Chapters 5 (between 59.2% and 71.6%)
and the frequency reconfigurable ZOR antennas in Chapter 6 (between 15.8%
and 33.9%). This is mainly because the change in the antennas in Chapter

179
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Table 7.1: Selected general parameters
Chapter 4 6
Design WIFI LTE 1 element | 2 element | LTE 1 LTE 2
1.8GHz/ HLP/
2.4GHz/ HLP/
Switches 2.1GHz/ VLP/ 1.8GHz/ | 1.8GHz/
3.6GHz/ RHCP/
between 2.6GHz/ RHCP/ | 2.1GHz | 2.1GHz
5GHz LHCP
3.6GHz LHCP
n (%] 9.4/68 | 10/46.8 | 59.2/61.4| 59.3/71.6| 15.8/31.6| 28.8/33.9
L1=0.3
Electrical | L=0.28 | L=0.23 | L=0.25 W1=0.3 | L=0.18 | L=0.15
size [Ao] | W=0.24| W=0.26 | W=0.23 | L2=0.29 | W=0.09 | W=0.13
W2=0.3
Power
consumed | 330.6 142.6 1.14 0.7 430 110
(mW]

4 is larger than in the other antennas, so the antenna efficiency suffers from
both, large changes in resonant frequency and large areas of graphene. However,
the frequency reconfigurable antennas in Chapter 4 provided larger frequency
changes (between 2.4 GHz up to 5 GHz or 1.8 GHz up to 3.6 GHz) compared to
the frequency reconfigurable ZOR antennas in Chapter 6 (between 1.8 GHz and
2.1 GHz), but the later designs had the lowest antenna size of all the proposed
antennas in this thesis as they were effectively electrically small antennas. Finally,
the power consumed by the polarization reconfigurable antennas in Chapter 5
was, by far, the lowest of all the antennas (between 0.7 mW and 1.4 mW) mainly

because of a much longer time allowed to switch between states ON and OFF, 1
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second of switching time in Chapter 5 against just 1 millisecond of switching time

in Chapters 4 and 6.

7.2 MAIN NOVELTIES AND CONTRIBU-
TIONS

The main contributions and novelties of this thesis are summarized here:

e All the proposed antennas provided reasonably good antenna efficiencies
because graphene was not the main conductor in the antenna. In fact,
the graphene sheets only occupied a fraction of the total area of the
antennas which substantially reduced the ohmic losses generated in the
antennas. However, the graphene sheets were still able to modify the
currents propagating in the antennas, and consequently, have an effect on
the antenna behaviour. Therefore, the implementation of graphene provided
the desired antenna reconfigurability while copper, as the main conductor,
kept the antenna efficiency within acceptable values. This is the main reason
for proposing hybrid metal-graphene solutions for microwave applications

and this is the main novelty of this thesis.

e All the proposed antennas in this thesis used graphene mainly as a tunable
material that can provide ON/OFF states like other switching methods such
as MEMS, FET and PIN diodes. However, in the proposed antenna designs
of Chapters 4 and 6, selecting intermediate values of the surface impedance
of graphene also provided other extra features such as active tuning of the
reflection coefficient and operational bandwidth as well as selection of any
resonant frequency between two extreme values. This feature is similarly
found in reconfigurable antennas where varactors are used for switching. For

this reason, graphene could be proposed as an all-in-one switching solution.



182

7.2 MAIN NOVELTIES AND CONTRIBUTIONS

e This thesis was the first work to analyse, study and investigate, in the

microwave regime, other elements and aspects that are also important in
order to obtain a realistic, or as close as possible, performance evaluation
of reconfigurable antennas made of graphene. For instance, this thesis
provided a formula that relates the power consumed by the tuning structure
to some important parameters such as the applied DC voltage bias, the
characteristics of the dielectric used in the tuning structure, the switching
time between states and the dimensions of the graphene sheets. In addition,
it also fully considered, theoretically, the effect of the tuning structure and
how it affected the graphene and antenna performance. Furthermore, a deep
and detailed study of the graphene scattering mechanisms, which defines the
surface admittance of graphene in the microwave regime, was also provided.
In doing so, this thesis only considered realistic and realisable values of the
surface impedance of graphene when applying reasonable values of the DC
bias voltage. Other works found in the literature tend to oversimplify this

point.

Taking advantage of the high transparency of graphene to visible light,
this thesis proposed graphene as a solution to provide reconfigurability
to antennas that are required to be transparent in order to reduce their
visible impact, and hence, footprint. Additionally, this thesis also proposed
graphene as a solution in wearable antennas where the flexibility of graphene
and the various features of antenna reconfigurability might be useful to
compensate for the effects of bending and stretching that the wearable

antennas normally experience.
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7.3 IMPACT OF GRAPHENE PROPERTIES
ON RESEARCH FINDINGS

Some of the proposed antenna designs in this thesis had worse performance
when compared to other state-of-the-art frequency and polarization reconfigurable
antennas. This is somehow expected as graphene, although being an exceptional
conductor, is just one atom thick and therefore its surface impedance cannot be
improved by increasing its thickness. This is the main disadvantage of graphene
when compared to conventional materials at microwave and millimetre wave
frequencies. Moreover, the deformation potential D is still not well defined
and heavily depends on the graphene sample and thus can take a wide range
of values. This highly affects the true potential of graphene as a high value of
D translate into high Zson and at the same time into a low antenna efficiency,
and vice versa. This is because even if all the long range scattering mechanisms
such as defects, substrate induced scatterings, wrinkles, impurities, etc.; were
all reduced or completely removed, the interaction between charge carriers and
phonons would ultimately limit the lowest surface impedance of graphene, and
hence, its performance, at room temperature and at the microwave and millimetre
wave regime. Consequently, it would only be possible to define the true potential
of antennas made of graphene when the limits of the deformation potential is fully

known and controlled, via more research.

7.4 FUTURE WORK

Building prototypes of the proposed antenna designs and carry out experimental
measurements will ultimately confirm the correct operation of the proposed an-
tenna designs. That will also provide an insight of some adverse effects that have
not been considered in the simulations. These effects might arise from current

state-of-the-art graphene samples, the DC feed lines of the tuning structure and
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the tuning structure itself. The DC feed lines and the tuning structure are ex-
pected to not affect the antenna performance much. However, applying graphene
sheets produced by using present technology will definitely impact the antenna
performance as, currently, the synthesis, transfer and preparation processes are
still under development. More research is needed to define processes that al-
low pristine-like performance of graphene and to avoid the loss of quality of the
graphene sample during the transfer process and when building the rest of the
elements in the antenna.

In addition, more research could be done to investigate the performance of
implementing graphene in other classes of antennas such as slot, pre-fractal and
leaky-wave antennas to provide all sorts of frequency, polarization, radiation
pattern, bandwidth and/or matching network reconfigurability. Such work
could also consider designs of microstrip and metamaterial antennas that could
further increase the antenna efficiencies while keeping or adding more antenna
reconfigurability. The ability of controlling the variable surface impedance of
graphene might be of particular interest in antenna arrays. This might prove
useful for adaptive beam-forming applications.

Moreover, the variable surface impedance of graphene might also be useful in
other components of the front-end communication systems such as in matching
networks, filters, amplifiers, mixers, splitters, etc. This could result in a sort of
smart radio-frequency transmission and reception front-end with dynamic control
of all the components involved in the communication process.

Finally, there are other interesting novel materials such as silicene, germanene,
nano-cellulose and conductivie inks and textiles that might also provide some
other benefits in antennas, and therefore, might be worth to investigate. Perhaps,
future antennas for base stations, access points and wireless and mobile devices
will benefit from tailor-made designs composed of not just one of these materials

but of a multitude of them.



Appendix A: DIPOLE
ANTENNAS ENTIRELY MADE
OF CARBON NANOTUBES

In this section, the performance of dipole antennas made of SWCNT, MWCNT
and bundles is simulated following an equivalent transmission line approximation
where the special condition of the admittance of carbon nanotubes is taken into
account [102]. Special interest is paid to the radiation efficiency and size reduction
trade-offs. First, the initial considerations and the different carbon nanotube
configurations are defined in subsection A.1. Later, the simulated results are
discussed in subsection A.2.

A.1: EVALUATED ANTENNAS

Taking advantage of the cylindrical nature of the carbon nanotubes, dipole
antennas made by single-wall carbon nanotubes, multi-wall carbon nanotubes
and bundles of single- and multi- wall carbon nanotubes are evaluated here, see
Fig. a.1. It is assumed that the carbon nanotube dipoles are generated by flaring
90° the end section of a parallel transmission line made of carbon nanotubes.
Therefore, no contact resistance between the transmission line and the antenna is
considered here as both the transmission lines and the dipole antennas are made
of the same carbon nanotube. Likewise, the antenna matching to the source is
not considered here.

The performance of antennas entirely made of carbon nanotubes is carried
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Carbon nanotube
dipole arms

Source

Carbon nanotube
transmission line

Figure a.1: Graphical representation of a dipole antenna entirely made of carbon

nanotubes.

out by analysing the radiation efficiency 7, and the size reduction as the ratio
between the plasmon phase constant k, and the free space phase constant k. The
radiation efficiency and plasmon wavenumber are evaluated following a similar
process found in [102]. The process determines the antenna efficiency of carbon
nanotube dipoles by calculating the power lost as heat in the dipole and the
power radiated by the dipole. In order to do so, the large resistance, kinetic
inductance and quantum capacitance are introduced in the equations to obtain
the current distribution along the dipole antenna. From the resulting current
distribution, the radiation power and ohmic power are calculated. In addition, the
plasmon wavenumber is calculated by finding the propagation velocity of the wave
propagating in the carbon nanotube under the effect of the kinetic inductance and
quantum capacitance. The equation used to calculate the radiation efficiency 7,

(dB) is, see equation (2.8) in chapter 2 for a detailed analysis,
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P,
ok (5 ) o

Prad + Ploss
where P,.q (W) is the power radiated by the carbon nanotube dipole (SWCNT,
MWCNT or SWCNT and MWCNT bundle dipole) and P,,ss (W) is the power
lost as heat in the carbon nanotube. The plasmon phase constant &, is calculated

as, see equation (2.87) in chapter 2 for a detailed analysis,

2 res
k= 2hres (a.2)

Up

Commonly, the propagation velocity v, (m/s) of waves in transmission lines
and antennas made of conventional metallic materials are very close to the speed
of light ¢. However, due to the large kinetic inductance present in the carbon
nanotubes, waves propagating on carbon nanotubes are much slower than when
propagating in free space. This is the main cause of the apparence of plasmons
in carbon nanotubes.

Equations (2.82) and (a.2) are dependent on setting values for the radius
rswont of the SWCNTSs, the number of shells N of MWCNT and the number
of tubes N, in the SWCNT and MWCNT bundles. This is because the
resulting resistance per unit length Roy7, kinetic inductance per unit length
L and quantum capacitance per unit length Cg change for different physical
configurations of carbon nanotubes.

RESULTS

In this section, the radiation efficiency 7, and plasmon phase constant £,
are analysed for different values of SWCNT radius rswon7, number of shells in
MWCNT N and number of tubes for SWCNT and MWCNT bundles N, at three
different resonant frequencies f,.,=2.45 GHz, f,.s=60 GHz and f,.,=110 GHz.
For the simulations, the voltage applied to the terminals of the dipole is always
Vierminats=1 V, the separation between the carbon nanotubes is sep=1 mm and the

inner radius for the MWCNT case is 7,,.,=0.5 nm. The carbon nanotube dipoles
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are assumed to be surrounded by free space, thus ¢,=1. Finally, the admittance
of the SWCNT ogwenr is extracted from equation (2.80) in chapter 2 for radii
rswent <3.4 nm, and from equation (2.78) in chapter 2 for rsweon: >3.4 nm
and considering that armchair SWCNTs are always used. During the analysis, a
value of radiation efficiency that can be considered to be potentially applicable to
commercial applications is 7, >-10 dB. Below this value, the antenna is considered
to be excessively lossy and only in very extreme applications might the antenna

be used.

Fig. a.2.a shows the radiation efficiency and the ratio between the plasmon
phase constant and the free space phase constant of A/2 dipole antennas made of
single-wall carbon nanotubes with different radii. It can be seen that by increasing
the radius of the SWCNT dipoles, the radiation efficiency is improved. However,
for any value of the radius, the radiation efficiency is below -10 dB and hence
too small for commercial applications. The reason is, although carbon nanotubes
have considerably lower resistance per unit lengths Ronyr than for other nanotube
materials with same dimensions (i.e. copper), the resistance per unit length found
in SWCNT is still excessively high for antenna applications. Focusing on the
k,/k ratio, it is confirmed that dipole antennas made of SWCNTSs can present
substantially larger phase constants, and hence smaller resonant lengths than in
free space. This applies for all values of the radius wall but the size reduction
advantage is diminished by the exceptionally low efficiencies that results. The size
reduction advantage is, at the same time, a disadvantage because small SWCNT
dipoles still suffer from the effects of electrically small antennas, and hence, they
are naturally inefficient, see section 2.1.3 in chapter 2 regarding electrically small
antenna limitations. Therefore, it is concluded that SWCNT dipoles are not

acceptable for antenna applications at the frequencies of interest.

Note that, for simplicity, the plasmon resonant frequencies obtained here are
assumed to be available at any frequency. However, in reality, plasmon resonances

are damped for frequencies lower than the relaxation frequency v=1/277 [32],
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Figure a.2: Radiation efficiency (solid lines) and wavenumber ratio (dashed lines) for
(a) SWCNT, (b) MWCNT, (c) SWCNT bundle of SWCNTs with radius 0.5 nm (single
solid lines) and 5 nm (double solid lines); and (d) MWCNT bundle of MWCNTSs with
N=2 (single solid lines) and N=151 (double solid lines).

where 7=2rgweonr/&T depends on the radius of the SWCNT, with & ~9.2

(ms/K). If this condition is accounted for, no plasmon resonance frequencies can
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be found at 2.45 GHz because they would be too damped. For the cases of 60 GHz
and 110 GHz, the minimum radius that the SWCNT must have is rgywont ~3.4
nm and rsweonr ~2 nm for plasmon resonances to be found at 60 GHz and 110

GHz respectively.

Fig. a.2.b presents the results for the radiation efficiency 7, and the phase
constant ratio k, for MWCNT dipoles. Recalling that the total radius for the
MWCNT is calculated as rywonNT=Tinner+0N, the simulated radii are from
rywent=0.84 nm (N=2 shells) to rywenr=51.84 nm (N=151). Similar to
the SWCNT dipoles, increasing the number of shells N increases the radiation
efficiency because more shells contribute in the conduction of electrons. This
is caused by the effect of having more conducting channels in shells with a large
radius 7ywont. On the other hand, when the number of shells increases, the ratio
between k, and k decreases. For the resistance of the MWCNTSs dipoles, the more
shells contributing to the conduction, the higher the admittance and the lower the
kinetic inductance. This increases the speed of the waves v, propagating in the
MWCNTs, which causes v, to become closer to the value of ¢ and the wavelength
is of similar size to its free space equivalent. For a large number of shells and at
fres=60 GHz and f,.s=110 GHz, the radiation efficiencies converge to reasonable
values but they are still below the target value of 1, >-10 dB. Nevertheless,
MWCNTs dipoles might still be considered for antenna applications where some

size reduction is desired at the expense of low efficiency.

Fig. a.2.c and Fig. a.2.d give the results of the radiation efficiency and phase
constant ratios for antenna dipoles made of bundles of SWCNTs and MWCNTs
respectively. Interestingly, Fig. a.2.c shows that even with a large number
of SWCNTs in the bundle, the resulting radiation efficiency is still far below
the target value of ., >-10 dB. Consequently, there is not a single case where
SWCNTs could potentially be used for antenna applications at the frequencies of
interest. In contrast, for the MWCNT bundle case, radiation efficiencies of around

-10 dB can be achieved with as little as two tubes of MWCNTs with 151 shells
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at 60 GHz and 110 GHz, or with fifty tubes of MWCNTSs with 151 shells at 2.45
GHz. As aresult, it is possible to find an optimum value of IV, for MWCNTSs that
might satisfy the minimum radiation efficiency of some commercial applications.
However, by improving the radiation efficiency, the ratio between k, and k is
drastically reduced and little to no size reduction is obtained when acceptable
values of radiation efficiency are achieved. This is an important drawback because
one of the main reasons for using carbon nanotubes antennas is the ability to
enable significant reduction of the antenna size. Consequently, even in the cases
where MWCNT's bundles could be used, it might still not justify the lower antenna
performance compared to antennas made of other metallic materials (i.e. copper).

In addition, dipoles made of carbon nanotubes present a very high input
impedance (on the order of k{2) which makes them impossible to match to
conventional source impedances of 50 €2 and 75 ). Consequently, it is unlikely
for them to be of any use at microwave and millimetre wave bands as long as the

standard internal impedances of radio-frequency sources are set to 50 € or 75 €.
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Abstract—This paper presents an initial study of
reconfigurable antennas made of graphene for multi-
band wireless communications applications. A simple
microstrip patch antenna with graphene extensions on
its sides has been analysed for Wireless Fidelity (WIFI)
operational bands, and another microstrip patch antenna
with inset notches filled with graphene strips has been
evaluated for Long Term Evolution (LTE) applications.
The graphene sheet resistances are changed to activate
or deactivate parts of the antenna via DC voltage bias.
This changes the effective lengths of the antennas, and
therefore, their resonant frequencies.

I. INTRODUCTION

Future wireless communication systems will need
to operate over multiple bands, make use of new
spectrum band (mm- and THz wave), adapt to vari-
able communication scenarios and applications, and
increase power efficiency. In addition, as science
evolves, electronic devices tend to decrease in size.
However, size reduction in antennas is not a matter of
technology constraint but is limited by the fundamental
physics of wave propagation. In order to further shrink
a multiband transmitting system, antenna reconfigura-
tion provides an option to colocate multiple radiating
elements into a single one, and hence, save space.

A reconfigurable antenna changes its resonance fre-
quency, operational bandwidth, radiation pattern, or
polarization by mechanically, electrically or Infrared
Light Emitting Diode (IR-LED) switching the current
path propagating along the element [1] [2]. Therefore,
a single reconfigurable antenna could perform the job
of multiple antennas while occupying less space.

Mechanical switching is mostly performed by Micro
or Nano Electromechanical systems (MEMS/NEMS)
depending on the device scale. Electrical switching
is mainly carried out by transistor based technology,
such as Metal Semiconductor Field Effect Transistor
(MESFET), Pseudomorphic High Electron Mobility
transistor (PHEMT); or by diode-based technology,
such as the P-type Insulator N-type diode (PIN diode)
[?]. In this paper we study graphene as an alternative
material.

This work was supported by the Engineering and Physical Sci-
ences Research Council (EPSRC) grant no. EP/K503034/1.
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With these goals in mind, this paper will analyse the
potential use of graphene in reconfigurable antennas
for Long Term Evolution (LTE) and Wireless Fidelity
(WIFI) applications and is structured as follows: sec-
tions 2 will introduce the concept of graphene, with a
comparison between switching technologies in section
3. Sections 4 and 5 will describe the scenario evaluated
and the results obtained, respectively. Finally, section
6 will present some conclusions and future work.

II. GRAPHENE

Graphene is a mono-atomic layer of carbon atoms
distributed in a hexagonal pattern. Graphene was ini-
tially a very promising material mainly for nano-
electronics due to its extraordinary electrical proper-
ties, but because large sheets of graphene have been
synthesised recently [3], it can also be used for large
scale applications.

Equation (1), e.g. see ref. [4] for more details, shows
the frequency-dependency of graphene conductivity.

—je2kpT < Lhe
Os

_ —w5T
R P kBT—Fan(e 5 +1)> (1)

This approximation is valid for the range of frequen-
cies and the absence of magnetic field assumed here
[4]. From the equation, it is possible to observe that
there are three parameters that define its conductivity,
namely the relaxation time 7, the temperature 7',
and the chemical potential p.. These parameters are
related to the quality of the graphene sample, the
end application (low, room or high temperatures), and
the doping level. In particular, this doping could be
active, by bias voltage or electrostatic field, or passive,
by addition of chemicals or different substrates. This
makes it possible to have very large or very small
sheet resistances that could simulate the ON-OFF
states in switches. The idea proposed in this paper
is to use this effect, via active doping (bias voltage),
to control the current passing through selected areas
of a patch antenna. This causes a variation in the
total length of the path where the current propagates,
and hence, a resonant frequency shift. The selected
values are Rs=0.5€2/00 (corresponding to 30V) and



Rs=430+j1Q2/0 (corresponding to 0.03V) for the
ON and OFF states, respectively. These values are
calculated by equation (1) where 7=0.5ps, T=300K,
1e=4.8¢" 1%V for the ON state, and u.=4.8e 2'eV
for the OFF state. The absolute values of ON-OFF
voltages needed (0.03 V and 30V) could be different in
practice as this will depend on the commercial quality
of graphene used and the initial chemical potential
(here is assumed to be u.=0eV), but the difference
between ON-OFF would remain the same (around
30V).

1. SWITCHING METHODS

In this section, a brief comparison between today’s
RF switch technologies is presented along with an
analysis of using graphene sheets with DC decoupling
capacitors as the switching method in a reconfigurable
antenna. Table I shows the comparison between them.
The values given for graphene were obtained via
simulation or circuit analysis, and all of them are
simple theoretical approximations. Experimental mea-
surements will be necessary to provide a confirmation
of this analysis.

TABLE 1
COMPARISON OF SWITCHING METHODS [1] [5]

Method Transistor Diode MEMS Graphene
Insertion | 35 548 | 0.3-1.5dB | 0.1-5dB | 0.3-2dB
Loss

Isolation >25dB >30dB >30dB >20dB
Power

Handling <100W <50W <0.1W | <IpA/nm
Bias

ON/OFF 0V/-5V 0V/-30V 80V/0V 30V/0V
Power <0.lmW | <100mW | <0.lmW | “Zero”
Drain

Switching

Time ns ns HUSs ns
For the insertion loss and isolation values, a

graphene strip with two DC decoupling capacitors was
simulated between two ports using the IE3D software
from Mentor Graphics. The scenario is presented in
Figure 1. The values were obtained while adjusting the
width and length of the graphene strip. The insertion
loss was calculated from the S12 parameter when the
graphene strip was activated, and the isolation was
obtained from the S12 parameter when the graphene
strip was deactivated. From Figures 2 and 3, it is
observed that increasing the width of the graphene
band reduced the insertion losses while the isolation
value remains constant. On the other hand, increasing
the length of the strip augmented the isolation but
also the insertion loss. Therefore, there is a trade-off
between increasing the length of the graphene sheet in
order to increase the isolation value and increasing the
width to obtain lower insertion losses.

PORT

DC f :’:V 11 1111
DECOUPLING /© [

Fig. 1. Switch made of graphene sheet and decoupling capacitors.
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Fig. 2. Insertion loss evolution as length and width are increased.
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Fig. 3. Isolation values when width and length are increased.

Measurements carried out in [?] concluded that
graphene sheets can typically handle up to 1pA/nm.
Consequently, graphene with DC decoupling capaci-
tors can handle a range of power depending on the
dimensions of the sheet and the characteristics of the
capacitor used.

The strongest benefit of using graphene is its theo-
retically zero power consumption as it is approximated
as a capacitor when a DC voltage is applied. This will
be key for power saving in future devices. However,
in practice, there will be a very small leakage current
being consumed as the substrate will not be a perfect
isolator. Nevertheless, simulations show this leakage
current will be on the order of nano Amperes (nA)
or less depending on the dimensions of the graphene
sheet and the voltage applied.

The switching time has been approximated as the

2 195



time that the electric field (or Voltage) on the graphene
sheet would take to reach ~ 66% of the final value.
This time, in capacitors, is called the time constant
(7) and depends on capacitance and resistance values.
In this case, the capacitance depends on the area of
the graphene sheet, the height between this sheet and
the ground plane; and the substrate used. Roughly
speaking, the capacitance will be on the order of pico
Farads (pF) for a substrate with ¢, = 2 — 10, height
of Imm and a sheet area of up to 400mm?. These
values are likely to be used in the range of frequencies
and applications of interest. The series resistance is
the surface resistance (on the order of hundreds of
Q) of graphene if the rest of the DC feed circuit is
kept almost lossless. All together, it results in a time
constant on the order of nano seconds (ns).

Table II presents different insertion losses and iso-
lation values for different choices of graphene quality
(which alters the relaxation time). Results were ob-
tained from the same scenario as Figure 1 at SGHz
and with a Immx10mm (length x width) graphene
sheet. Using a worse quality graphene (smaller )
translates into higher sheet resistances for both ON
and OFF states. This improves isolation values at
the expense of higher insertion losses. In the same
manner, better quality graphene (larger 7) reduces
both sheet resistance values, which helps to reduce
the insertion losses but will adversely affect also the
isolation. This could be compensated by augmenting
the voltage difference between the ON-OFF states.
Therefore, there is another trade-off between selecting
the graphene quality and the feed voltages.

TABLE 1T
COMPARISON OF DIFFERENT GRAPHENE QUALITIES

Relaxation

time - 0.1ps 0.5ps 1ps

Rs ON 2.80/0 0.50/0 0.280/0
Rs OFF | 2116412/ 430+j102/0 | 214+j1Q/0
Insertion 2dB 0.81dB 0.68dB
Loss

Tsolation 70dB 50dB 35dB

Finally, graphene is transparent and flexible which
allows it to be easily integrated in future mobile
terminals and devices. In addition, the complexity of
producing devices based on graphene promises to be
lower than any other method as graphene is a simple
atomic layer deposited over a substrate.

IV. NOVEL ANTENNA DESIGNS

Simulations of two simple designs of reconfigurable
microstrip patch antennas are evaluated for two differ-
ent range of frequencies. One set of frequencies (2.4 /
3.6 / 5 GHz) corresponding to WIFI frequency bands,
and another set (1.8 / 2.1 / 2.6 / 3.6 GHz) for LTE
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systems, are simulated using the IE3D software from
Mentor Graphics. Two different designs are analysed
in order to demonstrate two configurations where
graphene could be used in reconfigurable antennas.

The first structure for WIFI is composed by a central
rectangular patch with two extensions of graphene
added on the sides, see Figure 4. The idea is very
similar to the one proposed by [2], but in this scenario,
the side bands conductivity are tuned via a DC voltage
bias instead of adding a more complex and power con-
suming IR-LED system. When deactivated, the current
stops flowing through the side bands and a resonant
frequency (3.6GHz) is defined set by the length of
the central patch (22.35mm). When activated, the side
bands allow the current to pass through, so it travels a
longer distance. This extra distance (35.8mm) changes
the resonant frequency to a lower band (2.4GHz).
In addition, the width of the antenna (15.4mm) also
defines another resonant frequency (5GHz). In this
case, this frequency does not change when activating
or deactivating the extensions.

22.35 mm for 3.6 GHz

:
H COPPER OR GRAPHENE CENTRAL PATCH
a
E 35.8 mm for 2.4 GHz

g
=
&
&

FEED POINT
DC DECOUPLING

CAPACITORS

52.85 mm

P
4.8 mm
SEPARATION 0.1 mm

...............................................

Fig. 4. Graphene reconfigurable antenna for WIFI.

The second structure for LTE is based on a mi-
crostrip patch antenna with inset notches on the edges,
where graphene strips are added in those spaces, see
Figure 5. With a similar function as in the previous
design, the graphene strips are activated or deactivated
by increasing or reducing their conductivity. When
activated, the current is able to travel through the
graphene strips and the resonant frequencies (2.1GHz
and 3.6GHz) are defined by the length (40.5mm) and
width (21.7mm) of the patch, respectively. When the
“graphene strip group 17 is deactivated, the graphene
bands prevent the current passing through them, and
therefore, they acted as notches diverting the current.
This causes the current to travel a longer distance and
the resonant frequency is changed to a lower band
(1.8GHz). Likewise, when the “graphene strip group
2” is deactivated, the resonant frequency moves to
(2.6GHz).

In both designs, the strips need to be connected to
the central patches via decoupling capacitors in order
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Fig. 5. Graphene reconfigurable antenna for LTE.

to isolate each DC bias voltage from the rest. This is
important as it was necessary to be able to feed with
different voltages to each strip at any moment. The
conductors used in the central patches are first set to
be copper, and then graphene. The idea is to analyse
the performance of the reconfigurable antennas using
a very good conductor for normal applications and
graphene for potential applications where transparency
or flexibility is a requirement. Likewise, polystyrene
(PS) is considered for the substrate because of its
transparency and flexibility, with a reasonable relative
permittivity €, = 3.1 and loss tangent tand = 0.0002.
The conductivity of the graphene bands and strips are
individually modified to simulate the variable sheet
resistance (Rs) when applying a DC bias voltage to
graphene. Furthermore, when graphene is used in the
central patch, the conductivity can be changed to any
desired value. Finally, the inner area is fed close to a
corner so the Transverse Magnetic modes 01 and 10
(TMO1 and TM10) are excited.

V. RESULTS

Results presented in this section are divided into
data obtained when copper is the conductor for the
central patch and the results obtained when graphene
is the conductor used instead. Figure 6 shows the
WIFI reconfigurable antenna (Figure 4) made of cop-
per and graphene extensions resonating at different
frequencies. When the extensions are deactivated, the
antenna is in its smallest physical dimension because
no current can flow through the graphene bands on the
edges. In that case, the two resonant frequencies come
from the TMO1 and TM10 modes. Then, when the
extensions are activated, the current is able to pass,
and therefore, the physical dimension is effectively
increased allowing the mode TMO1 to change its
resonant frequency to a lower band. Likewise, Figure
7 presents the same behaviour when using graphene
for the central patch.

The main differences between both solutions are the
extracted efficiency and bandwidth values, see Table

RESONANCE VARIATION FOR WIFI (COPPER)
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Fig. 6. Resonant frequency shift for WIFI reconfigurable antenna
made of copper and graphene bands.
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Fig. 7. Resonant frequency shift for WIFI reconfigurable antenna
made entirely of graphene.

III. When using copper, the antenna efficiency is higher
than when using graphene, but using graphene as the
conductor for the central patch allows a certain degree
of tuning of the return gain and bandwidth of the an-
tenna at the expense of reducing its efficiency. This is
achieved by increasing or decreasing the conductivity
of the sheet which causes the input impedance to also
increase or decrease.

TABLE III
EFFICIENCY AND BANDWIDTH COMPARISON WIFI ANTENNA

Material Frequency [GHz] 2.4 3.6 5

Copper Efficiency [dB] -43 | -69 | -3.1
Bandwidth [MHz] 40 280 | 350

Graphene | Efficiency [dB] -82 | -7.5 | 3.8
Bandwidth [MHz] 90 310 | 380

As a demonstration, the WIFI reconfigurable an-
tenna made entirely of graphene is analysed for dif-
ferent sheet resistance values of the graphene sheet
used for the central patch. Figure 8 demonstrates that
changing the Rs allows for a wider or narrower band-
width and, in certain conditions, a better matching. The
initial value of sheet resistance for the central patch is
Rs = 0.5Q/0. Under this condition, the return gain is
around -13dB, but when the conductivity is changed
to Rs = 1Q/0, the return gain greatly improves to
-28dB.

Finally, the same analysis can also be applied to the
LTE reconfigurable antenna made of copper/graphene
with graphene strips on the notches, see Figure 5. Fig-
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Fig. 8. Return gain (S11) variation by changing the central patch
Rs from a reconfigurable antenna made entirely of graphene.

ure 9 shows the shift of the resonant frequencies when
activating and deactivating the strips. When activated,
the current is able to pass through the graphene strips,
and therefore, the electrical size is close to the physical
dimensions. The two resonances are due to the TM10
and TMO1 modes. When the strips are deactivated, the
current travelling through the patch is diverted as it is
not able to pass through the graphene strips, and then,
the electrical size of the antenna is much larger than
the physical size as the current has to travel longer
distances. This causes the resonances to move to lower
frequencies. Figure 10 shows the same behaviour when
graphene is used in the central patch. Again, the main
differences are found in the efficiency values and the
bandwidths achieved, see Table IV. Radiation efficien-
cies are higher when copper is the main conductor but
bandwidths are larger when graphene is used instead.
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15 19 23 28 32 36
0 — —

5
-10
-15

RETURN GAIN [dB]

FREQUENCY [GHz]

—STRIPS OFF STRIPS ON

Fig. 9. Resonant frequency shift for LTE reconfigurable antenna
made of copper and graphene strips.

RESONANCE VARIATION FOR LTE (GRAPHENE)

15 19 23 28 32 36

RETURN GAIN [dB]

FREQUENCY [GHz]

—STRIPS OFF STRIPS ON

Fig. 10. Resonant frequency shift for LTE reconfigurable antenna
made entirely of graphene.
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TABLE IV
EFFICIENCY AND BANDWIDTH COMPARISON LTE ANTENNA

Material Frequency [GHz] 1.8 2.1 2.6 3.6
Copper Efficiency [dB] <73 | -12.8 | 4.1 | -1.6
Bandwidth [MHz] 30 35 180 | 150
Graphene | Efficiency [dB] -8.2 | -13.9 -8 -39
Bandwidth [MHz] 81 30 250 | 180

VI. CONCLUSIONS

This paper has demonstrated a potential use of
graphene in reconfigurable antennas for both LTE
and WIFI applications. The results obtained from
simulating both antenna designs show that switching
the conductivity of the graphene bands and strips
between ON and OFF states allows one to modify their
resonances. Using copper, or any other conventional
metal, as the main conductor for the central patch
delivers higher efficiencies than when graphene is
considered. However, the option of graphene adds a
degree of tuning for the bandwidth and return gain, as
well as, a solution for applications where transparency
and flexibility are a requirement.

Simulation results from graphene as a switching
element suggest that its performance is not far from
other state of the art technologies and could save
power and complexity in future reconfigurable anten-
nas. Nevertheless, experimental measurements must be
performed to show the practical viability of graphene
as a switching method. Similarly, prototypes of the
antennas proposed here need to be built in order to
confirm the feasibility of the designs. Future work will
be focus on these matters.
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Abstract—This paper presents a study of using
graphene in polarization reconfigurable antennas for
wireless communication applications in the microwave
regime. Two scenarios are analysed and simulated based
on the square patch antenna made of copper or a hybrid
transparent film where the truncated corners are re-
placed by graphene extensions. The graphene extensions
are activated or deactivated by applying two different DC
bias voltages. This design allows one antenna to switch
dynamically between linear and circular polarizations.

I. INTRODUCTION

Wireless devices are becoming packed with more
applications that require an increasing number of
communication technologies. Ideally, every commu-
nication subsystem should have a dedicated antenna.
However, the space available for these elements are
conversely being reduced more and more. A potential
solution to save space in wireless devices is to use
reconfigurable antennas where multiple antennas can
be integrated into one. A reconfigurable antenna is
able to change actively any of its radiation properties
such as resonant frequency, bandwidth, radiation pat-
tern, or polarization. This is commonly achieved by
using mechanical or electrical switches, varactors or
tunable materials which use a mechanical, electrical,
magnetic, light or thermal bias [1]. Polarization in
an antenna defines the time varying orientation and
relative magnitude of the electric-field vector when
the antenna is radiating or receiving electromagnetic
waves [2]. The polarization of an antenna can be linear,
circular or elliptical. In general, any communication
system can operate using any polarization, but in
practice, some polarizations are preferred to others
for particular applications. In terrestrial broadcasting
and mobile communications, linear polarization is
widely, but not exclusively, used as the amount of
electromagnetic radiation coupled is higher and the
position of the antennas are assumed to be known,

This work was supported by the Engineering and Physical Sci-
ences Research Council (EPSRC) grant no. EP/K503034/1.

while circular polarization is mainly used for satellite-
to-earth communications due to the Faraday rotation
effect present in the ionosphere [3]. However, in
multipath environments or when the orientation of
the antennas is unknown, circular polarization can be
used as it is more robust than linear polarization in
such conditions. This paper will analyse the use of
the variable conductivity of graphene as a potential
method to switch between different polarizations. The
proposed antennas are made of copper or a hybrid
transparent film where graphene sheets are added to
the structure since antennas fully made of graphene
are inefficient. The paper is structured as follows:
Section II will introduce the concept of the variable
conductivity of graphene with a brief description of
its limitations. Sections III and IV will describe the
scenarios evaluated and present the results obtained,
respectively. Finally, Section V will summarise some
conclusions and future work.

II. CONDUCTIVITY OF GRAPHENE

Graphene is a flat mono-atomic layer of Carbon
atoms distributed in a two-dimensional honeycomb-
like lattice through sp2 bonding. Recent improvements
on material synthesis is allowing the production of
large sizes of graphene sheets [4]. This opens the pos-
sibility of using graphene for large scale applications
in the microwave regime. In this paper, the variable
conductivity of graphene is used to switch between
linear and circular polarization by using a large sheet
resistance in the OFF state (Rsporp) and a low sheet
resistance in the ON state (Rsopn). For the range of
frequencies considered in this paper and in the absence
of a magnetic field, the graphene conductivity can be
approximated following equation (1), e.g. see ref. [5]
for more details,
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where T is temperature (K), w is the angular fre-
quency 27 f (rad/s), 7 is the relaxation time (s) and
Le 1s the chemical potential (eV). As observed from
equation (1), the conductivity, and consequently the
sheet resistance of graphene (Rs = o 1) is dependent
on the surrounding temperature 7, the quality of the
graphene sheet 7 and the chemical potential .. In
graphene, the chemical potential . is related to the
carrier density n (m~2) [6] as shown in equation (2)

2
- weftop)
™

) 2)

where vy = 1 x 10° (m/s) is the Fermi velocity
in graphene. The carrier density can be dynamically
modified via the electric field effect [6] [7] following
equation (3)

€.€Vp

n=—g 3)

where €, is the vacuum permittivity (F/m), V}, is
the DC voltage bias (V), d and ¢ is the thickness (m)
and relative permittivity of the dielectric separating the
graphene sheet and the back gate material (a p or n
doped semiconductor) respectively. Consequently, the
conductivity of graphene can be tuned by applying a
variable DC bias voltage.

In simple approximations, the relaxation time is
assumed to be independent of the chemical potential
[7], however, in practice this is not always the case.
The number of carriers induced in graphene n directly
affects the relaxation time since different scattering
mechanisms dominate at different carrier densities [8].
At low carrier densities, the electron mobilities p in
graphene is mainly determined by the defects and
impurities present in the material itself and in the sub-
strate supporting the graphene sheet [6]. The relaxation
time 77, due to these long-range scattering mechanisms
is related to the electron mobility following equation

“)
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where o is the DC conductivity (S/g), pr is the
electron mobility due to long-range scattering (m?/Vs)
and m is the carrier mass (Kg). Furthermore, the
minimum achievable chemical potential fi¢ mip is lim-
ited by thermally excited carriers [9] and electron-
hole puddles caused again by charged impurities [10].
The conductivity equation in (1) already considers
the thermally excited carriers since it is temperature
dependent. The energy of the electron-hole puddles
€puddie (or the lowest possible chemical doping level)
follows equation (5)
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TABLE I: Selected sheet resistance values

Set I 2

State ON OFF ON OFF

n [m—2] 5x1016  6x10™ | 5x10T7  6x10™

V [V] 22772 ~0 2272 ~0

wr, [m?/Vs] 2.7 2.7

D [eV] 4 4 18 18

Rs [Q/0] 6+j0.3  2580+j6 | 34+j03  2580+6
Epuddle = MHe,min = hvf Vi, (@)

where n is the carrier density variations (carrier
inhomogeneity density) caused by the electron-hole
puddles. This forces the number of carriers to be
greater than or equal to this value and therefore the
minimum achievable chemical potential fic i used
to compute the conductivity in equation (1) is equal
to this electron-hole puddle energy e,yqdie. On the
other hand, at high carrier densities, the longitudinal
phonons (LA-phonons) limit the minimum sheet resis-
tance achievable when applying large DC bias voltages
[8]. The relaxation time set by the LA phonons follows
the equation (6)

4h2pmv§hvf
vnrnD2kgTe’

where D is the deformation potential (eV), p,, =
7.6 x 1077 is the two dimensional mass density of
graphene (Kg/m?) and v,, = 2.1 x 10% is the sound
velocity of LA phonons in graphene (m/s). The precise
value of D is still being discussed as it could range
between 4 eV and 30 eV, with 18 eV the most common
value found in the literature. As a result, the total
relaxation time 7, affected by the different scattering
mechanisms can be calculated from the Matthesen rule
as [6]
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where each 7, is due to a single scattering mech-
anism such as defects (74.), impurities (7;,,) and
phonons (7,). The value of 7, will be later used
in equation (1) to compute the conductivity. Table I
provides the values for Rspony and Rsopp used in
this paper.

The values of sheet resistances for the ON and OFF
states (Rson and Rsopp respectively) in Table I
are obtained from equation (1) where 7 is calculated
from equation (7). The scalars 74, and 75, are com-
bined into 7;, which is related to py as in equation
(4). The value of puj is extracted from reference

(6)

Tph = TS =




[11] and 75 = T, is obtained from equation (6)
setting different deformation potentials D at room
temperature 295 K. Specifically, the Rson value is
found by increasing the charge carrier density n until
saturation is reached as the LA phonon scattering
becomes dominant and at the same time not too high
a DC bias voltage is required. On the other hand,
the values for Rsprp are obtained assuming that the
minimum chemical potential is equal to the energy of
the electron-hole puddles (tic,min = Epuddie) following
equation (5) where its carrier density value is extracted
from [11] as 7=6x10'* m~2. In addition, V}, values
are obtained from equation (3) considering that the
graphene sheets are deposited over hexagonal boron
nitride (hBN) which has a thickness d=10 nm and a
relative permittivity e=4 [12].

III. ANTENNA DESIGNS

Two scenarios are evaluated to introduce a poten-
tial use of graphene in polarization reconfigurable
antennas. The first scenario evaluates a single po-
larization reconfigurable antenna based on a square
patch antenna with corners truncated to cover Digital
Audio Broadcasting (DAB) at 1.45-1.5 GHz and global
navigation satellite systems (GNSS) such as Galileo
and GPS, at 1.55-1.6 GHz, Fig. 1. The DAB uses
linear polarization while the GNSS operates using
circular polarization. Graphene extensions are added
to substitute the truncated corners. Activating or deac-
tivating these extensions allows one to switch between
different polarizations. Linear polarization is achieved
when all the extensions are ON. Right-hand circular
polarization (RHCP) is set when only extensions 1
and 2 are OFF while left-hand circular polarization
(LHCP) is produced when only extensions 3 and 4
are OFF. The first scenario is studied by using two
different materials as the conductor for the main patch.
Copper is used to provide antenna efficiencies that
are mainly affected by the addition of the graphene
extensions, while a hybrid transparent conductive film
composed of mesoscale and nanoscale silver and cop-
per nanowires (AgNW/Cu) from [13] with Rs=0.36
/g and transparency of 92% is used to simulate a
full transparent and flexible polarization reconfigurable
antenna.

The second scenario analyses a two element array
based on the same design as the first scenario to
cover any wireless technology such as wireless fidelity
(WIFI), radio frequency identification (RFID) or Blue-
tooth working at 2.4 GHz, Fig. 2. The second system
is designed in order to be able to switch between two
linear polarizations (vertical and horizontal) and two
circular polarizations (right-hand and left-hand). By

;ﬁ::?:;myd

Fig. 1: Square patch antenna made partially of
graphene for polarization reconfigurability.

switching between different linear and circular polar-
izations, the system is able to work under different link
conditions such as known or unknown orientation of
the antennas, and in both line of sight (LOS) or non-
line of sight (NLOS) cases. If the antennas are aligned
on the same axis, linear polarization (either horizontal
or vertical) is desired, while when they are not aligned,
circular polarization is preferred as it is independent of
the antennas’ alignment. In NLOS conditions, the mul-
tipath effects are reduced by using circular polarization
instead of linear polarization, which is more sensitive
to depolarization caused by reflections and refractions.
As in the first scenario, activating and deactivating
the graphene extensions allows one to switch between
different polarizations. When all extensions are ON,
both antennas produce linear polarization but with
opposite orientation as one antenna produces vertical
polarization while the other radiates with horizontal
polarization. In this manner, both linear polarizations
are covered by the system. When extensions 1 and 2
and/or 7 and 8 are OFF, RHCP is achieved in antenna
1 and/or 2 respectively. In contrast, when extensions 3
and 4 and/or 5 and 6 are OFF, LHCP is produced in
antenna 1 and/or 2 respectively. This allows the system
to cover both circular polarizations.

In both scenarios, polystyrene (PS) is always used
as the antenna substrate with €,=3.1 and tand=0.0002.
Finally, the graphene extensions are referred to be
activated or deactivated when the graphene sheet re-
sistance is modelled as Rsonx or Rsporp (see Table
I) in the simulation software, respectively. This would
be achieved in a practical scenario by applying one of
the two DC bias voltages also defined in Table 1.

IV. RESULTS

The results presented in this section are divided into
data obtained from the single polarization reconfig-
urable square patch antenna with graphene extensions
in the corners, and the two element array polarization
reconfigurable antenna with graphene extensions in the
corners. The antennas have been designed in order to
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Fig. 2: Array of two square patch antennas made
partially by graphene for polarization reconfigurability.

obtain the required polarization for each application.
The axial ratio (AR) is used that the proper polariza-
tion is achieved. The AR is a figure that represents
the ratio between the major and the minor magnitudes
of the electric field along each of the x- and y- axis
when the electromagnetic wave propagates along the
z- axis. It follows equation (8) [2]

FEx FEy
AR = By or T
where E'xz and Ey are the electric field components
on the x- and y- axis respectively. Ideally, the AR
needed for an antenna to radiate with a circular polar-
ization (CP) is AR=0 dB as this corresponds to the two
components of the electric field (Ez and Ey) being
equal. However, an AR within 3 dB of this value is
still accepted as CP. In contrast, linear polarization is
achieved when the AR is as high as possible since it
means that the electric field is being propagated only
on one of the axis.

®)

A. DAB-GNSS SOLUTION

Table II provides the antenna efficiencies (e) and
best axial ratios (AR) obtained from the Computer
Simulation Technology (CST) solver. The set up col-
umn shows what extensions are ON or OFF and what
the material is used in the main patch (Copper or
AgNW/Cu). The default state of the extensions is ON,
unless stated otherwise. From the results shown in
Table 11, it is observed that switching ON and OFF the
extensions allows the change of polarization between
horizontal (HORZ) and right-handed and left-handed
circular polarization (RCHP and LHCP respectively).
The AR obtained for linear polarization is always 40
dB which is the maximum available while the AR
extracted for the circular polarizations are within 3
dB of the ideal 0 dB value. The antenna efficiencies
obtained are mostly affected by the value of the
sheet resistance used for the ON state (Rsoy) as
similar results for the antenna efficiency are observed
when using copper or AgNW/Cu as the conductor for
the main patch. It is important to mention that the
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TABLE II: Efficiency and axial ratio results

Comb. | Set up Pol. Rs set | e[dB] | AR[dB]
1 1-2 OFF | RHCP 2 -2.25 | 045
Copper
2 1-2 OFF | RHCP 2 2.1 0.73
AgNW/Cu
3 1-4 ON | HORZ 2 -2.25 | 40
Copper
4 1-4 ON | HORZ 2 -2.55 | 40
AgNW/Cu
5 1-4 ON | HORZ 1 -1.05 | 40
Copper
Circular polarization axial ratio
comparison
25
g 2
215
g 1 Combination 1
s - -Combination 2
% 0.5
<
o
1.5 1.55 1.58 1.6
Frequency [GHz]

Fig. 3: Axial ratio results for circular polarizations in
the DAB-GNSS design.

transparent film losses are not significant as the Rs
value is very low. However, if transparent and flexible
films with higher Rs values are used it is expected to
lead to lower antenna efficiencies. As observed, using
the set 1 of Rsopn values from Table I provides a much
lower sheet resistance for the ON state than for set
2 and therefore the antenna efficiency is improved by
around 1 dB. However, the resulting antenna efficiency
is within reasonable range for a patch antenna and only
a small improvement is achieved when using much
lower sheet resistance.

Fig. 3 shows the axial ratio values for the cir-
cular polarization configurations within the required
bandwidth for a GNSS application at 1.55 GHz. It is
confirmed that the antenna satisfies the condition of
having an AR <3 dB along the GNSS band. It is also
observed that changing the conductor of the main patch
does not strongly affect the AR value obtained. Note
that results for the combination when the extensions 3
and 4 are OFF (LHCP) are not shown as their values
are exactly the same as for the ones already shown in
Table II and Fig. 3.

B. KNOWN-UNKNOWN ANTENNA ORIENTATION
AND LOS-NLOS LINK CONDITION SOLUTION

Table III provides the antenna efficiencies (e) and
best axial ratios (AR) obtained from simulations using



TABLE III: Efficiency and axial ratio results

Comb. | Set up Pol. 1/2 e[dB] | AR[dB]
1 1-2 OFF | RCHP/VERT | -2.45 | 1.72
2 3-4 OFF | LHCP/VERT | -2.45 | 1.67
3 5-6 OFF | HORZ/LHCP | -2.25 | 1.12
4 7-8 OFF | HORZ/RHCP | -2.25 | 1.53

5-6 1-2 OFF | RHCP/LHCP | -2.45 | 1.6
5-6 OFF -2.25 1.41
7-8 3-4 OFF | LHCP/RHCP | -2.45 | 1.63
7-8 OFF -2.25 | 1.64

9 1-8 ON HORZ/VERT | -2.1 40

Comparison different polarization
combinations
3.5
o 3 —Combination 1
Z.2.5 Combination 2
2 2 Combination 3
g 1.5 Combination 4
g 1 -~Combination 5
< 0.5 -e-Combination 6
o —+Combination 7
2.4 2.41 2.42 2.43 2.44 245 __compination 8
Frequency [GHz]

Fig. 4: Axial ratio results for circular polarizations in
the two elements array antenna.

CST. The polarization column (Pol. 1/2) gives the
polarization being used for antenna 1 and 2 respec-
tively. Again, it is demonstrated that an array of
different polarizations is achieved such as horizontal
(HORZ), vertical (VERT), right-hand (RHCP) and left-
hand (LHCP) circular polarization by switching the
graphene extensions between ON and OFF states.
As a result, this two element array is able to work
effectively with random antenna orientations and with
either LOS and NLOS conditions. Likewise, antenna
efficiencies are within reasonable values confirming
the low impact of using graphene as an alternative
method in polarization reconfigurable antennas.

Fig. 4 shows that the achieved axial ratios are always
within the 3 dB range along the required bandwidth
of a wireless application working at 2.4 GHz.

V. CONCLUSIONS

This paper has demonstrated a potential use of
graphene in polarization reconfigurable antennas in
two application-oriented scenarios. Results from both
scenarios demonstrate that antennas made partially of
graphene can switch between the linear polarization
required for DAB and the circular polarization required
for a GNSS; and to adapt changing environments
such us random orientation of the antennas, or when
the antennas operate in LOS or NLOS conditions.
Antenna efficiency results show that using graphene

to switch between polarizations does not strongly
affect the performance of the antenna since the area
of graphene needed is much smaller than the total
area of the antenna. This translates into graphene
being a very promising method to provide polarization
reconfigurable antennas that at the same time could be
integrated in environments where transparency and/or
flexibility is a requirement such as car windows or
solar panels. In addition, improving the sheet resis-
tance of the ON state from Rson=34+j0.3 /g to
Rson=6+j0.3 2/ only slightly increased the effi-
ciency about 1 dB. Consequently, these antenna de-
signs do not demand very low sheet resistance to work.
Finally, the DC voltage bias used in this paper could be
reduced if thinner dielectrics, where graphene could be
laid, were synthesised with higher relative permittivity
€. Future work will be focused on widening designs
for reconfigurable antennas that could use graphene
while improving the antenna performance by reducing
the impact of graphene.
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Performance Analysis Of Hybrid
Metal-Graphene Frequency Reconfigurable
Antennas For The Microwave Regime

Christian Nuifiez Alvarez, Rebecca Cheung and John S. Thompson

Abstract—This paper analyses the potential application
of graphene in microwave frequency reconfigurable anten-
nas. Two multi-band designs, one for wireless local area
networks (WIFI), covering the frequency bands of 2.4 GHz,
3.6 GHz and 5 GHz; and another for the cellular long term
evolution (LTE) system, operating the frequency bands of
1.8 GHz, 2.5 GHz, 2.6 GHz and 3.6 GHz; are evaluated
to demonstrate the working principle and the performance
trade-offs. The designs are made mostly of copper with
some parts made of graphene to enable reconfigurable
behaviour. The graphene material’s surface impedance is
tuned by applying a DC bias voltage which allows to obtain
one of two extreme values that emulate the ON and OFF
states of common switches such as Micro Electromechanical
Switches (MEMS), Field effect transistor (FET) and P-
type Insulator N-type (PIN) diode, or continuous values to
mimic reconfigurable antennas loaded by varactors. This
material switching modifies the electrical length of the
current propagating through the antenna and consequently
switches the resonant frequencies. Additionally, results
show that hybrid metal-graphene frequency reconfigurable
antennas can, at the same time, provide tunable bandwidth
and antenna matching.

Index Terms—Microstrip antennas, microwave antennas,
multifrequency antennas, switching frequency.

I. INTRODUCTION

Future wireless devices will incorporate multiple wire-
less services operating over a wide frequency spectrum
such as 3" (3G) and 4" (4G) mobile generation and
beyond at 700-800 MHz, 1.8-2.6 GHz and 3.6 GHz;
wireless fidelity (WIFI) at 2.4 GHz, 3.6 GHz and 5 GHz.
In order to shrink a multi-radio transmitting system,
antenna reconfiguration provides an option to integrate
multiple radiating elements at different frequencies into
a single physical antenna, and hence, save space.

A reconfigurable antenna is designed in a manner that
it is possible to manually or automatically (via software)
change its resonant frequency, operational bandwidth,
radiation pattern, and/or polarization to adapt to different

This work was supported by the Engineering and Physical Sciences
Research Council (EPSRC) grant no. EP/K503034/1.
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services, system requirements and the environment. This
is most commonly done with Micro or Nano Electrome-
chanical systems (MEMS or NEMS) [1], [2], electrical
RF switches such as Metal Semiconductor Field Effect
Transistor (MESFET) and Pseudomorphic High Electron
Mobility transistor (PHEMT) [3], [4], diode-based tech-
nology such as the P-type Insulator N-type diode (PIN
diode) [5], [6], varactors [7], [8] or tunable materials
[9]; via applying a mechanical, electrical, magnetic, light
or thermal bias [10]. Alternatively, the variable surface
impedance of graphene can also be used as tunable
material in reconfigurable antennas.

Graphene is a flat mono-atomic layer of Carbon atoms
distributed in a two-dimensional honeycomb-like lattice
[11]. In addition, an unbiased pristine single layer of
graphene (SLG) only absorbs 2.3% [12] of visible light
and supports breaking forces of up to 42 N/m with a
Young’s modulus of 1 TPa and an intrinsic strength of
130 GPa [13] while also being extremely light (0.77
mg/m?). As a result, a reconfigurable antenna made of
graphene could also be transparent, flexible and light
weight. Importantly, the admittance of graphene can be
tuned by a DC voltage bias and hence high and low
impedances can be set to mimic the ON and OFF states
found in switches. This effect is used in the present
paper to affect the currents propagating in the antenna,
and consequently, change the resonant frequency. How-
ever, graphene is not only an alternative option to a
conventional RF switch, it can be used for fabricating
the radiating antenna itself.

Graphene reconfigurable antennas are being mostly
studied for infra-red and THz frequencies as graphene
can significantly reduce size and provide high antenna
reconfigurability at such frequencies [14]-[21]. Since
antennas fully made of graphene are expected to have
low antenna efficiencies with very little reconfigurability
at microwave frequencies [15], [22], the antenna de-
signs proposed here are hybrid metal-graphene frequency
reconfigurable antennas where the impact of the high
ohmic losses of graphene is reduced while providing



substantial antenna reconfigurability. In [23], the concept
and analysis of hybrid metal-graphene antennas were
introduced for THz frequencies. However, as large area
samples of graphene grown by chemical vapour deposi-
tion (CVD) have been successfully synthesised [24], this
paper carries out a feasibility study of using this novel
material as a potential solution for hybrid metal-graphene
antennas in the microwave regime. An early work con-
taining similar designs had been presented in [25]. In
this paper, a deeper and more detailed analysis on related
hybrid metal-graphene frequency reconfigurable antenna
designs is presented.

The novel contributions of this paper can be summa-
rized as follows:

« Analyse and simulate two possible hybrid metal-
graphene reconfigurable antenna designs to cover
WIFI (2.4 GHz, 3.6 GHz and 5 GHz) and LTE (1.8
GHz , 2.1 GHz , 2.6 GHz and 3.6 GHz) frequency
bands.

o Present the advantages and disadvantages of using
graphene in reconfigurable antennas at microwave
frequencies as well as system limitations such as the
selection of suitable dielectric-semiconductor layers
for the DC voltage bias and the power consumption.

The paper is structured as follows, sections II and III
will introduce the admittance of graphene and system
limitations, then, section IV will define the proposed
antenna designs and the system set up. Afterwards, the
simulation results are presented and discussed in section
V. Finally, section VI will finish the paper with key
conclusions.

II. ADMITTANCE PROPERTIES OF GRAPHENE

For the range of frequencies considered in this paper
and in the absence of magnetic field B, the graphene’s
dynamic, or alternating current (AC), surface admittance
can be evaluated in a Kubo-like form in equation (1)
[26], [27]

. 9
—jq°ksT Lhe s
oAC R + 2In(e *BT 4+ 1) ),
A wh2(w — jr; ) (kBT ( )>

(1)

where w is the angular frequency 27 f (rad/s), f is the
operating frequency (Hz), u. is the chemical potential
(J), 7 is the relaxation time (s) which is assumed to be
independent of the energy ¢ [27], T is the temperature
(K), q is the elementary charge (C), & is the reduced
Planck’s constant (Js) and kg is the Boltzmann constant
(J/K). In graphene, the chemical potential y. is related
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Fig. 1: Example of an electric field effect structure added
to a patch antenna.

to the carrier density n (m~2) as shown in equation (2)
[11], [28]

fe =~ hwpy/nm, 2)

where vy = 1 X 108 is the Fermi velocity (m/s) in
graphene. n can be dynamically modified via the electric
field effect shown in Fig. 1, where a direct current
(DC) voltage is applied between a graphene sheet and
a heavily doped semiconductor to induce an increment
or decrement of the number of charge carriers n in the
graphene sheet. In this paper, this electric field effect
structure is integrated on the antenna substrate. The
change of n follows equation (3) [28], [29]

€.€Vp

"= 3)

where ¢, is the vacuum permittivity (F/m), V}, is the
DC voltage bias (V), d is the thickness (m) and € is
the relative permittivity of the dielectric separating the
graphene sheet and the back gate material (a p or n
doped semiconductor).

The total relaxation time 7; in equation (1) depends
on different scattering mechanisms at different carrier
densities and temperatures [11], [30]. The Matthiessen
rule, equation (4), determines the overall relaxation time
7¢ for any carrier density n and temperature 7' [28],

()
Tt TL 7S

where 77, is due to long range scattering mechanisms
such as defects and inpurities, and 7g is due to short
range scattering mechanisms such as phonon and carrier-
carrier interactions. Finally, at room temperature (295
K), the minimum achievable chemical potential i,
is limited by electron-hole puddles caused by charged
impurities [31] and can be calculated as follows

Epuddle = Hemin = h?]f Vv 71—’77/7 (5)
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where 7 is the carrier density variations - carrier
inhomogeneity density - caused by the electron-hole
puddles (m~2) which forces the minimum carrier density
n to be greater than or equal to this value n,,;, > n.

ITII. SYSTEM LIMITATIONS

In this section, three critical issues are discussed
related to the implementation of graphene, and the field-
effect structure, in antennas for frequency reconfigura-
bility. In subsection III-A, there is a discussion of
the trade-offs between suspending graphene on air or
laying it on a dielectric/substrate, see Fig. 1, and in
case of depositing graphene on a substrate, to select a
suitable dielectric/substrate material that could provide
the best performance. Afterwards, a brief analysis of the
effect of adding the heavily doped semiconductor to the
antenna structure is found in subsection III-B. Finally,
the instantaneous power consumption expression, when
a graphene sheet is switched between large or small
surface impedances, is derived in subsection III-C. These
points are important for supporting later the selection
of the parameters in section IV as well as the power
consumed by the proposed antennas in section V.

A. SUSPEND GRAPHENE IN AIR OR LAY IT ON A
SUBSTRATE?

Suspending graphene in air provides better perfor-
mance than over substrates [32]. However, large electric
fields and narrow distances d between the gate semi-
conductor and graphene sheet, see Fig. 1, are needed
to induce high carrier density n values with reasonably
low voltages V;, values. This might not be possible to
achieve for suspended graphene without compromising
its structural integrity [13], [32]. Consequently, only
graphene laid on a substrate acting as a dielectric (Fig.
1) is considered from now on.

Recently, CVD grown graphene has also been success-
fully transferred to hexagonal boron nitride (hBN) sub-
strates providing qualities close to exfoliated graphene
and mobilities similar to suspended graphene [33].
Therefore, in this paper, it is assumed that a large area of
graphene sheet could be deposited onto hBN substrates
following, for instance, the dry method described in [33]
in the near future.

B. DOPED SEMICONDUCTOR EFFECT

Heavily doped semiconductors can potentially provide
reasonably good values of conductivity, specially in the
microwave regime. From the general Drude’s formula of
conductivity, the conductivity of a doped semiconductor
ops (S/m) is
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0ps = MDSIUDS, (6)

where ¢ is the electron charge (C), npg (m~2) and
pps (m~2/Vs) are the free carrier density and mobility
of the doped semiconductor respectively. Therefore, by
substantially raising the free carrier density npg (as-
suming the electron mobility pupg is kept the same)
the conductivity of the doped semiconductor is also
highly increased. To compensate this effect, a low carrier
mobility ppg should be selected. As shown later in this
paper in Table II, the number of free carrier densities
needed in graphene are nox=5-10"7 m~2 for the ON
state and norrp=6-10'* m~2 for the OFF state. Con-
sequently, the required free carrier density npg in the
doped semiconductor can be obtained as

(non — norr)

; (7

nps >
tps

where tpg (m) is the thickness of the doped semicon-
ductor layer. Note that, to reach this relation, the length [
(m) and the width w (m) of both, the graphene layer and
the doped semiconductor, are assumed to be the same.
From equations (6) and (7), the total resistance of the
doped semiconductor Rpg can be calculated as

l l

Rps < (opc)™! = .
wtps  (RoON —NoOFF) WYLDS

For the size of the graphene sheets considered in this
paper, see Tables III and IV, and to obtain resistances
Rpg on the order of k{2 or larger, the required electron
mobility should be 11pg <0.02 m~2/Vs. Heavily doped
silicon carbride (SiC) [34] or hydrogenated amorphous
silicon (a-Si:H) [35] can meet these requirements and
be used as heavily doped semiconductors in Fig. 1
without a noticable impact on the antenna performance.
Alternatively, the graphene layer could be self-biased.
In [36], the authors produced a field-effect structure
composed by two doped graphene monolayers at THz
frequencies. There, the authors applied one or two DC
voltage bias to control independently the conductivity of
each of the doped graphene layers. Applying a similar
procedure here but at microwave frequencies would
allow one to substitute the doped semicondcutor in Fig.
1 for a doped graphene layer. It is important that this
second graphene layer should present low quality (low
electron mobility) and hence reduce undesired effects on
the antenna performance.

C. DC INSTANTANEOUS POWER IN
GRAPHENE

BIASED



Finally, another important system limitation is set
by the power consumed. In the field effect configura-
tion, Fig. 1, the graphene sheet and the heavily doped
semiconductor might be modelled as a parallel plate
capacitor. The capacitance C' (F) created is defined as

ec, A
7 )]

where A is the area of the graphene sheet and the
doped semiconductor (I x w, assumed to be the same)
(m?). Hence, the resulting capacitance C' is dictated, in
one hand, by the parameters € and d in equation (3) as
low V, values are desired, and on the other hand, by
the dimensions of the graphene sheets used. Although
the DC power consumption in capacitors is negligible
due to electrical isolation, there is still movement of
induced charges between the plates every time the DC
bias voltage V}, is changed. This movement of charges
creates a temporary current that charges the capacitor and
therefore power is dissipated in any resistance present
in the circuit. The peak power is the dynamic power
(W) consumed by the circuit at ¢=0 and depends on the
transitional current and the voltage on the resistance R
present in the circuit - iz (t) and vg(t) - as equation (10)
shows

C:

2 —2t
p(t) = on(D)in(t) = “beme| =
t=0

where Trc = RC and V}, is obtained from equation
(3). This is the maximum power that the circuit might
consume at the instant of changing the value of V;. As
observed, a fast switching time causes a large current
in the system and more power is consumed during
a short amount of time. In contrast, a longer waiting
time reduces the maximum power consumed during the
charging-discharging time. The value at P,.q; can be
further decreased by using a larger € or reducing the
thickness d of the dielectric. This would additionally
reduce the required V;. However, these parameters are
not easily modified as e depends on the properties of the
target dielectric substrate and d on current technology
constraints.

n?q*dA

€0ETRC

(10)

IV. PROPOSED ANTENNA DESIGNS

In order to demonstrate the use of graphene in fre-
quency reconfigurable antennas, two main designs are
studied:

o A rectangular microstrip antenna with extensions

made of graphene added at the edges, Fig. 2a.

e A rectangular microstrip antenna with inserted

strips made of graphene, Fig. 2b.
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Fig. 2: Graphical representation of the frequency re-
configurable antennas for a) WIFI applications, b) LTE
applications and c) zoomed view of the tuning structure
for WIFI design (x-z plane) in a).

The first design (Fig. 2a) aims to increase or decrease
the physical length of the structure in the ON or OFF
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TABLE I: Selected general parameters

TR [ms] 1
Switching time [ms] 1.6
d [nm] 10
e for hBN 4

state respectively, while the second one (Fig. 2b) diverts
the current propagating along the antenna so the effective
length is larger or shorter than the physical length in
the OFF or ON state respectively. The DC voltage bias
(V) could be applied directly through the feeding port
if a common value of Vj, is desired for all the graphene
extensions/strips so that it activates and deactivates them
all at the same time. That would save the necessity of
adding a DC bias circuit. However, inserting a gap be-
tween the main patch and the extensions/strips provides a
solution to avoid a common DC bias voltage throughout
the antenna and allows individual control to activate
and deactivate single extensions/strips. Consequently,
different DC voltage bias (i.e. by and V'by) should
be applied through individual DC vias lines to each of
the required graphene sheets. Figs. 2a and 2c include an
example of how the DC vias lines can be implemented.
Note that both the DC vias lines in Fig. 2a and the field-
effect structure in Fig. 2¢ have not been included in the
simulations due to their extremely small thicknesses (in
the nanometre scale). The values of Zson, Zsopr and
the general set up values for the simulations are defined
next.

A. ELECTRIC FIELD EFFECT CONFIGURATION

For the values shown in Table I, it is firstly assumed
that the time between switching from one operating
frequency to another does not have to be fast (on the
order of 1 millisecond). This is within a reasonable
assumption considering handover interruption times in
LTE-advanced (60 ms) [37]. The switching time is
defined as the time needed for the voltage between
the graphene sheet and the semiconductor to rise from
50% of the final value to the 90% [10]. Secondly, the
thickness d of the dielectric can be reduced up to a few
nanometres which is technologically available nowadays
[38]. Finally, the e for hBN is obtained from [38].

B. SIMULATED Zson AND Zsorpr VALUES

In order to obtain practical values of the ON and OFF
state surface impedances Zspon and Zsopp, realistic
values of 7g, 77, and 7 are needed. Additionally, a
high OFF/ON ratio (Zsorr/Zson) is also desired. The
values of surface impedance for the ON and OFF states,
Zson and Zsorr respectively, in Table II are obtained
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from equation (11), which is a slightly modified version
of equation (1) which includes the relaxation time effect
in equation (4),

grh?(2n f (to7s) — j(TL + 75))

Zs =~ -
¢*(107s) (1 + 2kpTn(e” F5T + 1)]

, (1D

where 77, accounts for all the long range scattering
effects and can be calculated as [11], [29], [39]

prmx  prhy/nr
¢  qu

(12)

T =

where puy, is the electron mobility (m?/Vs) and msx
is the carrier mass (Kg) in graphene. The value of 7g
is calculated as in equation (13) by just considering the
LA phonon contribution, considered in this paper to be
the dominant scattering mechanism at room temperature
[30], [40], [41],

_ /T AN2 pm v, vy
quy VnrD2kgT’

where D is the deformation potential (eV), p,, =
7.6 x 1077 is the two dimensional mass density of
graphene (Kg/m?) and v,, = 2.1 x 10* is the sound
velocity of LA phonons in graphene (m/s). The precise
deformation potential D value is still discussed, but some
experimental values have been obtained in the literature
and D ~18 eV seems to be a common and accepted
value for graphene over a substrate [30]. However, it
might theoretically have a large range of possible values
between 4 eV and 30 eV as found in graphite and carbon
nanotube materials [42]. The value of u. is directly
obtained by substituting equation (2) into equation (3).

The Zson value is found by increasing the charge
carrier density n until saturation is reached as LA
phonon scattering becomes dominant and at the same
time the voltage V3 is not too high (22.7 V). On
the other hand, the value for Zsopp is obtained by
setting the minimum achievable chemical potential equal
to the energy of the electron-hole puddles (ucmin =
Epuddie) - €quation (5). The carrier inhomogeneity den-
sity 7=6x10" m~2 is obtained from [33]. The value
of py is also extracted from reference [33]. V; values
are calculated using equation (3) by considering selected
values of € and d in Table I, and n values in Table
II. Although the resulting V}, values might be too large
for implementation in low voltage devices, e.g. mobile
phones, the values can be reduced in the future by
using thinner dielectrics with higher relative permittivity
once the technology is available. For the OFF state, the

TS (13)



TABLE II: Selected surface impedance Zs values

Set 1 2

State ON OFF ON OFF

n [m—2] 5-107 6-10™% 5.107 6-10™
Vy [V] 2272 ~0 2272 ~0
wr, [m2/Vs] 2.7 2.7

D [eV] 4 18

T [K] 295 2905

Zs [Q/0] 6+j03 2580 +)6 | 34 +j0.3 2580 + j6

TABLE III: Set up parameters for WIFI scenario, see
Fig. 2a

Lmain %% Lleft | Lright X Y
[mm] [mm] [mm] [mm] [mm] [mm]
23 | 147 5 ] 13 | 55 | 2

resulting V}, values are near 0 V due to having very low
inhomogeneity density n.

Finally, for all the scenarios evaluated in Section V
the antenna substrate selected is Polystyrene (PS) with
€,=2.4 and tand=0.0002 [43]. The antenna substrate
thickness (H) is set to 2.1 mm as the space available in
mobile devices is very limited. In the next section, the
proposed antenna designs are simulated and analysed.

V. RESULTS

The results here are obtained from the transient solver
(time domain solver) in the CST Microwave Studio
2015. The graphene sheets have been defined as solid
sheets with thickness equal to zero and simulated as
ohmic sheet surface impedances. The excitation is a
discrete port with 50 2 port impedance. The efficiencies
calculated from CST follow equation (14);

P, rad
N <Psim> x 100
where 7, is the total antenna efficiency (%), P44 is the
power being radiated by the antenna (W) and Pj;,,=0.5
W is the power generated by the excitation signal.

(14)

A. WIFI SCENARIO

The following scenario evaluates the first design to
cover three bands in WIFI (2.4 GHz, 3.6 GHz and 5
GHz), see Fig. 2a. The extensions are activated and
deactivated to change the resonant frequencies between
2.4 GHz and 3.6 GHz. In this scenario, the T'M71¢ mode
is used as the antenna is fed in a corner which allows an
extra resonance at 5 GHz by adjusting the width of the
main patch W. See Table III for the antenna dimensions.

Fig. 3 provides the reflection coefficient (S11) param-
eters for the WIFI scenario. When the extensions are de-
activated (OFF state), the resonant frequencies are found

FREQUENCY [ GHZ ]
01.9 21242629 3133 36 3.8 4143 45 4.8 50 53 55

S11[dB]

---ON STATE —OFF STATE

Fig. 3: Reflection coefficient for the WIFI design with
the extensions activated (dotted line) and with the exten-
sions deactivated (solid line).
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Fig. 4: Surface current density on the WIFI antenna at
(a) 2.4 GHz and (b) 3.6 GHz.

at 3.6 GHz and 5 GHz. On the other hand, when the
extensions are activated (ON state), the lower resonant
frequency changes from 3.6 GHz to 2.4 GHz. Thus the
activation and deactivation of the extensions is required
to switch between these two resonant frequencies.

In order to confirm that the activation/deactivation
of the graphene extensions do change the antenna be-
haviour, Fig. 4 provides the surface current distribution
along the main patch and the graphene extensions for
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Fig. 5: Radiation patterns of the WIFI antenna at (a)-(b)
2.4 GHz and (c)-(d) 3.6 GHz.

frequencies 2.4 GHz and 3.6 GHz, when the graphene
extensions are either activated or deactivated respec-
tively. As expected, when the graphene extensions are
on the OFF state - at 3.6 GHz, little current is allowed
to propagate along the extensions. In contrast, when the
graphene extensions are in the ON state - at 2.4 GHz,
substantially more current is able to propagate along
the extensions and contribute to the electromagnetic
radiation. This effectively changes the resonant length
of the antenna and hence its resonant frequency.

Fig. 5 shows the radiation patterns at 2.4 GHz and 3.6
GHz, when the graphene extensions are activated and
deactivated respectively. As observed, all the radiation
patterns are similar in shape and close to the charac-
teristics for a typical square patch antenna, showing that
the graphene extensions have little effect on the shape of
the radiation pattern. The results for the surface current
and radiation pattern at 5 GHz are not included here,
however, the same conclusions apply at that frequency.
The obtained antenna gains are -3.4dB, 1.3 dB and 5.2
dB at 2.4 GHz, 3.6 GHz and 5 GHz respectively.

The antenna efficiencies extracted from the WIFI
design are summarized in Fig. 6. The antenna efficiencies
1, show that when the antenna radiates at 2.6 GHz, », is
lower than at any of the other two frequencies because
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Fig. 6: Antenna efficiencies of the WIFI design.

of the graphene extensions attenuating the currents that
contribute to radiation at that frequency. The power lost
on graphene is about 337 mW which is a 67% of the
total loss. When the graphene extensions are deactivated,
in theory, the presence of the graphene extensions should
affect equally at 3.6 GHz and 5 GHz, but their respective
antenna efficiencies are not the same. An explanation
might be that at 3.6 GHz, the graphene sheet must
stop as much as possible any current propagating to the
extensions. The better the graphene extensions achieve
that, the less power is lost in graphene and the more is
radiated. On the contrary, at 5 GHz whether currents are
attenuated or not does not strongly affect the antenna
efficiency but the antenna matching at that frequency,
see Fig. 3. In general, it is demonstrated that the WIFI
design proposed here is able to cover the target bands
but the antenna efficiency at 2.4 GHz might be too low.

To demonstrate the impact of the surface impedance
on the ON state (2.4 GHz), the same antenna is evaluated
but now Zson=6+j0.3 /g (set 1 in Table II) instead
of Zson=34+j0.3 /g (set 2 in Table II) by assuming
that the deformation potential D is improved from D=18
eV to D=4 eV. The resulting value of n; changes from
9.4% to 35.5% as the the power lost in graphene has
been reduced from 337 mW to 253 mW at 2.4 GHz. This
shows how important is to reduce the graphene surface
impedance for the ON state Zspoy in order to have
reasonable antenna efficiencies. Unfortunately, the lower
limit of Zspn depends on the deformation potential
D which is yet not fully determined from experimental
studies, and consequently, variations when defining this
parameter strongly affects the final performance.

1) TUNABLE BANDWIDTH AND ANTENNA
MATCHING: Here, the antenna matching and
operational bandwidth is studied when different
surface resistances Rs are selected. Note that by
changing the Rs, the surface reactance Xs of the
surface impedance - Zs = Rs + jXs - is also slightly
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Fig. 7: Reflection coefficient for the WIFI antenna with
variable BW for the (a) ON state and (b) OFF state.

changed but has no impact on the final result. As
observed in Fig. 7, this allows to improve the antenna
matching and tune the operational bandwidth BW.
For instance, at 2.4 GHz, the value of the reflection
coefficient goes from -8.7 dB to -13.2 dB by just
selecting Rs=51 Q/g or Rs=31 /g respectively, see
Fig. 8. This effect this is also reproduced for the 3.6
GHz and 5 GHz frequencies. The operational bandwidth
can be tuned from a maximum all the way down to 0
MHz, which means not having the condition S11 <10
dB, by again selecting a proper Rs. This might help to
reduce the complexity of the antenna matching network
in future reconfigurable antennas made partially of
graphene. The resulting antenna efficiencies are close
to each other, however, the best efficiencies are again
found when both Rspn and Rsppp are minimum and
maximum respectively.

2) TUNABLE RESONANT FREQUENCY: Since in-
termediate values of the graphene surface impedance
between Zson and Zsprp can be selected, it is theoret-
ically possible to select any resonant frequency between
the two edge frequencies limited by these values. To
show an example of this, Fig. 9 shows the reflection
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Fig. 8: Bandwidth and antenna efficiency variation for
different values of Rs at a) 2.4 GHz and b) 3.6 GHz
and 5 GHz.

coefficient of the WIFI antenna design, Fig. 2a, for four
different values of Rs. Both extension lengths have been
shrunk to Ljcfi=Ly;gn:=3 mm to keep a good matching
of the antenna over the range of operating frequencies.
In this case, the four different values of Rs provide four
different resonant frequencies, see Fig. 10. Interestingly,
the antenna efficiency 7, for the two extreme values
Rs=70 Q/g and Rs=2580 /g are now better than
the ones obtained in the WIFI scenario for Rson=34
Q/n and Rsorr=2580 Q/0, see section V-A. Clearly,
shorter graphene extensions cause less ohmic losses
but smaller changes in the resonant frequencies since
now the lower resonant frequency is 3 GHz instead of
2.4 GHz. For the intermediate resonant frequencies, the
antenna efficiencies are worse compared to the two edge
frequencies. The cause is that as more and more current
is allowed to propagate to the extensions (by reducing
the Rs), the current is being substantially attenuated due
to large values of Rs. The ability to select any resonant
frequency within a specific range might prove very useful
in wearable applications, where streching and bending
affects the resonant frequency of the antenna among
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Fig. 9: Reflection coefficient for the WIFI design with
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Fig. 10: Resonant frequency and antenna efficiency vari-
ation as Rs changes.

other parameters.

In [44], the authors studied the performance of wear-
able antennas made of graphene ink from 1 GHz to 5
GHz. Their obtained gains, between 0.2 dB and -1 dB,
were similar or lower to the ones obtained here. The
resonant frequency, bandwidth and gain of the antennas
under their study were slightly affected at different bend-
ing and twisting cases. Because the graphene ink cannot
provide reconfigurability by itself, the proposed antennas
in this paper might produce enough reconfigurability to
compensate for the side effects observed in the graphene
ink case.

B. LTE SCENARIO

The second design, Fig. 2b, covers four bands of LTE
(1.8 GHz, 2.1 GHz, 2.6 GHz and 3.6 GHz) by switching
ON and OFF different graphene strips. This scenario also
uses the T'M71¢ mode for radiating. The values of Zspon
and Zspopp are assigned from the Set 2 in Table II. See
Table IV for the structure dimensions.

Fig. 11 provides the S11 parameters for the LTE
scenario. When all four graphene strips are activated,
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Fig. 11: Reflection coefficient for the LTE design with all
strips activated (solid line), all strips deactivated (dashed
line), and with strips 2 and 4 deactivated and strips 1 and
3 activated (dotted line).
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Fig. 12: Surface current density in the LTE antenna at
(a) 2.6 GHz and (b) 3.6 GHz.

the antenna operates efficiently at 2.1 GHz and 3.6
GHz. Conversely, when all four strips are deactivated,
the antenna switches now to 1.8 GHz operation. Finally,



TABLE IV: Set up parameters for LTE scenario, see Fig. 2b
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Fig. 13: Radiation patterns of the LTE antenna at (a)-(b)
2.6 GHz and (¢)-(d) 3.6 GHz.

when strips 2 and 4 are OFF and strips 1 and 3 are
ON, the antenna achieves good matching at 2.6 GHz.
Ideally, the antenna should switch between the four
desired bands by switching ON or OFF all four strips
at the same time. Unfortunately, when the four strips
are deactivated the secondary frequency is found to be
slightly over 2.6 GHz. This is because deactivating strips
1 and 3 affects the resonance at 2.6 GHz.

The surface current densities have been simulated to
show the effect of the graphene strips on the behaviour
of the antenna. Fig. 12 shows the current distributions
along the main patch and the graphene strips at 2.6
GHz and 3.6 GHz, where graphene strips 2 and 4 (Fig.
2b) are activated and deactivated. When the graphene
strips are set to the ON state, Fig. 12b, the current is
allowed to propagate through the strips. However, when
the graphene strips are set to the OFF state, Fig. 12a, the
currents are not allowed to propagate through the strips
but are diverted around them. That makes the currents

10

Fig. 14: Antenna efficiencies of the LTE design.

travel longer paths and therefore the antenna resonance
is found at a lower frequency. Similar behaviour is found
at 1.8 GHz and 2.1 GHz.

Fig. 13 shows the radiation patterns at 2.6 GHz and 3.6
GHz, where again graphene strips 2 and 4 are activated
and deactivated. The resulting radiation patterns are
again similar in shape and close to a typical square patch
antenna, as previously observed in the WIFI scenario.
Thus, the addition of the graphene strips seems to not
strongly affect the shape of the radiation pattern. The
radiation patterns for the remaining resonant frequencies,
1.8 GHz and 2.1 GHz, are very similar to the ones at
2.6 GHz and 3.6 GHz and therefore are not shown here.
The resulting antenna gains are -1.6 dB, -0.7 dB, -3.3
dB and 3.9 dB at 1.8 GHz, 2.1 GHz, 2.6 GHz and 3.6
GHz respectively.

The efficiency results obtained are shown in Fig. 14.
The worst efficiency is found at 2.6 GHz due to a large
change of frequency being forced - from 3.6 GHz to 2.6
GHz.

1) INDIVIDUAL GRAPHENE STRIP SWITCHING:
In the LTE design, in order to change the resonant
frequencies, pairs of strips are accordingly switched ON
and OFF. However, it could be possible to individually
activated or deactivate any of strips independently and
hence achieve intermediate resonant frequencies. Fig. 15
presents the results for individually switching graphene
strips 1 and 3, where the widths of strips 1 and 3 were
changed from W1=W3=8.5 mm to W1=9.5 mm and
W3=7.5 mm. As shown, if both graphene strips are on
the ON state, the antenna is radiating at 2.1 GHz, as in
the previous LTE configuration. But, if strip 1 is now
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Fig. 15: Reflection coefficient for the LTE design with
strips 1 and 3 activated (dotted line), strip 1 deactivated
and strip 3 activated (dashed line), strip 2 deactivated
and 1 activated (solid line) and strip 1 and 3 deactivated
(double solid line).

individually changed to the OFF state while strip 3 is
kept on the ON state, the resonance changes to 1.92
GHz. On the contrary, if strip 3 is the one changed
to the OFF state and the strip 1 is kept on the ON
state, the obtained resonant frequency is now 2.01 GHz.
Finally, if both are switched to the OFF state, then the
antenna resonates to 1.8 GHz as in the previous scenario.
The efficiencies for the two extra resonant frequencies
achieved here - 1.92 GHz and 2.01 GHz - are found to
be 11% and 15.5% respectively, in the same order as for
1.8 GHz. Therefore, frequency reconfigurable antennas
made partially of graphene extensions/strips could pro-
vide as many resonant frequencies as combinations of
activating/deactivating graphene sheets without causing
a drop in the the antenna efficiency.

C. PERFORMANCE COMPARISON

Here, the results obtained from the proposed WIFI
and LTE antennas are compared to some other planar
frequency reconfigurable antennas found in the litera-
ture. In [2], an anular slot antenna is configured to
switch between two operating frequencies by integrating
MEMS. In [6], a planar inverted-F antenna (PIFA) covers
some commercial mobile phone bands by implementing
multiple PIN-diodes. In [8], a patch antenna with a
varactor loaded slot can operate at any frequency within
a specific range by applying different DC voltages. Table
V summarizes the comparison.

As observed from Table V, the antenna efficiencies
obtained when using graphene are lower compared to
any of the other switching technologies in the low
and high limits. This is expected as graphene is still
a material under developement. Moreover, graphene is
used here as part of the radiating structure which does
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not add extra weight or space. However, in the other
papers, the RF switches are elements added to the
structure that do not contribute to radiation and increase
the weight and volume of the antenna. As shown in this
section, implementing graphene in antennas can provide
the ON/OFF behaviour similar to MEMS and PIN-diode
switches. In addition, it provides the continous frequency
selection found in antennas loaded with varactors with
the extra feature of bandwidth selection. Therefore, using
graphene converges multiple modes of operation into a
single solution. Additionally, substituting some metallic
parts of the structure with graphene would allow for
reconfigurable antennas where transparency and/or flexi-
bility is desired. The remaining metallic part would also
require to be a transparent and/or flexible low resistive
conductor such as transparent thin films, eTextiles or
conductive inks. Finally, graphene can easily operate at
mm-wave and THz regime where conventional switches
will perform poorly or even not work at all.

D. SWITCHING POWER CONSUMPTION

Table VI and VII provide the peak power consumed
(Ppeak) for all the scenarios evaluated in this paper when
switching from one operating frequency to another due
to the change of required values of charge carrier density
n. For example, when switching between 2.4 GHz and
3.6 GHz in the WIFI design as the graphene extensions
are activated or deactivated respectively. It is important
to highlight here that the power consumption happens
during a very short period of time - t < switching time
- and quickly drops to zero. So in normal use, hybrid
metal-graphene reconfigurable antennas have very low
power consumption. The total power shown is calculated
by using equation (10) where the dielectric thickness d,
the relative permittivity € and the time constant 7p¢ are
set using the values in Table I. Specific values such as
the charge carrier density n and the physical area of
graphene A are extracted from Tables II, III and IV.
Note that, in the evaluated scenarios there are from two
to four graphene sheets being fed and the total power
consumed is the addition of the power consumed by each
individual sheet as it switches ON or OFF.

From Table VI and VII it is observed that the peak
power consumption substantially decreases as the phys-
ical dimensions of the graphene sheets reduce. For
example, when the area of the extensions of the WIFI
design is reduced from 180.8 mm? to 88.2 mm?, or
when only strips 1 and 3 are turned ON - total area
of 34 mm? - instead of all the strips ON - total area 78
mm? - in the LTE design, the value of P,y is reduced.
This is another reason for implementing graphene in



TABLE V: Comparison of different reconfigurable antennas

Reference Technology Frequencies Covered Antenna Efficiency
. 9.4%(D=18eV)
This = work | & ohene 2.4GHz, 3.6GHz and 5GHz 35%(D=4¢V)
WIFI design
_ to 68%
This ~work [ ohene 1.8GHz, 2.1GHz, 2.6GHz and 3.6GHz 10% to 46.8%
LTE design
[2] MEMS 2.4GHz and 5.2GHz 90% to 92%
[6] PIN-diode 0.7GHz, 0.85/0.9GHz, 1.8/1.9GHz and 2.3/2.5GHz 52.1% to 85.4%
[8] Varactor continuous from 3.24GHz to 4.35GHz 38% to 90%

TABLE VI: Py, values for WIFI based designs

WIFI (Section V-A) [mﬁgl [mﬁl 2 1[’516\%
Zson=34+j03 [Q/g] | 51017 180.8 330.6
Zson= 6+j0.3 [Q/g] 5.10%7 180.8 330.6
Tunable BW and n A Ppeak
S11 (Section V-Al) [m—2] [mm?2] [mW]
Rson= 34 [Q/0] 5.10%7 180.8 330.6
Rson=42[Q/0] 1.8-1017 180.8 42.8

Rson=51[9/n] 1.05-1017| 180.8 14.6

Tunable  fresonant n A Ppeak
(section V-A2) [m—2] [mm?] [mW]
Rson=170[Q/0] 5.7-1016 88.2 2.1

Rson=300 [©2/4] 8.5-1015 88.2 0.0466
Rson= 600 [Q/7] 3.9-1015 88.2 0.0098

hybrid metal-graphene antennas instead of full graphene
antennas. Likewise, low values of charge carrier density
n also help to reduce the power consumed. Interesting
results are obtained for the tunable resonant frequency
scenario in Table VI (Subsection V-A2) where very low
peak power consumptions are obtained - 2.1 mW, 46.6
1W and 9.8 W - for changes in the resonant frequency
of up to 650 MHz. Likewise, relaxing the values for the
ON state surface impedance (Zspn) seems to be also
beneficial on the point of view of power consumption.
For example, in the tunable bandwidth and matching sce-
nario, selecting the Rson=51 2/ instead of Rson=34
Q/ reduces the neccessary carrier density significantly
and hence the peak power consumption drops by more
than 20 times, from 330.6 mW to 14.6 mW.

It is also worth to analyse the impact of the defor-
mation potential D value in the power consumption.
As seen in the WIFI section, see section V-A, the
antenna efficiency can be greatly improved by assuming
Zson=6+j0.3 Q/g due to a much better achievable
deformation potential D=4 eV. However, if instead of
dropping the value of Zs so much, it is enough to have
ZsonN=34+j0.3 (assuming that the antenna efficiency
obtained is acceptable), then, the required charge carrier
density n to achieve that value would be n=7x106
m~2 instead of n=5x10'" m~2 (an order of magnitude
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TABLE VIL: P4 values for LTE based designs

LTE scenario (V-B) [mn_Q] [m?n 2) Frg«i;l]c
All Zson= 34403 [2/0] s107| 78 | 1426
Strips 1-3 Zson=34+j0.3 [2/g] | 5.1017| 34 62.2
Individual Strip V-B1) [m”,Q] [m?n 2 Fﬁ'{fff
Strip 1 Zson= 34403 /0] | 5.1017| 19 | 347
Strip 3 Zson= 34403 [2/g] | 51017 15 | 274

lower). This reduction in the n would cause a reduction
of the peak power consumption from 330.6 mW to just
6.6 mW, a factor of 50 times less. As a result, there is
a trade off between in one hand a required antenna per-
formance, such as achievable frequency reconfigurability
and/or antenna efficiency; and on the other hand, the
allowed switching power consumption. It is possible to
greatly improve one aspect at the expense of increasing
the other.

VI. CONCLUSIONS

This paper has analysed the performance of using
graphene in frequency reconfigurable antennas in the mi-
crowave regime via the simulation of two hybrid metal-
graphene antennas for WIFI and LTE applications. Im-
plementing graphene as a material with tunable surface
impedance allowed large frequency reconfigurability -
up to 1.2 GHz change - with additional tunability of
the antenna matching - up to 20 dB improvement -
and bandwidth - up to 225 MHz increase. Although
very low power consumption is achieved during normal
operation, moderate values of the instantaneous peak
power (< 330.6 mW) are present during the switching
process which only occurs during very short time periods
(< 1.6 ms). The proposed antennas can achieve high
reconfigurability degree in terms of changing operational
frequency but at the expense of lower antenna efficien-
cies - between 9.4% and 68%. To mitigate this effect, the
losses due to the presence of graphene must be reduced
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while still keeping the necessary reconfigurability. This
might drive to study other types of antennas where small
graphene sheets can be integrated without compromising

the

antenna performance. To ultimately confirm the

feasibility of the proposed designs, prototypes should
be built and measured. Its physical study will include
effects not considered in this paper such as the contact
resistance, the possible parasitic effects of the DC bias
circuit (if needed) and the impact of adding the electric
field effect structure between the radiating patch and the
ground.
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Performance Analysis Of Hybrid
Metal-Graphene Frequency Reconfigurable
Zeroth Order Resonant Antennas For Long

Term Evolution Applications

Christian Nuifiez-Alvarez, Rebecca Cheung and John S. Thompson

Abstract—This paper presents a study of implement-
ing graphene into frequency reconfigurable zeroth order
resonant antennas. Two antenna designs made of copper
with integrated graphene sheets are presented, simulated
and discussed here. The proposed antennas are designed
to cover two Long Term Evolution bands, 1.8GHz and
2.1GHz. The results confirm that by tuning the surface
impedance of graphene the zeroth order resonant frequen-
cies of the two proposed antennas are successfully switched
between the two bands. Changing the surface impedance
of graphene between a high and low value can provide the
ON/OFF switching functionality found in reconfigurable
antennas with integrated Micro Electromechanical Systems
(MEMS), Field-Effect Transistors (FET) or P-type and
N-type Diode switches. Moreover, selecting intermediate
values of surface resistance of graphene also allows for
the selection of intermediate resonant frequencies. This
provides, in theory, the possibility of selecting any resonant
frequency between the two operational bands. Trade-offs
between the graphene dimensions, substrate thickness,
number of cells, antenna size and antenna efficiency are
also provided in this paper. As expected, the larger the
dimension of the graphene sheet, the larger the shift in the
resonant frequency that can be achieved but with reduced
antenna efficiencies.

Index Terms—reconfigurable antennas, microwave an-
tennas, frequency control, electrically small antennas.

I. INTRODUCTION

Increasingly, the regular addition of new communica-
tion systems to wireless and mobile devices as well as the
steady desire for reducing their size is limiting the avail-
able space for antennas. In addition, the implementation
of multiple-input multiple-output (MIMO) technology is
further highlighting the necessity of finding alternative
solutions to antennas where their size determines their
operational frequency. In order to overcome such space
constraints, reconfigurable metamaterial antennas might
be a potential solution for future wireless devices.

This work was supported by the Engineering and Physical Sciences
Research Council (EPSRC) grant no. EP/K503034/1.
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Reconfigurable antennas are radiating structures that
can dynamically change any of their properties such
as the radiation pattern, the resonant frequency, the
operational bandwidth and/or the polarization to operate
on different applications or adapt to diverse conditions.
Consequently, reconfigurable antennas can perform the
job of more than one antenna and hence save space
in devices. Antenna reconfigurability is most commonly
done with Micro or Nano Electromechanical systems
(MEMS or NEMS) [1] [2], electrical radio frequency
(RF) field-effect transistor (FET) switches [3] [4], diode-
based technology such as the P-type Insulator N-type
diode (PIN diode) [5] [6], varactors [7] [8] or tunable
materials [9]; via applying a mechanical, electrical, mag-
netic, light or thermal bias [10].

Metamaterials (MTM) are artificial materials com-
posed of a repetition of elements that present unusual
electromagnetic properties not found in nature such as
simultaneous negative permittivity € and permeability p
[11]. Interestingly, metamaterials can be used in antennas
as additional elements to improve the performance in
electrically small antennas, reduce surface wave propa-
gation and provide zero reflection phase [12]-[15]; and
as electromagnetic resonators based on the composite
right/left-handed transmission line (CRLH TL). The
CRLH TL based antenna is characterised by presenting
simultaneous left-hand (L; and Cp) and right-hand
(Lr and Cg) inductive and capacitive behaviour that
supports negative, zeroth and positive order resonant
modes [11]. Here, the zeroth order resonance of the
CRLH TL antenna is studied, also called the zeroth
order resonant (ZOR) antenna. ZOR antennas are size
independent of the resonant frequency and hence can
substantially save space in wireless and mobile devices.
For instance, in [16] the ZOR structure is formed by mi-
crostrip interdigital capacitors and meander lines while
in [17] mushroom-like structures are used as unit cells.
Additionally, ZOR antennas can be made reconfigurable



if their inductive and capacitive components can be
actively tuned. Frequency reconfigurable ZOR antennas
have been achieved by using varactors [18], PIN diodes
[19] and MEMS [20]. In this paper, the variable surface
impedance of graphene is utilized to create frequency
reconfigurable ZOR antennas.

Graphene is a flat mono-atomic layer of Carbon atoms
distributed in a two-dimensional honeycomb-like lattice
[21]. The conductivity of graphene can be tuned by
applying an electrostatic field via a direct current (DC)
voltage bias. Furthermore, an unbiased pristine single
layer of graphene (SLG) only absorbs 2.3% [22] of
visible light and supports breaking forces of up to 42
N/m with a Young’s modulus of 1 TPa and an intrinsic
strength of 130 GPa [23] while also being extremely
light (0.77 mg/m2). As a result, graphene could be
implemented into transparent and/or flexible antenna
designs.

Graphene reconfigurable antennas are being mostly
studied for the infrared and terahertz (THz) band as
graphene can significantly reduce size and provide high
antenna reconfigurability at such frequencies [24]-[26].
However, since large area samples of graphene have been
successfully synthesised [27], this paper carries out a
feasibility study of using this novel material as a poten-
tial solution for frequency reconfigurable ZOR antennas
in the microwave regime. At microwave frequencies,
graphene presents moderate to high surface impedances
compared to conventional metals [28] and hence the
proposed designs are hybrid metal-graphene structures.
The concept of hybrid metal-graphene reconfigurable
antennas was introduced in [29] for the THz band. Some
previous work in hybrid metal-graphene reconfigurable
antennas in the microwave regime has been already
carried out where frequency [30] [31] and polarization
[32] reconfigurability was achieved. Additional designs
have been proposed in [33] where graphene is used
as a switch for frequency reconfigurability, or in [34]
for radiation pattern tunability. In the present paper, the
variable surface impedance of graphene is applied to
modify the inductive and capacitive components of the
ZOR antenna so that the zeroth-order resonant frequency
is changed.

The novel contributions of this paper can be summa-
rized as follows:

o Investigate the wuse of the variable surface
impedance of graphene to tune the capacitive and
inductive components of ZOR antennas in the mi-
crowave regime.

o Analyse and simulate two possible hybrid metal-
graphene frequency reconfigurable ZOR antenna
designs to cover LTE (1.8 GHz and 2.1 GHz)

Zseries

o O

Fig. 1: Circuit model of a CRLH TL unit cell.

frequency bands.

o Provide design trade-offs between graphene sheet
dimensions, reconfigurability and antenna efficiency
in frequency reconfigurable ZOR antennas.

The paper is structured as follows, sections II and III
will introduce the ZOR antenna theory and the variable
surface impedance of graphene, then, section IV will
define the proposed antenna designs followed by the
simulation results in section V. Finally, section VI will
close the paper with some conclusions.

II. ZEROTH ORDER RESONANT ANTENNA
THEORY

The CRLH TL antenna can be modelled using a
unit cell equivalence formed by a resistance R ()
and a conductance G (S) representing the losses in the
antenna, a right-hand inductance Lg (L), a right-handed
capacitance C'r (F), a left-handed inductance Ly, (L) and
a left-handed capacitance C', (F) as shown in Fig. 1 [11].
Additionally, the same unit cell can also be modelled as
a series impedance Zseries (£2) and a shunt conductance
Y@hunt (S )

1
Zseries =R +] <WLR - ) ) (1)
wCr,
1
}/shunt =G +] (ch - ) ) (2)
wLL

where w is the operational angular frequency (rad/s).
Consequently, the dispersion relation §(w) (rad/m) of
a CRLH TL antenna can be extracted by applying
the periodic boundary conditions (PBCs) related to the
Bloch-Floquet theorem [11]
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where p is the length of the unit cell (m) and

1 1
S — - 4
wr, oL, WR ol 4
1 1
se - T S - T 5
v Ciln "7 JOnL. )

are the resonances due to the right-handed wg, the
left-handed wjy,, the series w,. and the shunt wg;, con-
tributions respectively. From the dispersion relation of
the CRLH TL antenna in equation (3), an open- or
short-ended resonator based on the CRLH TL presents
resonances whenever the following condition is satisfied
[35]

nTt nw
Bn(w) = 7 pr

where n is the resonant mode, [ is the total length
of the CRLH TL structure (m) and N is the number of
cascaded unit cells. Therefore, the higher the number of
unit cells placed in cascade the higher the number of
negative and positive resonances. When solving equa-
tions (3) and (6) for n=0 (zeroth order), there are two
possible solutions that fulfil the condition, or in other
words, there are two possible values for the zeroth order
resonant frequency. In such a case, the zeroth order
resonant frequency is calculated from equation (5) by
either the series resonant frequency wg, if the structure
is left short-ended, or the shunt resonant frequency wsp,
if left open-ended. Importantly, when n=0, the zeroth
order resonant frequency becomes independent of the
physical length of the antenna and it is only determined
by the values of the C;, and Lp in the case of the
short-ended case or C'g and Ly, in the case of the open-
ended case. Although the ZOR antenna centre frequency
is independent of the size of the structure, in practice, it
is limited by the space p required by the components Cr,
Cr, Lr and Ly,. These capacitances and inductances can
be implemented by using surface mounted technology
(SMT) chip components or distributed components [11],
such as microstrip interdigital capacitors, parallel plate
capacitors, meander lines, among others. Interestingly,
actively changing the inductive and/or capacitive be-
haviour of the antenna effectively changes its resonant
frequency.

for n=0,+1,£2,...,(N-1); (6)
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III. VARIABLE SURFACE IMPEDANCE OF
GRAPHENE

For the range of frequencies considered in this paper
and in the absence of a magnetic field, the surface
impedance Zs (/) of graphene is defined in a Kubo-
like form as [36]

jrh*2nf —jr; )
@[t + 2kpTIn(e 57 + 1))

where f is the operating frequency (Hz), p. is the
chemical potential (J), 7; is the total relaxation time (s)
assumed to be independent of the energy € [36], T is the
temperature (K), ¢ is the elementary charge (C), £ is the
reduced Planck’s constant (Js) and kg is the Boltzmann
constant (J/K). It can be seen that, the surface impedance
of graphene depends on 7', 7; and p.. Changing any
of these parameters will alter the surface impedance of
graphene. The chemical potential . can be controlled in
a field effect configuration as shown in Fig. 2 by applying
a direct current (DC) voltage. The chemical potential g,
is related to the carrier density n (m~2) as [21]

Zs =

)

e = hg v/, ®)

where vy = 1 x 10° is the Fermi velocity (m/s) in
graphene. Additionally, the charge carrier density n is
related to the DC bias voltage as [37]

€o€Vp

"= ©))

where ¢, is the vacuum permittivity (F/m), V; is

the DC voltage bias (V), d is the thickness (m) and ¢

is the relative permittivity of the dielectric separating

the graphene sheet and the back gate material [37].

Consequently, by combining equations (8) and (9), the

chemical potential p. can be expressed in terms of V
as

€ocVy
ﬂ—i
dq

e =2 hog (10)
which shows that the surface impedance of graphene
can be tuned by applying a DC voltage bias.
The total scattering time 7 is defined by the dominant
scattering time at any charge carrier density n and can
be calculated by applying Matthiessen’s rule [37], [38]

)R

where 77, is the scattering mechanism due to long-
range mechanisms such as defects and impurities (7;)
and 7g is the scattering mechanisms due to short-range

(In
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Fig. 2: Example of an electric field effect structure added
to a plannar antenna.

mechanisms such as carrier-phonon and carrier-carrier
interactions [21], [37], [38].

In the present paper, the selected surface impedance
Z s values are obtained from equation (7). The value of
Tg is obtained from [38]

e ARPppv vy ARy
S = Tp — 2 - )
\/THTD k/‘BT /eo;;/b 7TD2]€BT

where 7, is the relaxation time due to phonon-carrier
interactions, D is the deformation potential (eV), p,, =
7.6 x 1077 is the two dimensional mass density of
graphene (Kg/m?) and v,, = 2.1 x 10* is the sound
velocity of LA phonons in graphene (m/s). The selected
deformation potential is set to D=18eV as this is the
most commonly measured value in graphene. However,
the deformation potential can have a range of values
between 4 eV and 30 eV as found in graphite and carbon
nanotube materials [39]. The value of 77, is calculated
from equation (13) by applying the special carrier mass
equation in graphene to Drude’s DC conductivity model
[21],

(12)

. /J,Lh\/% ML h %ﬂ.

t quy quy
where pp is the long-range charge carrier mobility
achieved in graphene due to defects and impurities. The
chosen value of py is extracted from reference [40],
where the authors achieved a high electron mobility
(u=2.7m?/Vs) by placing graphene on top of hexag-
onal Boron Nitride (hBN) and using chemical vapour
deposition (CVD). hBN is an excellent substrate for
graphene as it is flat, possesses a similar crystal structure
to graphite (reduced lattice mismatch) and provides large
optical phonon energies and band gap [41], however,
at the time of writing, hBN/graphene sheets of only a
few micrometres have been succesfully manufactured.
Nevertheless, it is here assumed that, in the near future,
improvements in the chemical vapour deposition process

; (13)
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Fig. 3: Surface impedance of graphene Zs dependency
in the applied DC bias voltage V;, at 2GHz with
pr=2.7m%/Vs and D=18eV.

in reference [40] will support large area of graphene
sheets on hBN. Therefore, the graphene sheet is as-
sumed here to be placed on top of a hBN dielectric
in a field effect like configuration as shown in Fig.
2. The thickness and relative permittivity of hBN is
set to d=10nm and €,=4 [42], respectively. Finally, the
operational temperature 7" is set to be the same as the
room temperature 17=295K. Therefore, the selected set
up allows one different values of Zs to be obtained when
different V}, voltages are applied, see Fig. 3.

As observed in Fig. 3, low values of surface
impedance Zs converge to a point where increasing V;,
does not substantially improve the surface impedance
values. Consequently, the maximum voltage considered
here is set to be 13,=22.72V with a surface impedance
equivalent value of Zs=34+j0.3 Q/g. This provides a
good surface impedance for a reasonable voltage value.
This surface impedance is set as an equivalent ON
state impedance Zsoy. On the other hand, the surface
impedance drastically changes for small changes of DC
bias voltage values. The maximum surface impedance
of graphene is limited by the carrier density variations,
or carrier inhomogeneity density, 7 (m~2) caused by
the electron-hole puddles. This carrier inhomogeneity
density 7 limits the lowest possible chemical potential
te,min due to mainly impurities [43] and is defined as

Epuddle = Hemin = hvf\/% (14)

The selected carrier inhomogeneity density 7=6-1014
m~2 is also extracted from reference [40], which gives a
maximum surface impedance of Zs=2580+j6 2/ and
sets an equivalent OFF state surface impedance Zsppp
with V;,=0.027V. Table I provides a summary of the
selected parameters for simulations.

221



TABLE I: Selected surface impedance Zs values

State ON OFF

n [m—2?] 5.1017 6-101%
Vs, [V] 2272 0.027
wr, [m2/Vs] 2.7

D [eV] 18

T K] 295

Zs 9/l 34+j0.3 2580 +j6

TABLE II: Unit cells dimensions, in millimetre (mm)
Unit cell 1, Fig. 4a

Wi1i=w2=3 L1=L2=45 10 = 4.35 1=12
12=03 3=12 14="15 15=0.1
Gap = 0.01 r=0.5 W3 =102 p=12.16
Unit cell 2, Fig. 4b
W1l=W2=36 L1=1L2=4 10=2425 | I11=1.35
12 =0.15 13 =135 14=35 15=0.1
Gap =0.01 r=0.5 w3=5 p=9.08

IV. PROPOSED ANTENNA DESIGNS

As mentioned in Section II, the zeroth order resonant
frequency fzor of an open-ended ZOR antenna is
determined by the values of the right-handed capacitance
Cgr and the left-handed inductance L, see wsp in
equation (5). Consequently, in order to change the reso-
nant frequency, either or both of these two components
must be actively tuned. For this reason, in the proposed
antenna designs, the selected surface impedance values
of graphene are used to dynamically change the values
of L, or Cr and hence change the zeroth order resonant
frequency wgp. The two proposed ZOR antennas are
constructed from the two unit cells shown in Fig. 4 and
Fig. 5 with dimensions presented in Table II.

The proposed unit cells are based on microstrip dis-
tributed capacitances and inductances where two mi-
crostrip patches are separated by a gap and followed by a
meander line connected to ground via a cylindrical solid
bias. The values Cpqi1, Cpar2, Lpar1 and Lyqo are the
capacitances generated between the two top patches and
the ground plane, and the inductances present in the two
top patches, respectively. Additionally, .1 and Rpqt2
are the losses in the conductors forming the top patches.
Cyap» Cais1 and Cg;sp are the capacitances generated
by the discontinuity (or separation) between the two
top patches. Leq, Cmea and Ry, are the inductance,
capacitance and resistance of the meander line. L,;,s is
the inductance of the solid vias, where the resistance of
the bias is assumed to be negligible. Finally, the Gsyp
is the conductance of the substrate. In the first unit cell
design, Fig. 4a, a graphene sheet is laid under the mean-
der line, while in the second design, Fig. 4b, a graphene
sheet is laid next to one of the microstrip patches. The
two unit cells achieve tunable C'r and Lj values by
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Fig. 4: The two proposed unit cell designs, a) Unit cell
1: graphene laid under the meander line, b) Unit cell 2:
graphene laid next to patch 2.

changing the surface impedance Zs of graphene which
causes the inductive behaviour of the meander line in
Fig. 5a and the capacitive behaviour in Fig. 5b to change.
However, the variation of the surface impedance of the
graphene sheets also affects the capacitive Cp,e, and
resistive R,,e, contributions of the meander line, the
inductive Lqso and resistive 2,442 contributions of the
parallel plate, and the capacitances Cyq), and Cy;so of the



0

Gsub)
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Fig. 5: Equivalent electrical circuit of the two proposed
unit cell designs, a) Unit cell 1: graphene laid under the
meander line, b) Unit cell 2: graphene laid next to patch
2.

gap between the patches. Consequently, the theoretical
variable ZOR resonant frequency fzor (Hz) for the unit
cells are calculated as

Wsh 1

=sh 15
fzor o onJOL (15)
where
CR = Cpatl + Cpat2 + Cdisl + CdisZ + Cmeaa (16)
and
LL = Lmea + Lvias- (17)

The two proposed ZOR antenna designs are shown
in Fig. 6. They are composed of 3 unit cells (N=3)
each. Antenna design 1 is formed by the unit cell 1 with
graphene laid under the meander line, and antenna design
2 is formed by the unit cell 2 with graphene laid next to
the patch 2. Additionally in Fig. 6c¢, there is a proposed
method to bias the graphene sheets in the proposed an-
tennas. Note that the field-effect structure shown in Fig.
6¢ is not simulated here as the thickness of the hBN and
doped semiconductor layers are extremely small (in the
order of nanometres). The antenna dimensions are shown
in Table III. The substrate used is the Rogers RT5880
with a relative permittivity €,.=2.2 and a loss tangent
tand=0.0009 [44]. The thickness H of the substrate is
chosen to optimise the ratio between size reduction and
efficiency of the antenna, and at the same time, can still

TABLE III: Antenna dimensions, in millimetre (mm)
Common for both designs
H=4]t=05| Wieea=6 | Licca=5
Design 1, Fig. 6a
W =154 ‘ L =30.18 ‘ Gfeed =02
Design 2, Fig. 6b
W =2115 | L=251 | Gfeeq =045

fit into current mobile and wireless devices, e.g. mobile
phones, tablets, etc. Note that, the antennas are fed by
proximity coupling to a microstrip section to reduce the
inherent high input impedances of the ZOR antennas for
a wide range of frequencies. This generates additional
series, Cfeed,gap, and parallel, C'yeed,ais1 and C'reed,dis2.
capacitances between the feed antennas. Particularly
important are the additional C'tced,disi and Creed,dis2
capacitances as they slightly modify the ZOR resonant
frequency fzor when added into equation (16). In the
simulations, the excitation is modelled as a discrete port
with an internal impedance of Z=50{2. The graphene
sheets are modelled as ohmic sheet surfaces with real
and imaginary impedances.

V. RESULTS

The results section is structured as follows, first, in
Subsection V-A, the impact of graphene on the unit
cells is computed. Second, in Subsection V-B, the two
proposed antenna designs shown in Fig. 6 are evaluated.
In Subsection V-C, some antenna design trade-offs are
analysed. In Subsection V-D, some intermediate values
of Zs are simulated for frequency selection. Finally, in
Subsection V-E, a performance comparison is made to
other designs found in the literature.

The simulation results are obtained from the computer
simulation technology (CST) microwave studio 2015.
In the simulations, the excitation is modelled as a dis-
crete port with an internal impedance of Z=50L). The
graphene sheets are modelled as ohmic sheet surface
impedance with real and imaginary impedances. The
antenna efficiency 1 (%) provided is calculated as

P, rad
n <P5im) x 100,
where P,.q is the power radiated by the antenna and
Py, is the power simulated (500mW). Therefore, the
antenna efficiency also considers the mismatch losses
between the feed and the antenna.

(18)

A. IMPACT OF GRAPHENE ON THE MEANDER LINE
AND TOP PATCHES

As shown in Fig. 5, it is expected that changing
the surface impedance of graphene should change the
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Fig. 6: Frequency reconfigurable ZOR antenna designs,
a) Design 1: plan and 3D views of graphene laid under
the meander line, b) Design 2: plan and 3D views of
graphene laid next to patch 2, and c) an example of a
possible bias structure

inductive and capacitive behaviour of some of the el-
ements that compose the unit cells. Fig. 7 shows the
two configurations used to compute the inductance and
capacitance variation when Zs is changed for different
lengths of the graphene sheets. The inductance and
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Fig. 7: Inductance and capacitance computation of a)
graphene under the meander line and b) graphene next
to the second patch.

capacitance values are obtained from network analysis
by modifying the graphene sheet lengths, G! in Fig. 7,
when it is activated (ON) and deactivated (OFF).

The results in Fig. 8 shows the difference between
the variation in the inductance AL and capacitance AC'
values when the graphene sheets are activated (ON)
and deactivated (OFF). Both values AL and AC are
calculated as the difference between the inductance and
capacitance values generated when the graphene sheet
is deactivated and the inductance and capacitance values
generated when the graphene sheet is activated. These
inductance and capacitance variations between ON/OFF
states will cause the antenna resonant frequency to
change as they change the values of the left-handed
inductance Ly, and the right-handed capacitance C'r. In
the case where graphene is laid under the meander line,
the result in Fig. 8a indicates that both components, AL
and AC, change when the length of the graphene sheet
is varied. Specifically, when the graphene sheet becomes
longer, from GI=2.7mm to GI=10.2mm, AL increases
from AL=-0.27nH to AL=0.96nH. The reason is that,
ideally when the graphene sheet is deactivated, most of
the current must propagate through the meander line and
consequently it has a large inductance. However, when
the graphene sheet is activated, the current is diverted to
propagate through the graphene sheet instead of going all
the way through the meander line. As the inductance of
a meander line depends on the number of turns and the
length of the turns (among other parameters), the longer
the graphene sheet is the shorter the path of the current
that needs to propagate through the meander line, and
consequently, the lower the resulting inductance. On the
contrary, the difference on the capacitance values AC'
decreases, from AC=0.15pF to AC=0.02pF, becoming
almost negligible for the longest graphene sheet. As a
result, as the graphene sheet becomes longer, the change
in the resonant frequency becomes dominated by the



change of its inductance instead of the capacitance. Note
that, the AC values are not large enough to provide
a substantial change in the resonant frequency, and
hence, it is necessary to base the change of the resonant
frequency on the modification of the inductance values
AL.

In the second case, Fig. 8b shows the results when
the graphene sheet is attached to the second patch. As
the graphene sheet becomes larger, from GI=0.5mm to
GI=10mm, the capacitance difference AC also becomes
larger, from AC=-0.11pF to AC=-0.43pF. The reason
is that when the graphene sheet is deactivated, negli-
gible current propagates through the graphene sheet and
therefore it does not contribute to the parallel capacitance
between the top patches and the ground plane. Conse-
quently, it does not matter how large the graphene sheet
is. However, when the graphene sheet is activated, some
current propagates through the graphene sheet which
then contributes to the total capacitance. Thus, the larger
the area of the graphene is, the larger the capacitance it
generates. In this case, the variation of the capacitance
is negative because the capacitance generated when the
graphene sheet is deactivated is lower than when the
graphene sheet is activated. Regarding the inductance
change, it does not follow a perfect linear change but it
can be seen that in general the difference also decreases
for longer graphene sheets. Nevertheless, in this case, the
inductance change is not important as it only contributes
to the right-handed inductance Ly and consequently it
does not change the resonant frequency, see equation
(15). Therefore, the main contribution to the change in
the ZOR frequency comes from the capacitance varia-
tions AC as this affects the right-handed capacitance.

From the inductance and capacitance results it seems
that large changes in resonant frequencies are possible by
implementing long graphene sheets. However, it is also
important to consider the losses. In Fig. 9 the losses
due to the presence of graphene when it is activated
(ON) and deactivated (OFF) are shown for both cases.
Unfortunately, it indicates that the longer the graphene
sheet is, the larger the losses are. Consequently, there
is a trade-off between the maximum resonant frequency
switch and the maximum acceptable losses due to the
use of graphene. Additionally, comparing both designs,
using a graphene sheet under the meander line when
activated provides lower ohmic losses for long lengths
of graphene sheets - 29.2mW as compared to 66.8mW
for graphene next to the second patch. On the other hand,
when the length of the graphene sheet is shorter, as well
as when the graphene sheet is deactivated (OFF), both
designs perform similarly.
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Fig. 8: Inductance and capacitance variations of a)
graphene under the meander line and b) graphene next
to the patch 2.

B. PERFORMANCE OF THE FREQUENCY RECON-
FIGURABLE ZOR ANTENNAS

Fig. 10 shows the reflection coefficient values of the
two antennas when graphene is activated (ON) and
deactivated (OFF). In the Design 1, when graphene
is activated, the resonant frequency is set to 2.1GHz
while when deactivated it changes to 1.8GHz. Likewise,
in Design 2, when graphene is activated, the resonant
frequency is found at 1.8GHz while when deactivated it
moves to 2.1GHz. Additionally, Fig. 11 and 12 show the
surface current distribution on the two antennas when
the graphene sheets are activated and deactivated. In
the case of the design 1, Fig. 11, the change in how
the current propagates is difficult to appreciate due to
the overlap of the meander line on the graphene sheet.
However, it is still possible to note how the current
follows the turns of the meander line when the graphene
sheet is OFF, Fig. 11a, and how it follows a more straight
path when the graphene sheet is ON, Fig. 11b. For
the design 2, when the graphene sheets are deactivated,
little current propagates. In contrast, when the graphene
sheets are activated some current now propagates on the
graphene sheets which effectively changes the inductive
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Fig. 9: Losses due to graphene in a) graphene under the
meander line (ML+graphene) and b) graphene next to
the patch 2 (Patch+graphene).

and capacitive behaviour of the antenna.

In a CRLH TL based antenna, the order of resonance
is identified by looking into the electric field distribu-
tion at the particular frequencies of interest. When the
CRLH TL based antenna is operating in its zeroth order
resonance, the electric field lines in the enclosed volume
that surrounds the antenna are all pointing to the same
direction as the wavelength is infinite. This condition is
recognized for both designs at both resonant frequencies
as Fig. 13 demonstrates. Specifically, in Fig. 13 the
electric field lines between the ground plane and the top
patch are uniformly all pointing to the same direction
(upwards). The same behaviour is found in the antenna
Design 2.

Furthermore, the radiation patterns obtained in Fig.
14 are of similar shape of a common microstrip antenna
and switching ON and OFF the graphene sheets seems to
not strongly affect the resulting radiation patterns. Very
similar radiation patterns are obtained for antenna Design
2. The extracted gains for Design 1 are -0.2dB and -
3dB at 1.8GHz and 2.1GHz respectively; and -0.8dB and
0.6dB at 1.8GHz and 2.1GHz respectively for Design 2.
All the presented results confirm that by switching the
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Fig. 10: Reflection coefficients for the ON and OFF
states, a) Design 1 b) Design 2.

surface impedance of the graphene sheets in the proposed
antennas, their zeroth order resonant frequencies can be
changed between 1.8GHz and 2.1GHz.

The antenna efficiencies computed for Design 1 are
31.6% and 15.8% at 1.8GHz and 2.1GHz respectively;
and 28.8% and 33.9% at 1.8GHz and 2.1GHz respec-
tively for Design 2. For both antenna designs, material
losses are dominated by graphene, accounting for around
55% to 95% of the losses due to materials and between
35% and 75% of the total losses in the antenna, causing
the antenna efficiency to drop considerably. Ideally, when
graphene is deactivated, its effect should be minimum but
the results indicate that there are still some losses due
to the presence of graphene. As a result, the addition
of graphene does not only affect the antenna efficiency
when the graphene sheet is activated but also when it
is deactivated, and hence, at both resonant frequencies.
In order to reduce the losses in the antennas, it is
necessary to increase the surface impedance for the OFF
state (Zsorr) and decrease the surface impedance for
the ON state (Zson). This could be done by selecting
graphene with lower long-ranged charge carrier mobil-
ity pr and/or lower carrier inhomogeneity density n.
That should increase the maximum achievable surface
impedance Zsorp for small values of applied DC bias
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Fig. 11: Surface current distribution for antenna design
1 at a) 1.8 GHz and b) 2.1 GHz.

voltage V3. However, that would also cause an increment
of the DC bias voltage V; needed to achieve a low
Zson. Similarly, achieving lower deformation potential
D or lowering the operational temperature would allow
to reduce the surface impedance of graphene in the ON
state. Unfortunately, the deformation potential is still not
properly controlled, making it difficult to achieve lower
values, as explained in section III.

C. SUBSTRATE HEIGHT AND NUMBER OF CELLS
EFFECT ON THE ANTENNA EFFICIENCY

The antenna efficiencies obtained in the previous
subsection V-B are mainly dominated by the losses
in graphene. However, they are also affected by the
antenna size. Fig. 15 displays the trade-off between the
height of the antenna substrate H, the length of the
antenna L and the antenna efficiency 7). For both designs,
increasing H helps to reduce L and improve 7. During
simulations, when the substrate height was increased,
the zeroth order resonance decreased and vice versa. To
compensate this effect, the lengths of the two patches,
L1 and L2 in Fig 4, were made shorter or longer,
resulting in smaller or larger antennas when increasing
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Fig. 12: Surface current distribution for antenna design
2 at a) 1.8 GHz and b) 2.1 GHz.

or decreasing H, respectively. This means that, in the
zeroth order resonant frequency, the effect of the vias
inductance, L,;,s in Fig. 5, is stronger than the effect
of the parallel plate capacitance between the top patches
and the ground plane, Cpaicni and Cpgeene in Fig. 5.
On the other hand, the antenna efficiency is improved
for bigger heights H because the antenna occupies a
larger volume and radiates more efficiently. However, if
the antennas are designed to be implemented in wireless
and mobile devices, the available substrate thickness is
limited and cannot be further increased.

Likewise, Fig. 16 provides the trade-off between the
number of cells NV, the length of the antenna L and the
antenna efficiency 7). In this case, adding or removing
unit cells increases or decreases the length of the antenna
at a linear rate. It also improves or deteriorates the
antenna efficiency respectively, but in this case, the rate
is not linearly proportional. Consequently, more unit
cells do not substantially improve the antenna efficiency.
On the other hand, having a larger number of unit cells
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Fig. 14: Radiation patterns of the ZOR antenna design
1 at (a)-(b) 1.8 GHz and (c)-(d) 2.1 GHz.

allows for an easier antenna matching as each additional
unit cell drastically reduces the high input impedance of
ZOR antennas.
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Fig. 15: Trade-off between substrate height , antenna
efficiency 7 and antenna length L for a) design 1 and b)
design 2.

From these results, it is therefore possible to optimize
antenna efficiency of the proposed ZOR antennas by
adjusting the substrate height and the number of unit
cells. It is also possible to compensate the efficiencies
due to restrictions on thinner substrates by adding more
unit cells at the expense of a larger overall antenna size,
and vice versa.

D. ZEROTH ORDER RESONANT FREQUENCY SE-
LECTION

In previous subsections, only two sets of surface
impedances, Zsony and Zsoprp, were used to switch
between the two resonant frequencies, 1.8GHz and
2.1GHz. However, the surface impedance of graphene
can be adjusted to any value between these two
impedances. This allows the selection of any intermedi-
ate resonant frequency between the two design frequen-
cies. Fig. 17 shows the antenna resonant frequencies for
different intermediate values of surface resistance Rs for
antenna Design 2. Note that in these results, only the
real part of the surface impedance Rs is changed as the
imaginary part X s has a small effect on the total surface
impedance and can hence be neglected. As observed,
selecting intermediate surface resistance values permits
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tuning resonant frequencies in the tuning range. Similar
results are obtained for antenna Desing 1.

Fig. 18 shows the change of resonant frequency and
antenna efficiency for Design 1 and Design 2 when
selecting intermediate values of surface resistance Rs.
The efficiencies of the intermediate frequencies are lower
than the ones obtained for the 1.8GHz and 2.1GHz. The
reason for this is that as the surface resistance changes,
the portion of current propagating on graphene also
changes. The current propagating on graphene suffers
higher losses because the surface resistance is not at its

12

Rs[Q/o]
5 45 80 190 1080

—2.10 —_
24 o
£2.05 e S
o =
—2.00 20 2
§‘1 95 | )—» 18 8
& (%)
21.90 \-\ O_. 16
o w
$1.85 ... 14
180 g ¢ Ny 12 &
[} Q
2175 10 €
-@-Fres Design 1 Fres Design 2 <

- @ Efficiency Design 1-¢-Efficiency Design 2

Fig. 18: Resonant frequency and antenna efficiency vari-
ation for intermediate values of Rs.

minimum or maximum value.

E. PERFORMANCE COMPARISON

The results obtained from the proposed frequency
reconfigurable ZOR antennas are compared to some
other works found in the literature. In [18], a substrate
integrated-interdigital capacitor ZOR antenna is recon-
figured by integrating varactor diodes. In [19], a ZOR
antenna composed by mushroom-like unit cells is able
to change its resonant frequency by implementing PIN-
diodes in its integrated spiral slots. In [20], another
mushroom-like antenna can switch frequencies by ac-
tivating and deactivating grounded MEMS. Table IV
summarizes the comparison. Note that, Ay is calculated
in each work from the lowest operating frequency.

As observed from Table IV, the antenna gains obtained
for the two proposed antennas here are comparable to
those found in other works. Likewise, the range of
change in the resonant frequency is within the same
proportion as found in the other works. However, the
antenna efficiencies for the antennas proposed in this
paper are expected to be lower than in the other works
(antenna efficiencies not provided in the references) as
there are large losses atributed to graphene. This is ex-
pected as graphene is a technology still in development.
Interestingly, implementing graphene in reconfigurable
antennas can provide the ON/OFF switching functional-
ity as in PIN diode and MEMS as well as the possibility
of continuous frequency selection as in varactors. Fi-
nally, graphene can easily operate at higher frequencies
(millimetre wave to THz regime) where other switching
technologies will struggle to work properly.

VI. CONCLUSIONS

The present paper has demonstrated that graphene
can be used in frequency reconfigurable ZOR antennas.
The two proposed antenna designs switch between the
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TABLE IV: Comparison of different ZOR reconfigurable antennas

Reference Technology | Electrical Size (L x W) Frequencies Covered Antenna Gain
This work: Design 1 Graphene 0.18 X0 x0.09\¢ 1.8GHz and/to 2.1GHz -0.2dB to -3dB
This work: Design 2 Graphene 0.15X0%x0.13X\g 1.8GHz and/to 2.1GHz -0.8dB to 0.6dB
[18] Varactor 0.3X0x0.3)\g 4.1GHz to 4.5GHz 2.5dB and 4dB
[19] PIN-diode 0.06A0 x0.16 A9 2.3GHz and 3.1GHz -6dB and -4.9dB
[20] MEMS 0.23X0 %0.28X0 4.7GHz and 5GHz -2.3dB and -2.5dB

LTE bands of 1.8GHz and 2.1GHz by applying different
surface impedances of graphene Zs. Additionally, it has
been shown that graphene can provide the functionality
of selecting intermediate resonant frequencies, between
1.8GHz and 2.1GHz, by selecting different intermediate
surface resistances Rs. Some design trade-offs such as
graphene dimensions, substrate height, number of cells,
antenna dimensions and antenna efficiency have also
been described. The obtained antenna efficiencies are
mainly affected by the losses in graphene but also by
the antenna dimensions and configuration. The antenna
Design 2 achieves a slightly higher antenna efficiency for
both states than Design 1, 28.8% compared to 15.8% in
the ON state and 33.9% compared to 31.6% in the OFF
state, due to the losses in graphene being lower. The
antenna gains obtained for both designs (-0.2 dB, -3 dB, -
0.8 dB and 0.6 dB) are better than the ones obtained from
other designs found in the literature that use PIN-diodes
(-6 dB and -4.9 dB) or MEMS (-2.3 dB and -2.5 dB)
as RF switches. Only the reference that uses varactors
performs better in this feature (2.5 dB and 4 dB) but
the proposed antenna designs in this paper are half the
size of the one in that reference. In order to confirm the
feasibility of using graphene in frequency reconfigurable
antennas, physical prototypes of the proposed antennas
need to be produced and measured in future work. This
work will also analyse the effect of different methods
that can be used to feed the DC voltage bias to the
graphene sheets.
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