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Chapter One



Introduction

Conventional optical devices such as prisms, lenses and mirrors have the abil-
ity to control the light propagation based on geometrical and diffractive optics,
However achieving these applications in nano sizes is difficult [10]. These optical
devices must have big sizes to operate properly. Wavefront shaping in a small
size, because of the diffraction limit can not be easily obtained. Progressing in
metamaterials, plasmonic and nanophotonic makes control of optical waves ac-
cessible out of the diffraction limit [11]. New and interesting phenomenons such
as negative refractive index [12]- [14], imaging [15]- [18], and cloaking [19]- [22]
using plasmonics and metamaterials which are proved in theory and practice,
have opened new horizons for designing optical devices with different desirable
applications. In comparison to conventional lenses and imaging devices, metama-
terials provide new methods for wavefront shaping with smaller sizes and higher
resolutions. Despite huge progress in metamaterials, their operation faces some
difficulties because of their high sensitivity to losses and fabrication complexities
in 3-D structures. In order to reduce these limits, equivalent 2-D surfaces or
metasurfaces with the ability to have the same operation as metamaterials, have
been introduced [23].

Metasurfaces are formed by 2-D arrays of scattering particles in subwavelength
sizes. They are designed in a way that could convert incident waves to the desired
transmitted and reflected waves. In comparison to metamaterials, metasurfaces
provide advantageous of being lighter, easier fabrication and less losses, because of

their much smaller sizes. It has been proved that using metasurfaces is an efficient



way for controlling amplitude, phase and, polarization of electromagnetic waves.
The optical characteristics of each element can be determined by its material,
geometry, size, and orientation. By putting each element with different scattering
characteristics along a surface, a metasurface providing a high degree of freedom
in optical wavefront shaping is formed [24].

Recently, phase discontinuity phenomenon utilizing metasurfaces, has been
attracted a lot of interests which has been used for new and interesting ap-
plications like planer lenses [25]- [27], processing optical information [28], [29],
polarization changing [30], [31], wave front engineering in the transmission and
reflection mode [32]- [36], manipulating the orbital angular momentum [37] and
2-D and 3-D holography [38]- [42].

Electromagnetic invisibility can also be achieved using metasurfaces named
"mantle cloaking” [43], [44].

Tunable or reconfigurable applications such as dynamic wavefront shaping
and adaptive optics are highly desirable which can be realized by using tunable
materials in the metasurfaces [1]. Graphene, a single layer of carbon atoms is
a very good candidate for this purpose with extraordinary properties, since its
Fermi level can be adjusted by DC gate biasing [2]. The combination of meta-
surface technology and graphene can result in a great dynamic manipulation of
electromagnetic waves [1].

Compared to other tunable metasurfaces with active materials such as liquid
crystals [3], thermally-modulated materials [4] and mechanically-deformed mate-
rials [5], metasurfaces based on graphene have some advantages. Graphene is an
ultra-thin material and compatible with silicon photonics and planer metasur-
faces [1]. The electrical tuning speed of graphene is extremely high with a wide
tuning range.

In 2011, the intensity modulation of electromagnetic waves in a metasurface
based on graphene was introduced for the first time [6]. After that several switches
and modulators [7], [8] and tunable absorbers [9] were presented. In addition to

intensity modulation, recently phase modulation for tunable polarization control



and dynamic wavefront shaping has attracted researchers’ attentions.

In this thesis, designs of several tunable graphene based metasurfaces have
been presented. The thesis is organized as follows: Section 2 introduces some
applications of metasurfaces and their responses to electromagnetic waves are re-
ported. In chapter 3, a summary of theoretical background about graphene is
presented and some graphene based metasurfaces are introduced. In chapter 4,
various metasurfaces based on graphene are designed in detail for some applica-
tions including: tunable mantle cloaking and scattering manipulation, leaky wave
antenna, tunable polarization converter, and reconfigurable planer lens. Chapter

5 concludes the thesis and gives some suggestions for possible future researches.



Chapter two



Applications of metasurfaces

2.1 Anomalous refraction and reflection of elec-

tromagnetic wave

When a propagating plane wave encounters a surface between two media con-
sisting of two different homogeneous materials, it will split into reflected and
transmitted waves. The amplitude, phase, and direction of the transmitted and
reflected waves can be determined using boundary conditions on the surface which
are calculated by Fresnel’s and Snell’s law. If an array of ultra-thin resonators
called a "metasurface”, is added to the surface, the boundary conditions change
because of the resonance effect of the metasurface, hence the transmission and
reflection coefficients are modified. Phase changes that will occure to the trans-
mission and reflection waves depend on the frequency of the incident wave. If
elements of the array introduce same phase changes, and the transmission and
reflection waves’ direction will not be changed. However, it is possible to alter the
direction of the propagating wave and to control wavefront shaping by producing
phase gradient along the metasurface [45]. General laws of wave ’s reflection and

refraction can be demonstrated [46], [47]. According to Fig. 2.1 we have:

Ldo

; A N = 2.1

ng sin (6;) — n; sin (6;) o da (2.1)
, 1 1do

cos (0;) sin (0;) = o dy (2.2)
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Figure 2.1: A metasurface with phase gradient element [45]

11d
1 1d
cos (6,.) sin (¢,) = n_rk_od_j (2.4)

where the angles are shown in Fig. 2.1 and % and % are the phase gradient
components in z and y directions, respectively. The first two sets relate the
transmission wave to the incident wave and the other two sets relate the reflec-
tion wave to the incident wave. These general laws show that the direction of
transmission and reflection waves can be controlled by the relative permittivity
of the two media and by the phase gradient of the elements.

One of the examples of anomalous refraction is bending the incident wave
using C-shape metallic resonators for terahertz frequencies [48]. Elements of the
considered metasurface should rotate along the surface in a way that provides
required phase changes. The required phase of each element in order to bend the
transmitted wave with an angle Openaing can be calculated from eq. (2.5) which is

a simplified formula of generalized laws of refraction [45],
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Figure 2.2:  (a) Split ring resonator as the element of the metasurface, (b)
Amplitude of transmitted wave versus frequency [48].
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where ¢(x) is the required phase for the element at a distance z from the origin
and ) is the wavelength in free space at the considered frequency.

Figure 2.2 shows the proposed element and the magnitude of the transmit-
ted wave for different frequencies. It can be seen that at the frequency of 1THz
there is a minimum and maximum in the magnitude for co and cross polarization,
respectively. Since phase control is easier for a cross polarized wave [49], there-
fore, the metasurface has been designed to operate at 1THz for a cross polarized
electromagnetic wave.

Figure 2.3(a) shows a super cell of the metasurface with its transmitted am-
plitude and phase response according to the rotation angle of the rings. It is
illustrated that 360 degrees phase range can be achieved by the elements ' ro-
tation. This super cell will be the building block of the considered metasurface.
The transmission response of the metasurface for frequencies of 0.63THz, 0.8 THz
and 1THz are shown in Fig. 2.3(b).

The general law for reflection from reflectarrays is also investigated in some
researches. In [50], a reflectarray antenna has been designed. The antenna con-
sists of conducting elements on top of a thin dielectric substrate backed by the

ground plane. Figure 2.4 shows a metasurface based reflectarray. In the pro-
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Figure 2.3: (a) Super cell of the metasurface with its transmission amplitude and
phase response. (b) Transmitted bending waves for normal incidence at 0.63THz,
0.8THz and 1THz, from left to right [48].

posed metasurface, the required phase shift is achieved by changing the size of
the elements.

Another example of a metasurface based reflectarray is shown in Fig. 2.5(a)
which consists of H-shape elements and the required phase shift can be achieved
by adjusting the size of the cells. Figure 2.5(b) shows the reflected phase of the

elements versus the distance from the origin [51].
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Figure 2.4: A metasurface based reflectarray [50].
2.2 Wavefront shaping and beamforming

Metasurfaces provide an extraordinary opportunity to control wavefront shaping
and producing desired beams [45]. To achieve a flat lens, the transmission phase
from the elements of the metasurface must obey to the required phase pattern
in eq. (2.6) [52], [53]. In this equation, phase change is applied only in the z
direction. In the y direction, the elements are repeated periodically without any

changes. Therefore in these antennas, focusing happens in two directions.

b(x) = i—:(\/FQ T2 - F) (2.6)

where ¢(z) is the required phase shift for each element with a distance z from
the origin, g is the wavelength at the centre frequency and F' is the distance of
the focusing point to the lens surface.

In [54], a 2-D flat lens has been designed using V-shape elements. Figure
2.6 shows a super cell of the considered elements with transmitted amplitude
and phase for the cross polarized wave. The curve indicates more than 75%
transmission and it can also be seen that 360 degrees phase range is provided
using 8 elements with different rotation angles in the super cell. The designed
lens is shown in Fig. 2.7. As mentioned above, the elements change in the z
direction in order to provide the required phase shift while in the y direction they

are repeated without any changes. Figure 2.8 shows a focused wave at the focal
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Figure 2.5: (a) Metasurface consisting of H-shape elements. (b) Reflected phase
of the elements [50]

distances of F' = 3cm and F = 0.37mm.
3-D focusing is also possible using eq. (2.7) for the required phase shift ¢(x, y)

of the elements in the (z,y) position:

() = i—:(\/ﬁ F P+ F) (2.7)

where )\ is the wavelength at the resonance frequency and F' is the distance of
focusing point to the lens surface.

Figure 2.9(a) shows an element consisting of patch and ring resonators and
Fig. 2.9(b) shows a metasurface for 3-D focusing. It can be seen that the elements
near the origin are larger and they are becoming smaller far from the origin to
provide the required phase shift. Figure 2.10(a) [55] shows the transmitted ampli-

tude and phase of an element for different plate width and Fig. 2.10(b) represents
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Figure 2.6: A super cell of lens consisting of V-shape elements with cross polar-
ized transmitted amplitude and phase [54].

Figure 2.7: A transmit array lens based on a metasurface with V-shape elements.
[54].
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Figure 2.8: The transmitted electric field for the different focal points [54].
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Figure 2.9: (a) An element of a metasurface consisting of patch and ring res-
onators, (b) transmit array lens for 3-D focusing [55].
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Figure 2.10: (a) Amplitude and phase of the transmitted wave (b) Electric field
distribution of the transmitted wave [55].

the electric field amplitude of the transmitted wave from the metasurface. Wave
focusing can easily be observed.

In [56] Puncharatnam-Berry phase concept has been used for making phase
changes. In this method, subwavelength anisotropic elements with the same size
but different rotation angles have been used.

Generally, Jones Matrix related to anisotropic scatterer can be written as

follows [56]:

M = R(-0) R(6) (2.8)
0 t.

where t, and t. are transmission coefficients for linear polarizations along two

main axes for an incident wave. Equation (2.9) represents the rotation matrix

13



where 6 is the rotation angle of the element.

cos) sind
R(0) = (2.9)
—sinf cosf
If Ef/ Lis considered as the phasor of the impinging wave with circular right /left

(R/L) handed polarizations, the phasor of the transmitted wave (E?/ LY can be

written as follows [56]:

EME— M ERE = %Eﬁ” + % exp (im20)EF/® (2.10)
The first term illustrates a part of the transmitted wave with circular polarization
and the same handedness as of the incident wave and the second term shows
a part of transmitted wave with circular polarization with different handedness.
Puncharatnam-Berry phase shift is equal to m26; m is equal to -1 for right handed
impinging wave and +1 for left handed one and € is the rotation angle of the
elements. From eq. (2.10) it can be understood that the transmitted wave with
the same handedness as the incident wave does not produce any phase change.
Therefore, to control the phase we can only use a part of the transmitted wave
with opposite handedness to the incident wave. According to eq. (2.10), a phase
shift equal to twice of the rotation angle of the element for transmitted wave can
be achieved. If the transmission coefficients related to the two main axes have
the same amplitude and 180 degrees phase difference, the first term will vanish
and the second term will remain with the phase shift of twice of the elements ’
rotation angle.

Figure 2.11 shows an element as a building block of a metasurface lens using
Puncharatnam-Berry phase concept [56]. The parameters oy, ag, Ry, Ry, R3 and
R, have been optimized such that the required transmitted amplitude and phase
related to the two main axes have been achieved. Figure 2.12(a) indicates that

the transmitted amplitude for the two main axes (y and z axes) are the same at

14



(a)

Figure 2.11:  An element of a metasurface consisting of double split ring res-
onators, (a) 3-D view, (b) top view [56].

(b) ‘

193.5THz and Fig. 2.12(b) illustrates that at this frequency, the two transmitted
waves have a 180-degree phase difference. Therefore, the desired conditions for
producing the Puncharatnam-Berry phase shift are provided. Figure 4.34 shows
the transmitted amplitude and phase of the transmitted wave for an impinging
wave with circular polarization versus different rotation angles of the element.
Figure 4.34(a) indicates that the cross polarized transmitted wave’s amplitude is
half of the incident wave’s amplitude while the co polarized one is almost zero.
Furthermore, Fig. 4.34(b) shows that the rotation of elements causes the cross
polarized transmitted phase shift to be twice as large as the angle of rotation. It
can be seen that the phase curve for right handed circularly polarized impinging
wave decreases and the curve for left handed circularly polarized wave increases
with the rotation angle of elements. Therefore, the elements’s rotation provides
the required phase shift to bend, focus and diverge the incident wave.

Figure 2.14 shows the required phase shift for 8 elements to achieve transmit-
ted 30 degrees bending wave which has been calculated from eq. (2.5). Figure
2.15 reports the transmitted electric field distribution for right and left handed
circularly polarized incident wave, when the elements rotate in clockwise direc-
tion. It is observed that the transmitted electric field bends with angle of 30
degrees confirming the Puncharatnam-Berry phase theory. It is worth noting
that for a right handed circularly polarized (RHCP) incident wave, transmitted

wave is a left handed circularly polarized (LHCP) and vice versa. To address the
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Figure 2.12: (a) Transmitted amplitude for the two main axes, (b) Transmitted

phase for the two main axes [56].
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Figure 2.13: (a) Transmitted wave’s amplitude, (b) Transmitted wave’s phase

versus element’s rotation angle [56].
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Figure 2.14: The required phase shift for bending the transmitted wave with an
angle of 30 degrees. [56].
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Figure 2.15: Electric field distribution for (a) LHCP, (b) RHCP incident wave
[56].
difference between Fig. 2.15(a) and (b) we refer to the fact that for RHCP wave
the elements which rotate 6 degree in clockwise direction, produce -260 phase shift
while for LHCP wave these elements introduce 26 phase shift. This difference
causes that two waves with different polarizations to bend 30 degrees in different
directions.

Equation (2.6) has been used to achieve wave focusing. Figure 2.16(a) shows
22 elements of a metasurface lens for focusing purpose and Fig. 2.16(b) shows
the required phase shift for each element based on their distance to origin. Figure
2.16(c) shows the electric field distribution at 193.5THz which indicates a focused

wave.
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Figure 2.16: (a) A supercell of the metasurface lens, (b) required phase shift for
focusing, (c) electric field distribution of the focused wave [56].
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Figure 2.17: (a) An array of aperture antennas (b) produces hologram at the
first frequency, (¢) produced hologram at the second frequency [57].

One of the most complex wavefront shaping is creating a holographic image.
Amplitude, phase and polarization responses on an interface can be controlled
by metasurfaces which make computer-generated holograms, possible. Figure
2.17(a) shows an array of aperture antennas producing a spatially varying trans-
mission coefficient [57]. By designing the elements and adjusting their transmis-
sion amplitude, the metasurface is able to produce two different holograms at two
different frequencies. The metasurface created the word "META” at the wave-
length of 905nm shown in 2.17(b) and created the word ”CGH” at the wavelength
of 1385nm shown in 2.17(c) in the far field.

In another metasurface for imaging purpose, V-shape aperture antennas shown
in Fig. 2.18(a) have been used to create the desired amplitude and phase change
[58]. The transmission amplitude and phase of the elements have been adjusted

to produce a hologram with the word ”PURDUE” in the far field (Fig. 2.18(b)).
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Figure 2.18: (a) V-shape aperture antennas, (b) created hologram in the far

field [58].

2.3 Polarization conversion

The polarization state is an intrinsic property of electromagnetic waves. Some-
times, it is necessary to convert one polarization state to another one. For ex-
ample, one of the methods to make a linear polarized wave resistant to variation
of environment and scattering is to convert it to a circular polarized wave. Re-
cently, polarization conversion utilizing metasurfaces due to their flexibility and

low profile has attracted much interest [45].
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2.3.1 Polarization conversion from linear to circular

Figures 2.19(a) and (b) show a metasurface for polarization conversion from linear
to circular [59]. Elements of the metasurface consist of two sub cells at a distance
of d from each other. The two sub cells produce two transmitted waves with
equal amplitude and the same polarization but with the phase difference of 90
degrees as a result of the offset d. The sum of these two waves will give rise to a
circularly polarized wave. The polarizer based on metasurface converts linear to
circular polarization with an efficiency of 97% and bandwidth from 5 to 12 pm

as shown in Fig. 2.19(c).
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Figure 2.19: A metasurface consisting of two sub cells for linear to circular polar-
ization conversion (a) 3-D view, (b) top view, (c) degree of circular polarization

and beam intensity of the circularly polarized transmitted wave [59].
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2.3.2 Linear polarization rotation

Figure 2.20(a) shows an array of cut-wires on the top of a dielectric polyimide sub-
strate backed by a ground plane for linear polarization rotation for the reflected
wave purpose [60]. If a plane wave with linear polarization in the z direction
impinges to the structure, a linearly polarized wave in the y direction will be
reflected. Figure 2.20(b) shows the reflected amplitude for the co and cross po-
larized wave versus frequency. It indicates polarization rotation of the incident

wave is achieved over a broad bandwidth and with high efficiency.

I . L] o |
cross-polarization

co-polarization

0.4 0.8 12 16 20
Fraquency (THz)

(b)

Figure 2.20: (a) Array of cut-wires, (b) reflected amplitude for co and cross
polarized wave versus frequency [60].

Linear polarization rotation in transmission mode is another interesting appli-
cation [45]. Figure 2.21(a) shows an element of a metasurface for linear polariza-
tion conversion in transmission mode [61]. It consists of an array of asymmetric

split-ring resonators (ASRRs) on the top plane for polarization conversion and an
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Figure 2.21: (a) An element of a metasurface as a polarization converter, (b)
transmitted coefficient for co and cross polarized wave versus frequency [61].

array of S shaped resonators (SR) in the bottom plane for polarization selection.
The ASRR makes the impinging y-polarized wave to induce currents and creates
electric dipoles in the y-direction, which in turn provides both the z- and y po-
larized electric fields. The SR has a resonance frequency the same as the ASRR
for z-polarized waves, which allows only the y-polarized waves to pass through
and blocks the z-polarized waves. It can be observed from Fig. 2.21(b) that the
transmission coefficient of the z polarized wave is t,, = 0.48 with polarization

conversion ratio of (PCR) = 97.7%.
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2.4 Scattering manipulation and cloaking

Recently, cloaking has attracted many researchers’ interest and a lot of investiga-
tions have been performed to decrease the visibility of objects [62]- [66]. In [20],
a cover constructed of metamaterials has been utilized to cloak the considered
object. The cover guides the impinging wave around the object and avoids any
interaction of the wave with the covered object; therefore, scattering from the
object will significantly reduce [67]. In this method, using transformation optics
theory, objects with any dimension, shape and of any material can be cloaked [68].
Reported results for various structures prove the feasibility of this technique [22].
However, a cover of inhomogeneous and anisotropic metamaterial is not easily
realizable, so they are not good candidates in practice [69], [70].

Another technique is plasmonic cloaking which is based on scattering cancel-
lation method. In this method, introduced in [71], a thick cover consisting of
materials with near zero or negative relative permittivity coats the object and an
anti-phase scattered field compared to the field scattered by the uncovered object
cancel each other and the object will become invisible [72]- [75]. The scattering
cancellation method can also be achieved by using ultra-thin metasurfaces. This
method is called mantle cloaking [76]. In this technique, an ultra-thin metasurface
covers the object. The scattered field of the metasurface which is caused by an in-
duced current and the field scattered by the object cancel out each other because
of their anti-phase electric field resulting in an invisible covered object [77]- [81].

In [82], a cylinder with a radius of 0.14 A and relative permittivity of €, = 4 has
been cloaked utilizing a metasurface based on graphene. To achieve invisibility
with a metasurface, it is necessary to write the electric field inside and outside
of the object and then apply boundary condition on the surface of the object to
obtain the required surface impedance of the metasurface. Figure 2.22(a) shows a
dielectric cylinder covered by the designed graphene metasurface which is exposed
to a T'M, polarized plane wave. The impinging wave propagates in the x direction

normal to the cylinder and the electric field is in the z direction. The electric
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field can be written as:
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Figure 2.22: (a) A dielectric cylinder covered by a metasurface (b) Scattering
width for the uncloaked and cloaked cylinders, (c) electric field distribution for
cloaked cylinder, (d) electric field distribution for uncloaked cylinder [82].

E' = 2Eyexp(—jpr) (2.11)

which can be written as an infinite sum of Bessel functions. [83]:

El=:Ey Y j " Ju(Bor)e™ (2.12)

n=—oo

The scattered field can be written as an infinite sum of Hankel functions [83]:

ES=%Ey Y j" Cp HP(Bor)el? (2.13)

The electric field outside the cylinder is the sum of the incident electric field

and scattered electric field. The electric field inside the object is:

E"=2Ey Y j andy(Br)e™? (2.14)

n=—oo

where J,, and H,?) are Bessel and Hankel function of the first kind and the second

26



kind, respectively. [, and S are propagation constant in the air and dielectric,

respectively. By applying the boundary conditions we have:

Ein = Loyt — E (215)

E =7, x (Hyw — Hiy) (2.16)

where F;,, Eo, Hiy, and H,,, are electric and magnetic fields inside and outside
the cylinder. Z; is the surface impedance of the metasurface based on graphene

patches. It can be calculated from eq. (2.17) [84]:

7 _ D . T
s os(D — g) ]Qweo(%)Dlncsc(%)

(2.17)

where D and ¢ are the periodicity and the gap size respectively, € is relative
permittivity of the cylinder and o, is the conductivity of graphene.

By applying boundary conditions, a matrix equation with unknown coeffi-
cients a,, and ¢, is obtained. The coefficients a,, and ¢,, can be achieved by solving
this matrix equation. In order to make the scattering of the object to be zero,
scattering coefficients ¢,, should be zero for all n. However, for the cylinders with
a radius much smaller than the wavelength, ¢ is the largest coefficient among all
other scattering coefficients and have much more contribution in producing the
scattered field of the object [83]. Therefore, if ¢y becomes zero, the scattering
of the object will be significantly reduced. By equating ¢y to zero, the required
surface impedance Z, versus frequency can be achieved. In the next step, the
size of the elements of the metasurface and also the graphene conductivity are
determined. In Fig. 2.22(b) scattering width (SW) of the uncloaked and cloaked
cylinders are shown. It can be observed that the scattering of the cloaked cylinder
at the centre frequency of 3 THz is much smaller than that of the uncloaked one.
Figure 2.22(c) and 2.22(d) show uncloaked and cloaked cylinders in presence of

incident electric field which indicates that the cloaked cylinder produces much
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Figure 2.23:  Conducting cylinders covered by different metasurfaces (a) cross
dipoles (b) Jerusalem crosses, (c) patch array [85].

.I.-

less perturbation compared to the uncloaked one. From these simulated results,
the proper performance of the designed covering metasurface is verified.

In [85], various kinds of metasurfaces have been introduced and their surface
impedances have been calculated. Figure 2.23 shows 3 different metasurfaces
which are placed on dielectric layers that cover the conducting cylinders. The
goal of covering the cylinders with these metasurfaces is reducing their scattering
and consequently, making them invisible. Figure 2.24 shows SW of the conducting
cylinders uncovered and covered by the metasurfaces introduced in Fig. 2.24. It
can be understood that cloaking the cylinders can be achieved with different kinds
of metasurfaces.

In [86], two layers of metasurfaces have been used in order to cloak a conduct-
ing cylinder for two modes of TE and T'M, simultaneously. Figure 2.25(a) shows
the cylinder covered by the two metasurfaces and Fig. 2.25(b) shows the radar
cross section (RCS) of the uncloaked and cloaked cylinders for both TE and T'M
modes. Good cloaking performance of the coating metasurfaces can be observed
for the two modes.

In [87], an inhomogeneous metasurface for the purpose of increasing cloaking
bandwidth has been used. In homogeneous metasurfaces, there is one plasma
resonance frequency which is dependent on the size and material of the elements.

To create another resonance frequencies, inhomogeneous metasurface with differ-
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Figure 2.24: SW of the Conducting uncloaked and cloaked cylinders covered by
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Solid line represents the analytical results and dashed line shows the simulation
results [85].
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Figure 2.25: (a) Conducting cylinder covered by two metasurfaces, (b) RCS of
the uncloaked and cloaked cylinders [86].
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Figure 2.27:  (a) the inhomogeneous metasurface consisting of graphene disks
with different sizes, (b) RCS of uncloaked and cloaked cylinders [87].

ent elements’ size can be used. Figure 2.26(a) shows a dielectric cylinder covered
by a homogeneous metasurface. Fig.2.26(b) illustrates RCS of the uncloaked and
cloaked cylinders for two temperatures (7' = 100K and 7' = 300K indicating one
resonance frequency for cloaking purpose at 40 THz. Figure 2.27(a) shows an
inhomogeneous metasurface consisting of graphene disks with different sizes and
Fig. 2.27(b) shows the RCS of the uncloaked and cloaked cylinders. Additional
resonances are observed by comparing Fig.2.26(b) and Fig. 2.27(b) resulting in
broadband cloaking.
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Chapter three



Graphene Based Metasurfaces

3.1 Introduction

Graphene as an ultrathin surface is modeled by a complex surface impedance
tensor [88], [89]. Suppose a graphene layer in (z,y) place in the free space.

Anisotropic model for conductivity of grapahene is expressed as [90]:

U(w, MC(E()), F, T7 BO) =1z Ozx + :i”g O-acy + QC(AJ ny + QQ Uyy (31)

where w is the angular frequency, I' is the scattering rate showing losss, T is the
temperature, u. is the chemical potential, Ej is electric bias and By is the mag-
netic bias. Generally, scattering rate can be a function of frequency, temperature
and field 's strength. Chemical potential relating to electrical charge density can
be controlled by doping or applying bias voltage. Note that, in eq. 3.1, 05, = 0y

and 0,y = —0y,. Therefore, it can be written as:
O'(W,ILLC<E0),F,T, Bo) = O'dI"—O'(]J (32)
where o4 and o( are diagonal and off diagonal conductivities, respectively. I =

2T+ yy and J = 2y — Yy are symmetrical and asymmetrical diads, respectively.

o4 and oy is obtained from Kubo formula [91]:
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1

where nf(E) — Ttexpl(e—pe)/(KpT

) is Fermi-Dirac distribution and vy = 10° m/s is
Fermi velocity.

In the following, it is supposed that there is no magnetic bias field (By = 0).
Therefore, according to eq. (3.4), asymmetrical conductivity terms will be omit-
ted and symmetrical terms which are independent of magnetic bias will remain.
So, graphene operates as an isotropic material.

In eq. (3.3), the first term relates to in-band contribution and the second term
relates to out of band transition. The first term has analytically been obtained

as follows [92]:

Kpe?T [ W

inra:_. ; < 21 _% 1 3.5
Oint ]whz(w—Z]T‘l) 2in(e T A1) (3:5)

KgT
the formula has a Drude model form illustrating free electrons’ behavior. Kp is
the Boltzmann's constant and e is the electron charge.

The second term can not analytically be achieved, but if KgT << pu. and

KpT << hw, an approximate expression has been obtained in [93] as follows:

jet 2l — (w—jrH)h
Ointer = hl( .
dmh 2| pe| + (w — g A

(3.6)

Figures 3.1(a) and 3.1(b) show the real and imaginary parts of the conduc-
tivity of graphene versus frequency. Variation of the conductivity with frequency

and chemical potential of graphene can be seen [94].
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Figure 3.1: (a) Real part, (b) imaginary part of conductivity of graphene versus
frequency [94].

3.2 Applications of graphene in metasurfaces

Excellent mechanical characteristics and controllable density of charge carriers
in graphene, make it a good candidate for designing tunable and controllable
metasurfaces. Graphene has a very controllable optical conductivity in terahertz
and middle infrared frequencies. By changing the applied bias voltage of the
graphene, surface conductivity and as a result, the permittivity of graphene can
be adjusted. Resonance frequency of metasurfaces will be tuned with adjusting
surface conductivity of the graphene [95].

In [96], a graphene metasurface was used for phase modulation. The structure
of the considered metasurface is shown in Fig. 3.2(a) which consists of two
dielectric layers (Si and Sioy) and a square patch array of aluminum on the top
of the substrates. A graphene layer is positioned on the patches. By changing
the frequency, the conductivity of graphene will change leading to variation in

the reflected phase of the metasurface. It can be understood from Fig. 3.2(b),
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Figure 3.2: (a) Structure of a graphene metasurface for phase modulation, (b)
Reflected phase of the metasurface versus frequency for different bias voltage [96].

=

bt
oo

e
o

<
s

——Ef=0.2eV
—— Ef=0.4eV
——Ef=0.6eV

<
o

Transmission Amplitude

e
=]

40

10 20 30
Frequency (THz)

Figure 3.3:  (a) Structure of a graphene metasurface consisting of split ring
resonator, (b) Transmitted amplitude of the metasurface versus frequency for
different Fermi levels [97].

that £180 degree-phase modulation has been achieved.

In [97], by putting an array of split ring resonators based on graphene as a
metasurface on the top of dielectric substrates (Si and SiOs), controllable trans-
mitted wave has been achieved with different applied bias voltages. Figure 3.3(a)
shows an element of the proposed metasurface. The amplitude of the transmitted
wave versus frequency is shown in Fig.3.3(b) for different Fermi levels of graphene.
It can be observed that by changing the Fermi level of the graphene, the reso-
nance frequency and minimum transmitted amplitude will vary. The introduced
metasurface has been designed for sensing applications.

In [98], controllable wave bending with the desired angle has been achieved us-
ing an anisotropic metasurface based on graphene. By changing the bias voltage

applied to the graphene, the resonance frequency of the metasurface will change.
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Figure 3.4: Anisotropic metasurface for wave refraction [98]

Therefore, different refraction of the electromagnetic wave can be achieved for
different frequencies. Figure 3.4 shows the metasurface designed for wave refrac-
tion and Fig. 3.5(a) and Fig. 3.5(b) show transmitted bending waves for 14THz
and 16THz, respectively. According to eq. (2.5), the bending angle is not the
same for different frequencies. From Fig. 3.5(a) and Fig. 3.5(b), it can be seen
that bending angle at 14THz is 49 degrees and at 16THz is 42.8 degrees.

In [99], an element of a metasurface consisting of gold and graphene patches
has been designed as an absorber. Position of the gold and graphene patches
and also the chemical potential of the graphene have been optimized to achieve
maximum absorption bandwidth. Figure 3.6(a) shows the element of metasurface
absorber and 3.6(b) illustrates the absorption curve versus frequency for differ-
ent chemical potential of graphene. It indicates that for the optimized element,
1.95THz bandwidth has been achieved.

In [100], a nonreciprocal isolator has been designed, fabricated and tested us-
ing a metasurface based on graphene biased with a magnetic field. As mentioned
in the introduction of this chapter, if graphene has a magnetic field bias, the
off-diagonal elements of the conductivity matrix, will not be zero. For a right
handed and left handed circularly polarized wave, conductivity of graphene is
Ocw = 04+ J0, and Oeey = 04 — jo,, respectively. This conductivity difference
for the right handed and left handed waves makes magnetized graphene a good
choice for designing nonreciprocal devices for circular polarization.

Figure 3.7(a), shows the structure of the proposed nonreciprocal isolator based
on a magnetized graphene for circularly polarized incident wave. Three graphene

layers separated by polymethyl methacrylate are on Si substrate backed by a
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Figure 3.5: Transmitted bending wave at (a) 14THz and (b) 16THz [98].

ground plane. The goal of designing the metasurface illustrated in Figure 3.7(a)
is that the right handed circularly polarized incident wave reflects as a left handed
circularly polarized wave, while the left handed circularly polarized incident wave
is absorbed by the metasurface and does not reflect. In this way, the structure
operates as a nonreciprocal isolator. Figure 3.7(b) shows the reflection coefficient
for both right handed and left handed circularly polarized impinging wave versus
frequency. It can be noticed that at 2.9THz the left handed wave is reflected and
the right handed wave is not reflected. At 7.8THz it is vice versa.

In [101], a metasurface consisting of two graphene layers and two dielectric
layers for focusing the reflected wave at two frequencies has been introduced. The
chemical potential of the graphene in each layer has been optimized to focus the

reflected wave at the two desired frequencies. Figure 3.8 shows the dual layer
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Figure 3.6: (a) An element of a metasurface with gold and graphene patch array
on top of a substrate backed by a ground plane, (b) Absorption curves versus
frequency for different Fermi levels [99].

metasurface. Figure 3.9 shows the amplitude and phase of the reflected wave
versus size of graphene ribbons in the bottom layer at (a) 16THz and in the top
layer at (b) 25THz. It indicates a well reflected amplitude for the considered size
of the ribbons and 360 degrees reflected phase shift can be achieved. Figure 3.10
shows electric field distribution at (a) 16THz and (b) 25THz. It can be seen that

the reflected wave has been focused at the two considered frequencies.

38



o

&
2
- =5
[
=
210
3
e -15
ﬁ — T, (CCW case)
= -2 — Tg,, (CW case)
o

=25

2 4 6 8 10

Frequency (THz)

(a)

Figure 3.7: (a) Nonreciprocal metasurface element, (b) Reflection coefficient of
circularly polarized waves [100].
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Figure 3.8: The structure of dual layer dual band metasurface lens [101]
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Figure 3.10: Electric field distribution at (a)16THz and (b)25THz [101].

In [102], the design of a sinusoidally modulated graphene based leaky-wave
antenna with beam scanning capabilities at a fixed frequency has been proposed.
The antenna is composed of a graphene sheet transferred onto a back-metalized
substrate and a set of polysilicon DC gating pads located beneath it as shown
in Fig. 3.11. In order to generate a leaky-mode, the graphene surface reactance
is sinusoidally modulated via changing the surface impedance of the graphene
by applying different DC bias voltages to the different gating pads. Figure 3.12,
depicts the relationship between the bias voltage and the graphene reactance.
Depending on the number of the pads, different scanning beam angles can be
obtained. The main beam angle can be dynamically controlled by adjusting
the applied bias voltages to the different pads. Figure 3.13 shows the radiation
pattern of the designed leaky wave antenna at 2 THz for different numbers of the
pads. It is proved that the radiation pattern of the antenna is able to scan a large

angle at a fixed frequency.
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Figure 3.11: The structure of sinusoidally modulated graphene based leaky-wave
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Figure 3.12: Reactance of the graphene versus bias voltage [102].
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Figure 3.13: The radiation pattern of the designed leaky wave antenna at 2 THz

for different numbers of the pads [102].
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Chapter four



Designing Graphene Based
Metasurfaces for Scattering

Manipulation of Electromagnetic

Wave

4.1 Cloaking and scattering manipulation

4.1.1 Introduction

Cloaking has attracted great interest in recent years [68], [103]. Different tech-
niques have been introduced to achieve cloaking such as transformation op-
tics [20], [104], transmission line method [105], [106], carpet cloaking [107], [108]
and plasmonic cloaking [109], [110]. Mantle cloaking based on the scattering can-
cellation method is one of the most important methods showing a remarkable
performance and comfortable fabrication [111], [112]. In this method, the object
is covered by a very thin metasurface which produces an anti phase field and
therefore cancels the scattering from the object [113].

The majority of researches related to mantle cloaking has been carried out
with consideration of a T'M, polarized normal incident plane wave as an incident
wave. This is because the normal incidence situation is simpler than oblique

one and T'M, polarized plane wave produces more scattering than T'F, polarized
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wave, when illuminates on a cylinder [114]. However, in some applications the
cylinder is exposed to an oblique incidence or a T'E, polarized impinging wave
whose scattering can not be neglected. In section. 4.1.2, mantle cloaking of a
dielectric cylinder under the illumination of 7'M, polarized oblique incidence is
investigated. There is no any closed form expression for the required surface
impedance to achieve invisibility of a cylinder under the illumination for oblique
incidence in the literature.

The required surface impedance to obtain this purpose for arbitrary incident
angles is derived in this section. Graphene monolayer is utilized as a covering
metasurface to realize the required surface impedance because of its tunability
characteristics [115]. The analytical and simulation results related to finite and
infinite cylinders agree very well. They show significant scattering reduction of
the cylinders under illumination of oblique incident waves. Furthermore, it is
illustrated that by adjusting the chemical potential of graphene, the designed
graphene monolayer is able to cloak the considered cylinder for different desired
incident angles. In section 4.1.2 dual polarized metasurface based mantle cloak
is designed to cloak a dielectric cylinder under illumination of T'E, and T'M,
polarized plane waves. Graphene strips are proposed to cover the cylinder. By
optimizing the structure and graphene characteristics, a good reduction for radar
cross section (RCS) of the cylinder illuminated by TE, and T'M, and also circu-
larly polarized plane wave is achieved. Tunable dual polarized mantle cloaking is
obtained by adjusting the surface impedance of the graphene based metasurface
with applying different bias voltages.

Other scattering manipulation of objects, can also be achieved by a metasur-
face. For example, the scattered field of a cylinder can be transformed into that
of another cylinder by designing a metasurface with proper surface impedance.
In section 4.1.3 it is supposed to transform the scattered field of a dielectric cylin-
der to one of another cylinder with the same material but different radius. This
purpose can be achieved by covering the given cylinder with properly designed

metasurface. The surface impedance of the metasurface is obtained by equating
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the scattering coefficients of the covered and target cylinders. Scattering manip-
ulation for a conducting cylinder can also be achieved with this method, but in
this case, a dielectric layer should be placed between the conducting cylinder and

the metasurface in order to avoid short circuit [?].

4.1.2 Mantle cloaking of dielectric cylinder under illumi-

nation of T'M, polarized oblique incidence

Oblique incidence assumption for obtaining the required surface impedance

of the metasurface

Figure 4.1 shows a dielectric cylinder with radius a and relative permittivity of €
covered by a graphene metasurface. It is supposed that a TM, polarized plane
wave obliquely incidents to the cylinder with angle of 6; relative to the z axes.

The electric field of the incident field (E?) can be written as follows:

E' = Ey(& cos 0; + 2 sin ;)¢ Polwsinbi=zcos i) (4.1)

For applying the first boundary condition (Continuity of tangential electric
field) it is necessary to know the z component of the incident electric field, scat-
tered electric field (E*) and the electric field inside the cylinder (E™). A plane
wave can be expressed in terms of cylindrical wave functions using the relation

which was derived in [83] as follows:

eI = Z j’”Jn(607“)674"‘15 (4.2)

n=—oo

where J,, is Bessel function of the first kind. Therefore, (E!) and (E) are written

as the sum of infinite Bessel functions:

B! = Eysin 0070700 % 70, (Byr sin 0;)e" (43)

n=—oo
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Figure 4.1: Dielectric cylinder under illumination of oblique incidence.

B = Eysinty 070 3 7 any (Br sinby)e™? (44)

where 6, is the angle that the incident wave enters the cylinder. The z component
of the scattered electric field (E*) can be written as an infinite sum of Hankel

functions [83].

E; = Eysin b e(~Bozcosbs) Z j_”anff) (Bor sin 0,)el™? (4.5)

n=—oo

where By and ( are the propagation constants in the air and in the object. P
is Hankel function of the second type. a, and ¢, are unknown coefficients which
can be determined by applying boundary conditions. The boundary condition

related to the continuity of tangential electric field at the metasurface is:

E'+FE:=FE"atr=a (4.6)

which gives:
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o0

sin 6; Z Jn(Boa sin 6;)+sin 6; Z anff)(ﬁoasinQi) = sin 6y Z apJn(Basin by)

(4.7)

phase matching gives:

Oy =7 —0;,0, =sin! \/1 - (% cos 6;)? (4.8)

The boundary condition which relates the tangential electric and magnetic
fields to the surface impedance of the metasurface can be written in a tensorial

form, as follows:

P x B™ =Z4 x (H'+ H — H™) = Z,J, (4.9)

where H denotes the magnetic field, J; is the current density at the surface and
?5 is the surface impedance tensor of the metasurface [114]. Equation 4.9 can be

written as a matrix equation as follows:

7= 77| | E.
= (4.10)
795 790\ | J, E,

In the case of normal incidence, the electric field has just the z component,
and by neglecting cross polarization coupling, the surface impedance (Z,) can be
considered as a scalar quantity while for oblique incidence the matrix equation
(4.10) transforms into two scalar equations. The level of cross polarization cou-
pling for oblique incidence is higher than that for normal incidence. However,
utilizing a simple homogeneous metasurface, the cross polarized coupling can be
reduced [116], and therefore the off-diagonal elements of the surface impedance
matrix will be neglected, i.e. Z?% = Z% = 0. As a consequence, matrix Eq.

(4.10) will be expressed as two scalar equations as follows:
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7], = E, (4.11)

and

7% J, = E, (4.12)

Equation (4.11) is similar to the boundary condition for normal incidence and
the other equation is the result of supposing anisotropic metasurface. Both ZZ*
and Z?? should be determined in order to design the metasurface for achieving
the purpose of mantle cloaking of a dielectric cylinder under oblique illumination

of T M, polarized wave. Equation (4.11) leads to:

El =7 (H,+ H; — HJ") (4.13)

With relation between E, and H, [83]:

1 E
Jwpsing Or
So eq. (4.11) results in:
o0 ZZZ o0 o0
sinfy Y AnJu(Basinb,) = j;u[ﬁo > T (Boasin6:)+5y > CoHP (Boasinb,)

-8 AL (Basin®y)] (4.15)
On the other hand, eq. (4.12) gives:

Ey =27 (H,+ H; — H.") (4.16)

The z component of the magnetic field is zero because of assuming 7'M,
polarized incident wave (H,=0). So, the right hand of eq. (4.16) is zero. The left

side of the equation Egn) is:

: P — :
Eg,n) _ ]EO COB 2635200592 E nj_”Haan(BT sin 02)6]71(75 (417)
T

n=—oo
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Because mantle cloaking of a cylinder with small radius is under investigation
(Ba < o), the first harmonic (n = 0) has much higher contribution in the
scattered field of the cylinder than the others; therefore, higher order harmonics
of the scattering field can be neglected [117]. For n = 0, it gives E}* = 0, so Eq.
(4.16) is true for every Z¢¢. For simplicity, it is considered that Z¢¢ is equal to

Z% indicating an isotropic metasurface, then we have:

79 = 77 = 7, (4.18)

By solving Egs. (4.7) and (4.15) the following matrix equation is obtained:

—sinby Y J,(Basinby) sin6; 3" HP (Boasin 6,)

S JH(Basinfy) —-Ze > H)! (Boa sin 6)

T jop sm@

sinfy Y J,(Basinby) +

]w,u sin 02

—siné; > J,(Boasinb;)

- , : 419
jilsme > J! (Boasin ;) (4.19)
and ¢, is achieved by:
—sinéy > J,(Lasinby) —siné; > J,(foasinb;)

sinfy > J,(Lasinby) + qu Sm92 > J! (Basin Oy) Ji“u g 2 In(Boasinb;)
c, =
) A

(4.20)

where A is the 2 X 2 matrix in eq. (4.19). As it was mentioned, we investigate
a small-radius cylinder so the first harmonic of the scattering field has the most
important role in the scattered field. Therefore, by equating ¢y to 0, the scattering

of the object will significantly be reduced. Equating ¢y to 0 Z; is obtained as:

Jno sin 6; sin 05 Jo(Soa sin 6;) Jo(Sa sin Os)

Ve sinb; Jo(Boasin ;) Ji(Basinby) — sin Oy Jo(Basin b2) 1 (Boa sin b;)
(4.21)

Ls =
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where 7 is the intrinsic impedance of the air. The covering metasurface should
have a surface impedance as calculated in eq. (4.21) to cloak a dielectric cylinder
with dielectric constant of € and radius of a which is obliquely illuminated by a
T M, polarized wave with incident angle of 8;. Graphene monolayer is proposed
as a covering metasurface to make the cylinder undetectable. The reason of
choosing graphene metasurface is its simplicity. It is isotropic and homogeneous
which leads to a lower cross polarization according to [109]. It is also tunable
which means by applying different bias voltages it is possible to achieve tunable
cloaking [91]. Kubo formula models the graphene conductivity which is a sum of

interband and intraband terms [92]:

intra — T : 21 KpT 1 4.22
Oint jﬂ'hg(w _ 2]7—_1> (KBT + 11(6 Bt + )) ( )

. 9 .1
je 2pe| — (w =g~ H)h
inter — 1 : 4.23
Tint Arh (2]uc| + (w—gr=Hh (423)

where Kp is Boltzmanns constant, 7" is the temperature, e is the electron charge,
e is the chemical potential, 7 is the relaxation time and A is the reduced Planks
constant. Graphene characteristics should be chosen to achieve the required sur-

face impedance.

Results and discussions

Infinite cylinder

Scattering width of a cylinder can be written as ! [83]:

s|2
oy_p = lim 27r (‘H | ) (4.24)

r—00 |H|?
the total SW will be achieved by the integral over the whole space angle which

can be calculated calculated from the following equation [118]:

'We use H instead of E, because when r — oo the magnetic field has just one component
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1
72(T) = 1= / o> A0 (4.25)

The expression for the total SW o9_p(T') of a cylinder which is illuminated

by T'M, polarized oblique incidence is obtained as follows:

4 oo
O'Q,D(T):Bosine. Z ’Cn‘2 (426)

It is supposed to cloak a dielectric cylinder with radius of a = 15um and
dielectric constant of € = 4 under illumination of a T'M, polarized plane wave.
Two centre frequencies of 1 and 1.5 THz and two incident angles of 45° and
60° are investigated to show the tunability of the designed graphene metasurface
regarding to frequency and incident angle. The radius of the cylinder at 1 THz is
;‘—8 which satisfies small radius condition required for the approximation used in
analytical derivation. According to eq. (4.21) the required surface impedance for
incident angle of 45° is 673 €2 at 1 THz and 449j Q2 at 1.5 THz and for incident
angle 60° is 692j 2 at 1 THz and 461j €2 at 1.5 THz. To achieve the required values
for the surface impedance of graphene, its characteristics are chosen as: 7 =1 ps,
T = 300 K, p. for incident angle of 45° is 0.0775 eV at 1 THz and 0.179 eV at 1.5
THz and for incident angle of 60° is 0.0745 eV at 1 THz and 0.174 eV at 1.5 THz.
Figure 4.2 shows analytical and numerical results for SW of uncloaked and cloaked
cylinders obliquely illuminated by a T'M, polarized incidence wave with incident
angles of 45° and 60°. Numerical results are achieved by simulation with CST
Microwave Studio commercial software [119] and analytical results are obtained
by applying (4.26). The result indicates a significant reduction of scattering of
the covered cylinder with the designed graphene metasurface. Moreover, it can
be concluded that by adjusting the chemical potential of graphene, cloaking will
be achieved for different frequencies and different incident angles. It can also be
seen that simulation results agree with analytical ones.

Figure 4.3 shows the SW reduction (the ratio of total SW of the coated cylinder
to that of the bare cylinder) - in dB - for different incident angles at 1 THz.
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Figure 4.2: Scattering width of the bare and cloaked cylinders for the incident
angle of (a) 45° and (b) 60°.

Looking at the curves in figure 4.3, it is understood that for incident angles
near to the normal incidence 90°, the SW reduction is more than that for the
smaller incident angles. The most important reason is the cross-polarized mutual
coupling which has a higher level for the small incident angles. Comparison
between Figs. 4.2(a) and 4.2(b) also proves this claim. For the incident angle of
60°, SW reduction from analytical and simulation calculations is almost the same,
while for the incident angle of 45° there is about 6dB difference between analytical
and simulation results. The reason is that in simulation, the mutual coupling is
considered, however in the analytical formulation it is not. Another reason is

neglecting Ej for cylinders with small radii. In the formula of Ej, there is a
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Figure 4.3: Scattering width reduction for different incident angles.

factor cot 6 as in Efz)” in Eq. (4.17) which is higher for smaller angles. Therefore,
considering this field as zero, has more effect on the accuracy of smaller angles.

It is worth noting that, the required surface impedances are purely imaginary,
while graphene has some losses described by a small real part of the surface
impedance. However, the real part is much smaller compared to the imaginary
part. For instance, the surface impedance of the graphene at 1 THz to achieve
invisibility for the incident angle of 45° is (106.6 + j672.7) Q. Increasing the
relaxation time of the graphene leads to a lower loss and as a consequence, to a
higher SW reduction [120]. But we continue our investigation with a relaxation
time of 1 ps because of fabrication difficulties which raise with higher values of 7.

In [121], Foster’s theorem has been referred which indicates that the reac-
tance of any passive element will increase with frequency. However the required
reactance of the covering metasurface to achieve cloaking of a dielectric cylin-
der decreases with frequency which results in a narrow bandwidth cloaking. In
the above mentioned reference, non-foster dispersion has been realized using an
active metasurface with lumped elements resulting in an invisibility with broad
bandwidth.

Distribution of the electric fields for the uncloaked and cloaked cylinders with
the radius of 30um (Ag/10) is depicted in Fig. 4.4 for incident angles of 30° and
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Figure 4.4: Electric field distribution for the (a) uncloaked and (b) cloaked cylin-
ders with the incident angle of 30° and (c) uncloaked and (d) cloaked cylinders
with the incident angle of 45°

45°. It indicates that the impinging plane wave passes the cloaked cylinder with
very low perturbation while the incident wave will not remain a plane wave after

passing the uncloaked cylinder.

Finite cylinder

The eq. (4.21) has been achieved for an infinite cylinder. However, it will
be shown that the closed form expression can also be used for a finite cylinder
by applying further optimization. In this section, a finite dielectric cylinder with
height of h = 240 pym and radius of a = 30um and € = 4 is investigated. The
cylinder is obliquely illuminated by a T'M, polarized wave with the incident angle
of 45° and 80°. The considered cylinder is covered with an optimized graphene
monolayer to achieve invisibility for oblique incidence. There is not any exact
formula for 3-D RCS in the literature, but in [83], [122], an approximate formula
which relates the 3-D RCS to the 2-D SW is presented:

2h?

O3_p ~ Og_ D sin? 6; (4.27)
0
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Figure 4.5: Total RCS of the bare and cloaked cylinders for the incident angle

of (a) 45° and (b) 80°.

RCS of the uncloaked and cloaked cylinders under the illumination of oblique
incidence with incident angles of 45° and 80° are calculated using eq. (4.27) and
the analytical results are compared with the simulation results showing acceptable
agreement. The results show a remarkable reduction in the total RCS of the
cloaked cylinders. Far-field RCS of the covered and uncovered cylinders under
oblique illumination of a T'M, polarized wave with incident angles of 45° and 80°
are presented in the polar system in Fig. 4.6. It indicates the RCS reduction
of the cloaked cylinder for the two considered incident angles for all observing
angles. The results are obtained by simulation with CST Microwave Studio and

HFSS [123]. The two results agree very well.
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Figure 4.6: Far field results for the RCS of the cylinder with the incident angle
of (a) and (b) 45° and (c) and (d) 80° in polar system for the observation angle
of (a) and (c) constant ¢ = 0° and (b) constant # = 45° and (d) constant § =
80°. Blue: Cloaked, Red: Uncloaked. Dashed line: CST, Solid line: HFSS

Another investigation has been done for a finite cylinder in this section. An
array of inclined cylinders with the radius of 30 um are placed in the aperture
of a horn antenna. The cylinders scatter the wave inside the antenna which
causes high reflection at the input of the horn antenna. This will also change
the radiation pattern of the antenna. To reduce the antenna’s blockage, The
cylinders are cloaked with an optimized graphene metasurfaces. Figure 4.7 shows
the amplitude of the reflection coefficient from the antenna in the presence of the
cloaked and uncloaked cylinders. The cylinders have (a) 60° and (b) 80° slop in
order to satisfy the oblique incidence condition. Huge reduction can be noticed in
the reflection coefficient of the horn antenna in the presence of cloaked cylinders

compared with uncloaked ones.
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Figure 4.7: Reflection amplitude of the horn in the presence of uncloaked and
cloaked cylinders with the slope of (a) 60° and (b) 80°
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4.1.3 Designing a tunable dual polarized mantle cloaking
utilizing graphene strips

A dielectric cylinder illuminated by TE and T'M polarized plane waves is shown
in Fig. 4.8. The goal is to design a tunable dual polarized mantle cloak based
on a graphene-strips metasurface. The tangential electric and magnetic fields for

the two considered polarizations are written as below:

=z Fy HX_:OOJ " J(Bor) €™ (4.28)

=2 E, nz_:ooj " (M) HP (Byr) ¢ (4.29)
E;,, =% E, n_zooj " aneray Jn(Br) end (4.30)
H; = 2 Hy nioo 3 Tu(Bor) €M (4.31)

H, =% H, n:iiooj” Cn(TE) Hff)(ﬂor) eine (4.32)
Hi, = % Hy nioo G anerry Jo(Br) e (4.33)

where J,, and H? are Bessel function of the first type and Hankel function
of the second type. By and [ are wave numbers in free space and in the cylinder.
Subscripts i, s and n represent incident, scattered and the field inside the object,

respectively. The relationships between electric and magnetic fields are [83]:

1 OB
H, = 4.34
s = (434

1 OH A(TE)
E = —— 4.35
H(TE) jwe  Or ( )
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Figure 4.8: Dielectric cylinder under T'E and T'M polarized illumination of inci-
dent waves

By applying boundary conditions, scattering coefficients for the T'E polariza-
tion ¢, (rg) and for the T'M polarization c,rar) can be achieved.

In [44], it was shown that different surface impedances are required to achieve
invisibility for simultaneous TE and T'M polarizations, therefore an isotropic
metasurface is not able to cloak a dielectric cylinder for both polarizations. In-
stead, an anisotropic metasurface should cover the cylinder so that it is possible
to design the surface impedance for each direction, independently. A tunable
anisotropic metasurface based on graphene strips is proposed to achieve the tun-
able dual polarized cloaking for the dielectric cylinder. Figure 4.9 shows the
structure of the introduced metasurface. Tensorial surface impedance for the

considered metasurface is [124]:

p
zz — s 4.36
z Z (4.36)
Zzz = Zs 249 (4.37)
P DPOc

Jweop g
= YOP 1 cse(TI 4.38
o - n cse( 2p> (4.38)
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Figure 4.9: (a) Structure of graphene strips, (b) A dielectric cylinder coated by
graphene strips.

where p and a are periodicity and width of the strips, respectively, g = p — a is
the gap distance between two strips and z; is the surface impedance of graphene.
The conductivity of graphene has been modeled by Kubo formula [92], which is
the sum of intra and inter parts.

Designing the considered metasurface includes the following steps:

1. Calculating the required surface impedance of the covering metasurface for
cloaking a dielectric cylinder which is normally illuminated by a T'M, polarized
wave (z,,) from eq. (4.39) [76]:

2y, = 2 (4.39)

~ ware(e, — 1)

where a; and €, are radius and dielectric constant of the cylinder, respectively.

2. Obtaining the required surface impedance of the metasurface for cloak-
ing a dielectric cylinder illuminated by T'E, polarized wave (z,,). Since closed
form expression for the required surface impedance has not been achieved in the
literature, this should be obtained by optimization.

3. Choosing the characteristics of graphene and calculating its surface impedance
(zs)-

4. Using eq. (4.36) to calculate the ratio of p/a.

5. Calculating o, using eq. (4.38).

6. The periodicity of the strips (p) can be calculated using eq. (4.37) and by

knowing the ratio of p/a ,strip width (a) will be obtained.
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Figure 4.10: The surface impedance tensor elements z,, and z,, for the optimized
parameters of the proposed structure.

The anisotropic metasurface has been designed to cloak a dielectric cylinder
with dielectric constant of €, = 4 and radius of a; = 10um under the illumination
of TE and T'M polarized plane waves at f. = 2.5THz. The obtained required
surface impedance for TE and TM polarizations are as follows: z,, = 234 jQ
and z,, = 404 j). The characteristics of graphene are chosen as follows: T =
300K, 7 = 1ps and pu. = 0.4eV which results in a graphene surface impedance
of z, = 7333.7€2. According to the proposed procedure, p=24um and a=19.2um
are obtained. The number of strips which cover the cylinder should be integer
so further optimization is needed for this design. Optimized z,, and z.. are
plotted in Fig. 4.10. They indicate that the required values are achieved with
this structure at 2.5THz.

RCSs of the bare and coated cylinders are shown in Fig. 4.11 which indicates
a simultaneous scattering decrease for both 7'M and T'F polarizations at 2.5THz.
It can also be observed that the level of scattering reduction for the incident wave
with 7'M, polarization is much more than that of the T E, polarization. According
to [114], the scattering coefficient of the first harmonic is much larger than that
of the other of harmonics and by equating it to zero, a great RCS decrease will be

achieved, while for the T E polarization, the three first harmonics have the same
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Figure 4.11: RCS of uncloaked and cloaked cylinders with anisotropic metasur-
face for (a) T'M polarized incident wave and (b) T'E polarized incident wave.
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Figure 4.12: RCS of the cloaked cylinders for different amounts of the relaxation
time of graphene for (a) TM, (b) T'E polarizations.

order of magnitude.

Effect of the relaxation time of graphene on the cloaking performance has been
studied. Figure 4.12 shows the RCS of the cloaked cylinder for different relaxation
times of graphene for T'F and T'M polarizations. It reveals that higher relaxation
time results in better cloaking performance and lower RCS of the cylinder for
both polarizations. The reason is that higher relaxation time leads to lower loss
of graphene.

Figure 4.13 shows that by adjusting the chemical potential of graphene, cloak-
ing frequency can be tuned. It is illustrated that by changing the chemical poten-
tial to 0.25eV and 0.55eV the cloaking frequency shifts to 2.1THz and 2.8THz,
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Figure 4.13: RCS of uncloaked and cloaked cylinders with anisotropic metasur-
face for TM and TE polarizations with the chemical potential of (a) 0.25eV and
(b) 0.55eV.

respectively. Figure 4.14 shows electric field distribution for the uncloaked and
cloaked cylinders under illumination of T'E and T'M polarized plane waves. It
can be seen that for both polarizations, the plane wave passes the cloaked cylin-
ders with a small perturbation. Figure 4.15 shows distribution of the electric field
at 2.1THz and 2.8THz for cloaked cylinders under illumination of TE and T'M
polarizations. It indicates that the incident waves can be considered as plane
waves after passing the cylinders which means the scattering from the cylinders
can be neglected at these frequencies.

RCS results in polar system for T'M polarization in ¢ = 0° plane and TE
polarization in € = 0° plane obtained by CST and HFSS are shown in Fig. 4.16.
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(c) ()

Figure 4.14:  Electric field distribution for the (a) uncloaked and (b) cloaked
cylinders for TM polarization and (c¢) uncloaked and (d) cloaked cylinders for
TFE polarization.

(c) ()

Figure 4.15:  Electric field distribution for the cloaked cylinders for (a) and (b)
TM polarization, (¢) and (d) TE polarization. (a) and (c¢) at 2.1THz, (b) and
(d) at 2.8THz.

66



Figure 4.16: Polar plot of RCS related to cloaked and uncloaked cylinders for (a)
T'M polarized incident wave in ¢ = 0° plane and for (b) T'E polarized incident
wave in # = 0° plane. Blue: uncloaked, Red: cloaked, Dashed line: CST, Solid
line: HF'SS.
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Figure 4.17:  RCS of cloaked and uncloaked cylinders under illumination of
circular polarized waves.
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Figure 4.18: RCS of cloaked and uncloaked cylinders under the illumination of
circularly polarized waves.

It illustrates the RCS reduction for every observation angle in both polarizations.

Furthermore, good agreement is observed between CST and HFSS results.
Figure 4.17 shows the RCS reduction of the cloaked cylinder at 2.5THz under

the illumination of a circularly polarized incident wave which is a combination of

TE and T'M polarized waves. Figure 4.18 depicts the tunability of the designed

mantle cloak for circular polarization.

4.1.4 Scattering manipulation of dielectric and conduct-
ing cylinders under illumination of 7'M, polarized
plane waves

The analytical Investigation of the problem for a dielectric cylinder

Our goal is to transform the scattering property of a dielectric cylinder by covering
it with a properly designed metasurface, to one of another dielectric cylinder with
the same dielectric constant but different radius. Figure 4.19 shows the principle
of the considered goal. The given dielectric cylinder, the covered one and target
one are shown in Fig. 4.19(a), (b) and (c), respectively. The cylinders are illumi-

nated by a plane wave with T'M, polarization. For tunability purposes, graphene
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Figure 4.19: Structures of (a) given, (b) coated and (c) target dielectric cylinders.

is considered as the covering metasurface. However, a graphene monolayer can
not satisfy the considered goal, because as it will be shown, for achieving this pur-
pose, both inductive and capacitive surface reactances are needed, while graphene
is inductive in THz regime. Therefore, a nanostructured graphene metasurface is
considered to cover the cylinder to achieve scattering manipulation, as its surface
reactance has both inductive and capacitive [84]. The scattering width of the
covered cylinder should be equal to that of the target one in order to have the
same scattering properties.

In the first step, the target cylinder with a radius of a; = 7um under illumi-
nation of a T'M, polarized plane wave is investigated. The electric field of the

incident wave can be written as follows:

Ei=%Ey Y j " Ju(Bor) e (4.40)

n=—oo

The scattered field is written as:
E,=2Ey Y j"co HP(Bor) & (4.41)

The electric field inside the object is expressed as:
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Epn=2Ey Y j"ay Jo(Br) e (4.42)

n=—oo

The continuity of tangential electric and magnetic fields is applied at r = a;.

E!=FE? (4.43)
H, = H; (4.44)

where apex 1 and 2 correspond to the air and the cylinder, respectively. Scattered
electric field and the electric field inside the cylinder for the covered cylinder
with the radius of 7 = as are the same as (4.41) and (4.42) but with a], and ¢,
coefficients. The boundary condition of tangential electric field’s continuity and
tangential magnetic field’s discontinuity as the result of assuming the covering

metasurface is applied at r = a».

E! = FE? (4.45)
Zs (H, — H}) = E, (4.46)

where Z, is the surface impedance of the nanostructured graphene metasur-

face. By solving the boundary condition equations, scattering coefficients for the

/
n

target cylinder (¢,) and for the coated cylinder () is obtained as :

Jn(Bar) T, ((Boar) — veTu(Boar) 5, ((Bar)

= 4.47
T e Ban) H (o) — Juan) B ((Boan) o
/ Ze- ], (Bas) J} (Boas) — Ju(Boas) (Ju(Bas) + 2.7, (Bas))
Cn = @y @ Z (4.48)
— s n(Baz) Hi™ (Boaz) + Hu™ (Boas) (Ju(Baz) + 5T, ((Baz))

where 79 and 7 represent the Intrinsic impedances in the air and in the cylinder.
It is assumed that the cylinders have small radius so the scattering coefficient of

the first harmonic is much larger than that of the others.
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the scattering coefficients for the first harmonic are achieved as follows:

7(foar)*(1 — )

_ 4.49
o=/ 2¢(Boar)?*In(Boar) + 4 )
VA —1)—2y
oo m(wZyeo (e | ) —25) (4.50)
ﬁ + 41n(Boaz) + 2jZsweoeaz In(Byaz)

Therefore to transform the SW of a cylinder to one of another it is enough
to equate ¢g to co/. By solving this equation, the required surface impedance to

achieve scattering manipulation for the dielectric cylinder is obtained as follows:

g _ —2wpas[(Boar)*(eln (51) + In (Boaz)) + 2]
T TR = O3B n (2) + 2(a3 — @)

(4.51)

The analytical Investigation of the problem for a conducting cylinder

A conducting cylinder with a radius ao under the illumination of a 7'M, polarized
plane wave is shown in Fig. 4.20(a). The goal is to transform its SW to that of
another cylinder with a radius of a; as shown in Fig. 4.20(b). The purpose can
be achieved by covering the cylinder with a dielectric layer with the radius of a.
and a metasurface illustrated in Fig. 4.20(c). For the target cylinder, the electric
field for the incident and scattered waves are the same as equations (4.40) and
(4.41). For the covered cylinders, these fields are the same but electric field inside

the dielectric layer is :

E,, =% E, Z 37" (al, Ju(Br) + b, Ya(Br)) em? (4.52)

where J,, and Y,, are the Bessel functions of the first and second kind. By applying
boundary conditions at r = a; for the target cylinder and at r = a. for the
coated cylinders, the scattering coefficients for the two cylinders will be achieved

as follows:

—Jn(ﬂo(h)
HY (Boar)

Cp =

(4.53)
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Figure 4.20: Structures of (a) given, (b) coated and (c) target conducting cylin-
ders.

Jn(ﬁaﬂ) Zs é .
v ﬂaz)yn(ﬁac))(j?70 ! (Bote) — Jn(Boac)) — jn(J"(BO )

¢ = ((Jn(Bac) —

(I, (Bae)— 2B y) o (T (Bac) — 522V (Bac) ) (HA (Boae) — 2 HP (Boae))+

2 a 2 (Bac
Ze B (Boae) (J, (Bac) — SEEEEEe)) D) (4.54)

The first harmonic of these coefficients are:

-
“= ™ — 2] ln(ﬁoal) (455)
o rwpac[ZsBoa.(In(Ba.) + In(Bac) (e — 1))] + 2nen Z
o 4]7]028 ln(ﬂaﬂ) + ln(ﬁa2> ln(ﬁac)wﬂac[ZhIO + 2j€ZSBOac] - 4770("}/11@0 ln(ﬁ()ac) ln(ﬁaC)
(4.56)

Equating them, the required surface impedance is obtained as:

72



2770(*),“@0 11'1(2—;) [_2 hl(ﬂOCLc) + M]

—wpacSoa ] M In(Ba.) + In(Bag)(e — 1)) — 2eIn(Baz) In(Soac)] + 2n0(21In(Bay) — M)
(4.57)

Zs:j

where M = /72 + 4(In(Boay))?

Metasurface Design

Based on the results achieved for the required surface impedance, nanostructured
graphene metasurfaces are designed to cover the cylinders to change their scatter-
ing. The structure of the proposed graphene based metasurface is shown in Fig.

4.21. The surface impedance of the graphene nanopatches is calculated by [84]:

7 P , T
" o0 (P—yg) j2weo(%)PlnCSC(ﬂ)

2P
7

(4.58)

2

W
"
m
it

Figure 4.21: The structure of nanostructured graphene metasurface

Where € is the dielectric constant of the dielectric layer, P is the periodicity
of the graphene patches, g is the gap distance between the patches and o is the
surface conductivity of the graphene.

The goal is to change the scattering properties of a given dielectric cylinder
with radius of ay = 7 um and relative permittivity of ¢ = 4 into that of target

dielectric cylinders with the same material and the radii of a;=14 pm (case d;)
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and a;=3.5 um (case ds) at f=3 THz. A metasurface based on graphene patches
is designed for both cases with different chemical potentials. The required surface
impedances are achieved using the eq. (4.51) as Zs = —;517Q for the case d;
and Z, = j761€) for the case dy. Dimensions of the metasurface structure and
also, the characteristics of graphene are optimized to realize the required surface
impedances as follows: P=3.365 um, g=0.59 um, T=300 K and 7=1.5 ps, p. =
0.66 eV for the case d; and 0.14 eV for the case d».

As the next example, we tried to transform the SW of a conducting cylinder
with a radius of as = 9 pum to that of other cylinders with a radius of a; =18 um
(case my) and a; =4.5 um, (case my) at f=3 THz. The dielectric layer which
covers the cylinder has a radius of a, = 16 um and the dielectric constant of
e = 2. The required surface impedance to transform the SW of the conducting
cylinder with a radius of 9 um to that of another cylinder with a radius of 18
pum is achieved as Z; = -j180 ) and to that of another cylinder with radius 4.5
pm is obtained as Z; = -j185 Q). T=300 K, P=11.17 um, g=2.5 pym, 7=1.9 ps,
e = 0.64 eV for the case m; and 0.78 eV for the case my are chosen for the
nanostructured graphene metasurface. A summary of the optimized parameters
for the designed metasurfaces for dielectric and metallic cylinders are illustrated

in the table. 4.1

Table 4.1: Summary of the parameters of the designed metasurfaces

fe(ev) | DGum) | ) | T0) | <(ps)
Cased; | 0.66

_ _ 3.365 | 0.59 300 1.5
Dielectric Casedz2 | 0.14
Casem;i| 0.64

: 1117 1 2.5 | 300 { 1.9
Metallic Case ma| 0.78

Results and Discussions

SW of an infinite cylinder is calculated as [83]:
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4 o0
Total SW = — C,|? 4.59
7 2 lal (4.50)

n=—o0
where 3, is the propagation constant in free space, and ¢,, is the n'" scattering
coefficient.

The SW of the given, target and covered dielectric cylinders for the cases d;
and dy are shown in Figs. 4.22 and 4.23, respectively. It can be seen that the
SW of the given cylinder has become the same as of the target cylinder for both
cases. Moreover, analytical and numerical results show good agreement.

Figures 4.24 and 4.25 show the distribution of electric fields for the given,
target and covered dielectric cylinder for both cases. It can be seen that the
surrounding electric fields of the covered cylinders become similar to that of the

target cylinders.

| | m— Uncoated |

Scattering Width {dB)

A0
; : . | || m—Target
L+ e P y7TTTT1| m—C oated 7
Af? LA - S - Lo g TR v |

- : : : : ; : : ; i
A6 i i ] ] | ] ] I ]
2 22 24 26 28 3 3.2 34 36 3.8 4

Frequency (THI1)

Figure 4.22: Total scattering width of the given, coated and target dielectric

cylinders for the case dy. Solid line: Analytical, Dashed line: Numerical

Fig. 4.26 presents the total RCS of the cylinders obtained by CST Microwave
Studio [119] in polar system for ¢ = 90° and # = 90° planes. It is proved that
scattering manipulation is achieved even for a finite dielectric cylinder for all

observing angles.

Figures 4.27 and 4.28 depict the SW of the given, target and coated conducting

75



i
e

-
=

Scattering Width (dB)
n

1 1
2 22 24 26 28 3 3.2 34 36 3.8 4
Frequency (THz)

Figure 4.23: Total scattering width of the given, coated and target dielectric
cylinders for the case dy. Solid line: Analytical, Dashed line: Numerical

L) e

Figure 4.24: Amplitude distribution of electric field surrounding the (a) given,
(b) target and (c) coated dielectric cylinders for the case d;.

UL

Figure 4.25: Amplitude distribution of electric field surrounding the (a) given,
(b) target and (c) coated dielectric cylinders for the case dy
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Figure 4.26: Polar RCS patterns of dielectric cylinders for § = 90° and ¢ = 90°
at 3 THz for a) case d; and b) case d.

cylinders indicating the transformation of the SW of the given cylinder to that
of the target one at 3THz.

Perturbation of the incident wave after passing the cylinders for both cases
are shown in Figs. 4.29 and 4.30. Transforming the scattering properties of the
given dielectric cylinders is concluded.

Figure 4.31 shows total RCS of the cylinders in the polar system in ¢ = 0° and
0 = 90° at the center frequency for both cases. It can be observed that 3D RCS

of the target and coated cylinders are almost the same for all observing angels.
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Figure 4.27: Numerical result for total scattering width of the given, coated and
target conducting cylinders for the case m;.

2
1t
0
o -4
=2
g 2
=
& -3
£
£ 4 =
E 5 | Uncoated |
| Target
%) VPR, LY, SO 1. (T R L R | —— Coated
-7
-8

2 22 24 26 28 3 32 34 36 38 4
Frequency (THz)

Figure 4.28: Numerical result for total scattering width of the given, coated and
target conducting cylinders for the case ms.
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Figure 4.29: Amplitude distribution of electric fields surrounding the (a) given,
(b) target and (c) coated conducting cylinders for the case m;.
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Figure 4.30: Amplitude distribution of electric fields surrounding the (a) given,
(b) target and (c) coated conducting cylinders for the case ms.
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Figure 4.31: Polar RCS patterns of conducting cylinders for 6 = 90° and ¢ = 90°
at 3THz for a) case m; and b) case mo.
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4.2 Design of reconfigurable metasurface lens

based on graphene split ring resonators

4.2.1 Introduction

One of the most novel methods to focus electromagnetic waves is utilizing meta-
material based lenses. However, these kinds of lenses are bulky and their im-
plementation is difficult [125]. Furthermore, they are highly sensitive to the
loss [126]. Recently, metasurfaces based lenses, have been designed for focusing
electromagnetic waves. They are ultra thin and can be easily fabricated [127].
In [128], the concept of Pancharatnam-Berry (PB) was introduced for the first
time to manipulate circularly polarized plane waves. Utilizing this concept allows
us to design various applications such as: polarization converters [129], focusing
mirrors [130] and flat lenses [131].

In this section, a reconfigurable lens based on graphene metasurface which
operates as a converging/diverging lens for a circularly polarized impinging wave
is designed. The transmitted wave will be a circularly polarized one with opposite
handedness and its phase is controlled by P-B phase concept. Unit cells of the
proposed metasurface consist of two graphene split ring resonators on two sides
of a substrate. The required phase shift is achieved by proper ring ’s rotation. As
mentioned in section 2, the requirements for the P-B conditions are having the
same transmitted amplitude and 180° phase difference for two orthogonal linearly
polarized impinging waves. The element structure and graphene characteristics
are optimized to satisfy these conditions at a desired frequency. By changing the
chemical potential of graphene, the operating frequency and focusing point can

be adjusted as it will be illustrated in this section.
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Figure 4.32: Structure of the unit cell of the metasurface lens (values are in um).

4.2.2 Designing of the element of metasurface lens

The structure of the proposed graphene based element as building blocks of the
reconfigurable metasurface lens is shown in Fig. 4.32. The elements consists of a
dielectric substrate with dielectric constant of 2.25 and two split ring resonators
printed on both sides of it. The geometric parameters which have been optimized
to achieve the requirement of PB conditions at 21 THz are presented in Table 4.2.
Where p is the periodicity of the unit cell, R; is the outer radius of the ring, Rs
is the inner radius of the ring, a is the opening angle of the ring and h is the
height of the dielectric layer. Furthermore, the characteristics of graphene are
chosen as: T'= 300K, 7 = 2ps and p. = 1.6eV. According to [132]- [134], these
values are physible. It is worth noting that, to obey PB conditions the designed
element for this purpose should be anisotropic to create 180° phase difference for
transmitted waves which are obtained from the two linearly polarized incident
waves. The graphene based metasurface lens has the advantage of having a wide

tunability by adjusting the chemical potential of graphene [135].

Table 4.2: Optimized parameters of the ring resonator

P R; R d h
4 pm 1.7 pm 0.86 pm 50 1.8 um

To show the satisfaction of PB phase requirements, the transmission properties

of the considered element is investigated using CST Microwave Studio [119] and
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Figure 4.33: Transmitted (a) amplitude and (b) phase for orthogonal linearly
polarized incident wave for pu. = 1.6eV.

HFSS [123]. Figure 4.33, depicts the amplitude and phase of the transmitted
wave for two linearly polarized incident plane waves in two orthogonal directions.
It indicates that t,, and t,, have the same amplitude with 180° phase difference at
21THz. Good agreement between CST and HF'SS results is observed. Besides, the
transmission amplitude and phase of the wave in the case of circularly polarized
plane wave incidence, is shown in Fig. 4.34, verifying the PB phase concept. As
it was predicted, the transmitted wave has circular polarization with opposite
handedness to that of the impinging one (the amplitude of the cross polarized
wave is much higher than that of the co—polar one and a transmission phase equal
to twice of the rotation angle of the element is achieved). Figure 4.34(b) shows

good agreement between theory and simulation results.
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Figure 4.34: Transmitted (a) amplitude and (b) phase for cross circularly polar-
ized incident wave versus rotation angle of the elements.
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Table 4.3: Required phase shifts for 21 and 19.63 THz at the two different focal
points.

Required phase shift (*) at Required phase shift () at

Element number f = 21 THzFocal point = 28 um f = 19.63 THzFocal point = 26 um
1 0 0

2 7.1 7.2

3 28.2 283

4 62 62.1

5 107 106.7

6 161.4 160.3

7 2235 221.1

8 292 2877

9 3656 3588

To show that the tunability of the designed element is feasible, the chemical
potential of graphene is changed from 1.6 eV to 1.4 eV which leads to the oper-
ating frequency shift from 21 THz to 19.63 THz in Fig. 4.35 and according to
eq. 2.6, the focal length (the distance between focal point and the metasurface)
will change. Table. 4.3 reports the required phase shift for 9 elements based on
their distance to the origin. It indicates that the required phase shift at 21THz
for the focal length of 28um is almost the same as he required phase shift at
19.63 THz for the focal length of 26um. Therefore, it can be concluded that the
considered metasurface consisting of the designed elements will operate as a re-
configurable focusing lens at 21 THz with focal length of 28um and at 19.63 THz
for the focal length of 26pum (with graphene chemical potentials of 1.6 eV and
1.4 eV, respectively). If the meatsurface lens is designed based on the required
phase shift at 21 THz, then the maximum phase error will be 6.8degrees at 19.63
THz. As, the transmitted phase related to each element is twice of its rotation
angle regardless to frequency, it is understood that a metasurface consisting of
elements with rotation angles designed at 21 THz, will operate properly at 19.63

THz, since the required phase shift at the two frequencies is almost the same.
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Figure 4.35: Transmitted (a) amplitude and (b) phase for orthogonal linearly
polarized incident wave for pu, = 1.4eV.
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4.2.3 Metasurface lens design and results

Figure 4.36 shows a super cell of the proposed metasurface lens consisting of
18 elements which are symmetrically placed relative to the origin with counter-
clockwise rotations. The rotation angle of the elements has been designed using
eq. (2.6). The super cell is repeated periodically in the y direction to realize a
flat lens. The goal is to focus the left handed circularly polarized incident wave

with opposite handedness in the focal point of 28um at 21 THz.

Rotation angle (°) I
‘ o

111.75
182.75

U'it"'-
a2 g =

3.55
14.1

Figure 4.36: Structure of the supper cell of the metasurface lens and the required
phase shifts.

Note that for a left handed circularly polarized incident wave, the elements
should rotate in counter-clockwise direction for focusing purpose, because in this
case an increasing phase shift is required to compensate the phase difference kqd,
where kj is the phase constant in free space and d is the distance of each element
to the focal point. For clockwise-rotated elements, the R/L curves of Figure
4.34(b) must be reversed, so the elements with clockwise rotation is used for
focusing purpose when a right-handed circularly polarized wave incident on the
metasurface.

Finally, the designed metasurface lens is illuminated by a left handed circularly
polarized plane wave. The transmitted electric energy density at 21 THz which
is obtained by CST Microwave Studio is shown in Fig. 4.37. The transmitted
electric energy density at 19.63 THz with different chemical potential depicts in
Fig. 4.38. The figure indicates that the transmitted wave focused in different
focal point which represents reconfigurability of the designed metasurface lens.

Furthermore, the transmitted electric field as a result of illumination of a
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Figure 4.37: Transmitted electric energy density at 21 THz.
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Figure 4.38: Transmitted electric energy density at 19.63 THz.
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Figure 4.39: Amplitude of the transmitted electric field at 21 THz for diverging
purpose.

right handed circularly polarized plane wave is illustrated in Fig. 4.39. It can be
concluded that changing the handedness of the incident plane wave results in a
diverging transmitted wave instead of converging one [56]. The reason is that for
a right handed circularly polarized incident wave in contrary to a left handed one,

the transmitted phase increases by increasing the rotation angle of the elements

(see Fig. 4.34(b)).

4.3 Designing a tunable polarization converter

4.3.1 Introduction

Polarization is an important characteristic of electromagnetic waves [136]. Po-
larization conversion of electromagnetic waves is necessary for some applications
such as sensing, imaging, and communications [137], [138]. There are several
conventional techniques to change the wave polarization which includes using
birefringence materials and optical gratings [139], [140]. Unfortunately, these
methods usually need bulky structures [136]. Recently, metamaterial and meta-
surfaces have attracted significant attention because of their new profile proper-

ties in realizing different applications, for instance: negative refraction, invisible
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cloaking and sub-diffraction imaging [141]- [143]. Several polarization converters
based on metamaterials and metasurfaces have been designed from microwave
frequencies to visible regime [144], [145].

In this section, a tunable polarization converter based on graphene metasur-
face is presented. The linear polarization of the reflected wave from the proposed
structure rotates 90 degrees regarding to the incident wave. Furthermore, by
changing the chemical potential of graphene, polarization conversion frequency

can be tuned.

4.3.2 Designing a tunable polarization converter

The proposed metasurface as a polarization converter is shown in Fig. 4.40. It
consists of a graphene cut wire on a dielectric substrate with a dielectric constant
of 2.25 backed by a ground plane. The cut wire allows excitation of a dipolar
oscillation P with parallel and perpendicular components to the electric field of
the impinging plane wave [146]. The perpendicular component of P produces a
reflected wave with cross polarization relative to the incident wave. By optimizing
the considered element, the amplitude of the cross polarized reflected wave will be
much higher than that of the co-polarized one. Therefore, the proposed structure
performs as a reflective polarization converter. Optimized parameters of the
metasurface structure and properties of graphene are obtained as follows: the
periodicity p = 2um, L = 1.9um, W = 0.4um, h = 1um , chemical potential of

graphene p. = 0.9 eV and relaxation time of graphene 7 = 3ps.

4.3.3 Results and discussion

The designed metasurface is illuminated by a x polarized plane wave. Figure
4.41 presents the amplitude of the reflected wave for co- and cross polarization
components obtained by CST Microwave Studio [119]. It indicates that the am-
plitude of the reflection coefficient for the y polarization is 0.7 and for the z

polarization is 0.3 which shows a clear polarization rotation from x to y direction
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Figure 4.40: Structure of the proposed unit cell of the polarization converter.
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Figure 4.41: Amplitude of the reflected wave for co and cross polarization. Red:
Co-, Green: Cross-polarization.

in reflective mode. Figure 4.42 illustrates that by changing the chemical poten-
tial of the graphene from 0.9 eV to 0.85 eV and 0.95 eV, the operating frequency
of the designed polarization converter will shift to 22.3THz and 23.5 THz, re-

spectively. Therefore, the considered graphene metasurface operates as a tunable

polarization converter in reflective mode.
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Figure 4.42: Amplitude of the reflected wave for cross polarization with different
chemical potential. Red: pu. = 0.85eV, Green : pu. = 0.95eV.

4.4 Designing a graphene based leaky wave an-
tenna loaded by a dielectric slab for gain

improvement

4.4.1 Introduction

Leaky wave antennas, as low profile and high gain radiating structures have at-
tracted great interests, in recent years. They are able to be integrated into
different devices [147]. They present unique properties such as scanning of the
main radiation beam with frequency [148]. A large number of investigations have
been performed relating to the radiation performance of these antennas [149]-
[151]. Beam distortion and narrow bandwidth are two disadvantages of leaky
wave antennas. Various configurations have been introduced to overcome these
drawbacks [152]- [153]. In [154], a sinusoidally-modulated surface impedance has
been presented to achieve a higher gain.

The purpose of this section, is to improve the gain of a sinusoidally modulated
graphene based leaky wave antenna by loading it with a dielectric slab. The height
and distance of the slab to the antenna is optimized to achieve the considered

goal.
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Figure 4.43: The unit cell of the leaky wave antenna.

Table 4.4: The optimized parameters of the structure ‘s element and properties
of the graphene.

P h T e T
80 pm 20 um 3000 K 0.5eV 0.1Ps

4.4.2 Designing graphene based leaky wave antenna

The structure of the unit cell of the proposed leaky wave antenna is shown in
Fig. 4.43. The unit cell consists of a sinusoidally modulated graphene based
metasurface on a dielectric substrate with relative permittivity of ¢, = 3.8. It
has been optimized to achieve broadside main beam radiation at 2.55 THz. The

main beam angle of a leaky wave antenna is obtained as follows [155].

Oy = cos (B /ko) (4.60)

where ky is the propagation constant in the free space. It indicates that
in order to have a leaky wave antenna based on the designed metasurface, the
propagation constant in the antenna should be less than that in the air [156].

The optimized parameters of the structure ’s element and properties of the
graphene are presented in Table. 4.4.

where p is the periodicity of the element, h is the height of the substrate, T
is the temperature, p. is the chemical potential of graphene and 7 is relaxation
time of graphene. The surface impedance of the graphene with the considered
values will be Z; = (169.95 + j 272.38) €.

The element is simulated with CST Microwave Studio [119] and its scattering
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Figure 4.44: Dispersion diagram of the leaky wave antenna.

parameters (S5;;) have been achieved. Using the following expression, propagation

constant versus frequency is obtained [156].

COShil ( S12521+((14511)(1—S22)) )

B=1Im] S 2521 ] (4.61)

The dispersion diagram is reported in Fig. 4.44. It can be observed that,
the diagram at the operating frequency (2.55 THz) is above the air line which
represents a leaky mode. Furthermore, at the considered frequency, ( is zero,
which corresponds to a broadside main beam.

Figure 4.45(a) illustrates the structure of the proposed leaky wave antenna
and Fig. 4.45(b) presents the radiation pattern of the antenna at 2.3 THz, 2.55
THz and 2.9 THz obtained by HFSS [123]. It indicates that the main beam s
angle at 2.3 THz is -20degree, at 2.55 THz is in broadside and at 2.9 THz is

20degrees which are in agreement with the dispersion diagram.

4.4.3 Improving gain of the leaky wave antenna by loading
a dielectric slab

For improving the gain of the designed leaky wave antenna, a dielectric slab with
the same relative permittivity as of the substrate is loaded to it as shown in Fig.

4.46. The height of the dielectric slab and its distance to the substrate have been
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Figure 4.45: a) Structure of the designed leaky wave antenna. (b) Radiation
pattern of the antenna. black: 2.55 THz, red: 2.3 THz, blue: 2.9 THz.

optimized to obtain the maximum gain for the loaded leaky wave antenna (hy =
10pm and d = 20pm). Figure 4.47 compares the distribution of the electric field
distribution of the leaky wave antenna with and without the slab.

It can be observed that in the antenna loaded by the slab shown in Fig.
4.47(b), the electromagnetic wave propagates a longer distance on the surface of
the antenna than in the unloaded one. The reason is that when the wave radiates
into the air, hits the dielectric slab and some part of it will reflect back to the
antenna. This part propagates along the surface again and radiate to the air and
again some part of it reflects after incidence to the slab. This procedure continues
and leads to trapping the wave between the dielectric substrate and slab. There-
fore, a larger part of the antenna contributes to the radiation process compared
to the unloaded antenna which causes a good improvement in aperture efficiency
and gain of the antenna. The radiation pattern of the loaded leaky wave antenna
at 2.55 THz for the broadside main beam is illustrated in Fig. 4.48. By com-
paring Fig. 4.45(b) and Fig. 4.48, it can be understood that gain enhancement

is achieved with loaded dielectric slab in the broadside direction. Figure 4.49
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Figure 4.46: The structure of the leaky wave antenna loaded by a dielectric slab.
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Figure 4.47: Electric field distribution of the leaky wave antenna from the side
view. (a) without slab. (b) with slab.
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Figure 4.48: Radiation pattern of the leaky wave antenna loaded with the dielec-

tric slab.

Figure 4.49: Gain of the leaky wave antenna with and without the dielectric slab.

compares the gain of the loaded and unloaded designed leaky wave antennas ver-
sus frequency. It indicates a noticeable gain improvement for the loaded antenna

from 2.2 THz to 3 THz. The figure presents a more gain enhancement for the
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frequencies related to near to broadside main beam angle.

4.5 Synthesis of Graphene and Biasing

Two main methods are considered for synthesis of graphene which are explained

in the following:

96



4.5.1 Exfoliation and Cleavage

In this method, graphene is produced from a pure graphite sheet. Exfoliation and
cleavage with chemical and mechanical energy break week bonds and separate out

graphene sheets [157].

4.5.2 Thermal Chemical Vapor Deposition Techniques

Graphene synthesis with thermal chemical vapor deposition (CVD), has been
presented in 2006 [158]. In this study, camphor was used on Ni foils to produce
graphene. Firstly, camphor was evaporated at 180 degrees and pyrolyzed at 700
to 850 degrees with argon. After cooling, graphene sheets were produced on the
Ni foils.

Fabrication of the graphene layer cloak around a cylinder is possible. Since
graphene is mechanically flexible it is feasible to wrap the graphene based meta-

surface around each arbitrary object [120].

4.5.3 Graphene Biasing Methods

Several different techniques have been introduced for biasing the graphene. In
[159], three methods of selfbiasing are shown. In [160], polysilicon pads are used
under graphene to apply DC voltage. Another technique which is named ion-gel
gated graphene transistor is presented in [161].

For biasing the graphene layer in our desined configurations, the structure in
Fig. 4.50 is suggested. One metallic contact is put on graphene and the other one
is put on top of the cylinder acting as a ground and a voltage supply is connected
to the contacts. By changing the biasing voltage, the chemical potential of the

graphene can be adjusted.
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Figure 4.50: The suggested structure for biasing the cloaked cylinder.

Chapter five



Conclusion

In the first chapter of the thesis, metasurfaces and their applications were in-
troduced briefly and the goal of this thesis was presented. The next two chap-
ters dedicated to an introduction to metasurfaces and applications of graphene
in metasurfaces for electromagnetic waves manipulation. Several metasurfaces
based on graphene were designed and the analytical approaches were presented
in detail in chapter four.

Mantle cloaking of a dielectric cylinder under oblique illumination of an in-
cident T'M, plane wave was studied and the required surface impedance for the
covering metasurface was achieved to make the considered cylinder invisible when
it is exposed to the oblique incidence. Results for radar cross section (RCS) of
both infinite and finite cloaked and uncloaked cylinders obtained analytically
and numerically were presented. The results have indicated significant scatter-
ing reduction for the covered cylinders with a properly designed metasurfaces
based on graphene. They also show good agreement between analytic and sim-
ulated results. Moreover, it was shown that by changing the chemical potential
of graphene, tunable mantle cloaking was achieved for different frequencies and
different incident angles.

A metasurface based on graphene strips was designed to cover a dielectric
cylinder in order to make it invisible under illumination of T'E' and T'M polarized
plane waves. Using the surface impedance tensor for the considered metasurface,
it was possible to control the surface impedance in x and z directions indepen-

dently and therefore mantle cloaking for the two polarizations could be achieved
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simultaneously. Numerical results obtained with CST Microwave Studio have
showed RCS reduction for the cloaked cylinder with this method. Tunable dual
polarized mantle cloaking was obtained by changing the chemical potential of
graphene with different applied bias voltages.

Scattering manipulation of dielectric and conducting cylinders was investi-
gated analytically. The required surface impedances to transform the scattering
characteristics of the original cylinders to those of the cylinders with smaller or
larger radii were achieved by equating the first scattering coefficients of the cov-
ered cylinders with that of the target cylinders. The results for RCS of the given,
coated and target cylinders show that at the center frequency, the scattering of
the covered cylinders is the same as of the target cylinders. Moreover, the electric
field distribution around the covered and target cylinders are similar, verifying
the correct analytical approach.

A reconfigurable metasurface lens based on graphene split ring resonators was
presented. The unit cell of the metasurface was designed based on the P-B phase
concept for circular polarization. The circularly polarized transmitted wave was
focused at the considered focal point with different handedness to the incident
plane wave. By adjusting the chemical potential of graphene, the operation fre-
quency and the focal point could be controlled.

A tunable polarization converter based on graphene wires was proposed. It
rotates the linear polarization of the incident wave in reflective mode. The result
for the amplitude of the reflected wave shows that 70 % of the power of the
x polarized impinging wave transforms to the y polarized wave. The operation
frequency was adjusted by changing the chemical potential of the graphene.

A graphene based leaky wave antenna was presented. The unit cell of the
antenna was designed according to the desired operation frequency and the main
beam angle using the dispersion diagram. The gain of the antenna was improved
by loading a dielectric slab on top of it. This slab causes the radiated wave to
reflect back to the surface of the leaky wave antenna and reradiates again, making

the effective size of the antenna larger and therefore the gain increases.
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5.1 Publications

5.1.1 Journal papers

1. Zahra Hamzavi- Zarghani, Alireza yahaghi, Ladislau Matekovits. Recon-
figurable Metasurface Lens Based on Graphene Split Ring Resonators Using
Panacharatnam-Berry Phase Manipulation, Journal of Electromagnetics and Ap-
plications, Jan 2019.

2. Zahra Hamzavi-Zarghani, Alireza Yahaghi, Ladislau Matekovits. Dynamically
Tunable Scattering Manipulation of Dielectric and Conducting Cylinders Using
Nanostructured Graphene Metasurfaces IEEE Access. Vol. 7. Jan 2019.

3. Zahra Hamzavi-Zarghani, Alireza Yahaghi, Ladislau Matekovits and Ali Far-
mani. Tunable Mantle Cloaking Utilizing Graphene Metasurface for Terahertz
Sensing Applications. Optics Express. Vol 27. 2019.

4. Zahra Hamzavi-Zarghani, Alireza Yahaghi, Ladislau Matekovits. Electrically
Tunable Mantle Cloaking Utilizing Graphene Metasurface for Oblique Incidence

International Journal of Electronics and Communications. (Revised)

5.1.2 Conference papers

1. Zahra Hamzavi-Zarghani, Alireza Yahaghi, Arman Bordbar. Analytical De-
sign of Nanostructured Graphene Metasurface for Controllable Scattering Manip-
ulation of Dielectric Cylinder, 26th Iranian conference on electrical engineering.
(ICEE,2018).

2. Zahra Hamzavi- Zarghani, Alireza Yahaghi, Ladislau Matekovits. Tunable
Lens Based on Graphene Metasurface for Circular Polarization International con-
ference of electromagnetics in advanced applications. Sep. 2018.

3. Zahra Hamzavi- Zarghani, Alireza Yahaghi, Ladislau Matekovits. Tunable
Polarization Converter Based on Graphene Metasurfaces IEEE RADIO Interna-
tional Conference. Oct. 2018.

4. Zahra Hamzavi- Zarghani, Alireza Yahaghi, Ladislau Matekovits. Analyti-
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cal Design of a Metasurface Based Mantle Cloak for Dielectric Cylinder Under
Oblique Incidence International Symposium on Telecommunications (IST), Dec.
2018.

5. Zahra Hamzavi- Zarghani, Ladislau Matekovits Alireza Yahaghi,. Improved
Gain Graphene Based Leaky Wave Antenna Loaded by Dielectric Slab in THz
Regime 13th European Conference on Antennas and Propagation. EuCAP 2019.
6. Zahra Hamzavi- Zarghani, Alireza Yahaghi, Ladislau Matekovits,. Vertical
strips as mantle cloak of a dielectric cylinder under oblique incidence, Interna-
tional Conference on Electromagnetics in Advanced Applications (ICEAA 2019).
7. Zahra Hamzavi- Zarghani, Alireza Yahaghi, Ladislau Matekovits,.Mantle Cloak-
ing of a Dielectric Cylinder under Oblique Incidence with Metasurfaces, Photonlcs

Electromagnetics Research Symposium (PIERS 2019).

5.2 Suggestions for future studies

1. Designing multifunction metasurfaces operating in both transmission and re-
flection modes

2. Designing multi band metasurface lenses and polarization converters

3. Using other 2-D tunable materials such as black phosphorus in metasurface
structures

4. Designing broadband and multi band mantle cloaks with optimization algo-

rithms
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Abstract

Applications of Graphene Metasurfaces for Manipulation
of Flectromagnetic Waves Scattering

By
Zahra Hamzavi Zarghani

In this thesis,several graphene-based metasurfaces have been designed using two commercial software:
CST Microwave Studio and HFSS. In the considered projects, analytical and numerical results agree
very well which verifies the correctness of analytical approaches presented in the thesis.

Firstly, mantle cloaking of a dielectric cylinder under the oblique illumination of an incident TMz
polarized plane wave is considered. The required surface impedance of a covering metasurface is
analytically obtained. By changing chemical potential of graphene, mantle cloaking is achieved for
different frequencies and incident angles. In the next sections, dual-polarized tunable mantle cloaking
for TMz and TEz incident wave is achieved by covering the dielectric cylinder with graphene strips.
Scattering manipulation of dielectric and conducting cylinders are also studied. It is shown that by
covering the cylinders with graphene nano-patches and by changing the chemical potential of graphene,
the radar cross-sections of the cylinders transform to that of the smaller or larger cylinders.

A reconfigurable graphene-based metasurface lens is designed. By changing the chemical potential of
the graphene, its operation frequency, and focal point change. Next, a tunable polarization converter
based on graphene wires is designed which rotates the linear polarization of the incident wave with
tunable operation. Finally, a graphene-based leaky wave antenna is designed whose gain is increased
by loading it with a dielectric slab.

Keywords: Cloaking, Graphene, Lens, Metasurface.



los ,ol.ic\.g

S g aligd L epl jo b/ aoly bl ylgae...

TR

g Aigd ol j0 gxlils Solgils ol g ol

b facbisbl
oY ars glacodled | Lisu olgie 4 s oRiils 4 ouls &)

G rSolo )| owlil )5 gax,0 331 6l

. ..) I

g aibigl b el o Jwazd ol S-aly ol lgse.

3 oKl
3y

Q‘ﬁ-‘ LSA)L“" YL e

O gl Lrpl 5o (bl G4z you igazyo b edllu )/ aoliLly (gaines’ (b))l
.............................. (Lol ol o i o gale (645 pon colozal, ol _Solgils ol 5 ol 257
............................. (oline oliwl) v b sode (64T youn conjglinn oLl Solgils ol g ali. So
............................. (sbice Slil) o i o gale (6485 o o pgline ol _Slgils o 5 ol iS5
............... (Sls 31 5 518) w JLt] oran oo ale (5 yan comygle Sl o 5 ol iS5

........................... (LB jaaseo jolo) o jidu.. o cole (G40 pou o pgls Solgils ol g pli. 28

A GERSIgES



doliog

szl (g0 Lt ogmmdild (5o Lot 4y b diigi Ll )0 szeils Solgils b g el il
ool s bl ol 45 o35 o b (6 250/ olids IS oo (gommdil g dtisgi Ll o
L ol JeolS Glasin § 38 Slis oo solatul o 50 sl 5l a5 (60,150 10 § Canl pogs idrgh
R lse 5 Cend 61,5 plallu Jasl bl gao5e 5 G2iod oS maled oo bl uiran platigs
oS (50
kL e jsliws 5l (end Ly plas dbosal; (Ghobiwl jloslal g 5l oBails joome conST (g )
Sogo & (2 g GBI OMame g b ules l el pale laaile; g aobme o 1) 095 (sallusjasls

OB My mex 4 Laaly (phobsl gojlal ygau |y Al Jasli Ll gatweS 51 ) o8l olul =Y
oSS adlal 4ol b Jasb L 5l o s slaallie

15 Gl oE25ls 51 8) K0 laplosle B aius s (affiliation) ¢,l5 Siwsls b Slis 7,0 51 ¥

mles ol Laaly (lo)obisl anl ey allu Jasb bl 5l 7 5eius sloallis

ol 5l s oBils 4y glaie (6,58 CuSIle (saslipn T b gollas 1 o pl (soime g (solo §gi> (sdod
Khe 958, 4y g Gl o 0 51l olRiils 85§ ore deliogas ! M Jae 4 & jole azslis
2,18 055 Fai slaciwl oy Seil pladl aigS o 5>

7w ,b g Ladl



|..\>'.cl344

EPYERVYES)

Aoy ol 4 w35 oo anl 6,350 ahaiie (6ol AYY VA0 L goeiils o)lad 43 SB35 oo )25 cilo iyl
I ol JelS Glasin g 380 Sl o oolaiul (1,50 mlie 51aS (65150 40 g Gl pog> gl Jol>
S oo M g ) ) 9l 5 S LSS plall; g99e 5 Baiou 45 led e LI oo platiys

g aoloe jo 1) 095 alli, slaojgliws 5l cend b plas eyl 5loslal g 5l olKiily jaome S gy =)

pled i 0Se e b oS O jso 4y () g (L5 O g o isles 5l pel ole slaasle,

3 s glrallis (Bai o gz 4 Losal) loliulojlat aau 1y Al Jasb blataeS 5l 2,5 of,81 olwl =Y

oSS aslsl b el LG

lrallas ;o (Gl oBaily 3l 8) Ko sl yleslu (B oy o (affiliation) oI5 Swlg b glas z,0 5 -Y

mbes ol Laal,y olsbinl an b oyg alle, 5l & 5

Al ol i olBiils 4 Blate 6,58 CoSIbe aslipm T b gollas 1 cpl (sgime g oolo §9i> don
phadl oS o 3o salide 920 2 4y g Lo o p0 el oKl w8 T 5 e dabingas ] M Jes 4 & jole
Oyl 055 Ggi> glagul o) Sgild

SB5 9> 125



2o | POLITECNICO

F A LY ‘-.fi'-
lé?\”ag i PAA DI TORINO
—— i — - g

//";"L/ :'/.I)

Shiraz University

FowolS g § 9 (oo 0uSLlS
(Ol O plio) (82 (owdiieo 43 50 (55450 Al

rboliiog il ol STy (20 S (51 S391,5 Zslansl 6 >0

OlgS

SBri 9> 125

HUSTAR bt
Eob Loyl 5o
Dr. Ladislau Matekovits

VWAA 0



	1  Introduction
	2  Applications of metasurfaces
	Anomalous refraction and reflection of electromagnetic wave
	Wavefront shaping and beamforming
	Polarization conversion
	Polarization conversion from linear to circular
	Linear polarization rotation

	Scattering manipulation and cloaking

	3  Graphene based metasurfaces
	Introduction
	Applications of graphene in metasurfaces

	4  Designing Graphene Based Metasurfaces for Scattering Manipulation of Electromagnetic Wave
	Cloaking and scattering manipulation
	Introduction
	Mantle cloaking of dielectric cylinder under illumination of TMz polarized oblique incidence
	Designing a tunable dual polarized mantle cloaking utilizing graphene strips
	Scattering manipulation of dielectric and conducting cylinders under illumination of TMz polarized plane waves

	Design of reconfigurable metasurface lens based on graphene split ring resonators
	Introduction
	Designing of the element of metasurface lens
	Metasurface lens design and results

	Designing a tunable polarization converter
	Introduction
	Designing a tunable polarization converter
	Results and discussion

	Designing a graphene based leaky wave antenna loaded by a dielectric slab for gain improvement
	Introduction
	Designing graphene based leaky wave antenna
	Improving gain of the leaky wave antenna by loading a dielectric slab

	Synthesis of Graphene and Biasing
	Exfoliation and Cleavage
	Thermal Chemical Vapor Deposition Techniques
	Graphene Biasing Methods


	5  Conclusion
	Publications
	Journal papers
	Conference papers

	Suggestions for future studies

	References

