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Chapter 1

Introduction

As one of the most important materials in the Nano area, carbon nanotubes have generated
broad and interdisciplinary attention in the last two decades. Carbon Nanotube (CNTs) was
discovered by Sumio [ijima[l] in 1991. After the discovery, CNTs have found enormous
importance for many applications in the field of nanotechnology, electronics, sensors and optics,
due to their unique electrical and mechanical properties, and extremely high aspect ratio. Over
the last couple of decades potential efforts have been dedicated to predict and measure the
electrical properties (resistance, inductance and capacitance) of CNTs [2-4]. After the first report
of FET fabrication using SWCNT (single walled carbon nanotube) [5], it has widely been used to
fabricate Diode, MOSFET, and Bipolar devices. Large scale integration using CNTs has been
reported by Rao et al [6]. CNTs have been introduced as a new material for potential
applications in inter-chip and intra-chip interconnections [7], antenna material for GHz to THz
technology [8-10]. With the predicted progress towards nanometer-scale feature sizes, GHz
clock rates, and microwave wireless communications, there is a growing need to understand the
properties of circuits, interconnects, devices, and antennas with Nano-scale dimensions. Carbon
nanotubes offer a combination of small size, high mobility, large current density (about 10°
A/cm) [11] and low intrinsic capacitance; moreover, their intrinsic cut-off frequency is expected
to be high. Therefore they are among the candidates to eventually candidate for GHz to THz

Nano-antennas.

Creating a compact, reliable source of terahertz (THz) radiation is one of the most
challenging problems in contemporary applied physics [12]. Even though THz technology is at
the boundaries of microwave and photonic technologies; it is quite underdeveloped compared to
the achievements in the microwave or the photonic technology. There are very few commercially
available instruments for the THz frequency region, and most of them lack the precision required

to perform accurate measurements. There are also no miniaturized and low-cost THz sources.
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One of the latest trends in THz technology [13] is to use single-walled carbon nanotubes

(SWNTs) as building blocks of novel high-frequency devices.

CNTs have different structure and properties. According to that, CNTs can be both
SWCNT or Multi walled Carbon Nanotube (MWCNTs). Even though Double Walled Carbon
Nanotube (DWCNT) is a kind of MWCNT but still it is called differently as DWCNT as it
showed some unique properties as it is the transition model between SWCNTs and MWCNTs.
SWCNTs are of various kinds such as zigzag, chiral, and armchair. These are formed upon
different formation of the graphene. Zigzag CNTs work as insulator as these have high resistivity

whereas chiral CNTs work as semiconductor and armchair CNTs work as conductor.

In this work our aim is to study the electromagnetic wave propagation characteristics of
SWCNT. For that purpose, we shall predict the attenuation constant and phase constant of EM
wave while propagating through SWCNT and investigate the effects of frequency and diameter
of SWCNT on those parameters.
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Chapter 2

Properties of Carbon Nanotube

2.1 Types of CNTS

There are three types of carbon nanotubes: armchair, zig-zag and Chiral (helical)
nanotubes. These differ in their symmetry. Namely, the carbon nanotubes can be thought of as
graphene planes 'rolled up' in a cylinder (the closing ends of carbon nanotubes cannot be
obtained in this way). Depending on how the graphene plane is 'cut' before rolled up, the three
types of carbon nanotubes are obtained. These tubes can be extremely long (several hundreds of
nanometers and more). When produced in materials, carbon nanotubes pack either in bundles
(one next to another within a triangular lattice) - single-walled carbon nanotubes, or one of

smaller radius inside others of larger multi-walled carbon nanotubes.
2.2.1 Single Walled Carbon Nanotubes

Most single-walled nanotubes (SWCNT) have a diameter of close to 1~2 nanometer, with a tube
length that can be many millions of times longer. The structure of a SWCNT can be
conceptualized by wrapping a one-atom-thick layer of graphite called graphene into a seamless
cylinder. The way the graphene sheet is wrapped represented by a pair of indices (n, m). Integers
nand m denote the number of unit vectors along two directions in the honeycomb crystal
lattice of graphene. If m = 0, the nanotubes are called zigzag nanotubes, and ifn=m, the

nanotubes are called armchair nanotubes otherwise, they are called chiral (See fig 2.2).

The diameter of an ideal nanotube can be calculated from its (n, m) indices as follows:

a4 — n
d = —«/n? +nm+ m?
T

Where; a = 0.246 nm.


http://en.wikipedia.org/wiki/Vector_(geometric)
http://en.wikipedia.org/wiki/Crystal_lattice
http://en.wikipedia.org/wiki/Crystal_lattice
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SWCNTs are an important variety of carbon nanotube because most of their properties change
significantly with the (n, m) values, and this dependence is non-monotonic [5]. In particular,
their band gap can vary from zero to about 2 eV and their electrical conductivity can show
metallic or semiconducting behavior. Single-walled nanotubes are likely candidates for
miniaturizing electronics. The most basic building block of these systems is the electric wire, and
SWCNTs with diameters of an order of a nanometer can be excellent conductors [6][7]. One
useful application of SWCNTSs is in the development of the first intermolecular field-effect
transistors (FET). The first intermolecular logic gate using SWCNT FETs was made in 2001
[8].To create a logic gate you must have both a p-FET and an n-FET. Because SWCNTSs are p-
FETs when exposed to oxygen and n-FETs otherwise, it is possible to protect half of an SWCNT
from oxygen exposure, while exposing the other half to oxygen. This results in a single SWCNT

that acts as a NOT logic gate with both p and n-type FETs within the same molecule.

(0,10) nanotube
(zig-zag)

(7,10) nanotube (10,10) nanotube

(chiral) (armchair)

Fig 2.1 Different types of SWCNT
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2.2.2 Multi Walled Carbon Nanotube

Multi-walled nanotubes (MWCNT) consist of multiple rolled layers (concentric tubes) of
graphene. There are two models that can be used to describe the structures of multi-walled
nanotubes. In the Russian Doll model, sheets of graphite are arranged in concentric cylinders,
e.g., a (0, 8) SWCNT within a larger (0, 17) SWCNT. In the Parchment model, a single sheet of
graphite is rolled in around itself, resembling a scroll of parchment or a rolled newspaper. The
interlayer distance in multi-walled nanotubes is close to the distance between graphene layers in
graphite, approximately 3.4 A. The Russian Doll structure is observed more commonly. Its
individual shells can be described as SWCNTs, which can be metallic or semiconducting.
Because of statistical probability and restrictions on the relative diameters of the individual

tubes, one of the shells, and thus the whole MWCNT, is usually a zero-gap metal.

Double-walled carbon nanotubes (DWCNT) form a special class of nanotubes because their
morphology and properties are similar to those of SWCNT but their resistance to chemicals is
significantly improved. This is especially important when functionalization is required (this
means grafting of chemical functions at the surface of the nanotubes) to add new properties to
the CNT. In the case of SWCNT, covalent functionalization will break some C=C double bonds,
leaving "holes" in the structure on the nanotube and, thus, modifying both its mechanical and
electrical properties. In the case of DWCNT, only the outer wall is modified. DWCNT synthesis
on the gram-scale was first proposed in 2003[9] by the CCVD technique, from the selective

reduction of oxide solutions in methane and hydrogen.

The telescopic motion ability of inner shells [10] and their unique mechanical properties [11]
permit to use multi-walled nanotubes as main movable arms in coming Nano mechanical
devices. Retraction force that occurs to telescopic motion caused by the Lennard-Jones

interaction between shells and its value is about 1.5 nN [12].
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Fig 2.2 Structure of MWCNT

There are some other types of CNTs also such as Torus, Nano-bud, Graphenated carbon

nanotubes (g-CNTs), Peapod, etc.
2.3 Properties of CNTs

Properties of CNTs are quite different than the material we generally use. These properties made
CNTs such important material for using in Nano technology and also in high frequency region.
Some properties are discussed below in general. Properties for high frequency antenna are

discussed in detail in the later chapter.
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2.3.1 Strength

CNTs are the strongest and stiffest materials yet discovered in terms of tensile strength and
elastic modulus respectively. This strength results from the covalent sp2 bonds formed between
the individual carbon atoms. In 2000, a multi-walled carbon nanotube was tested to have a
tensile strength of 63 Giga Pascal (GPa) [13]. (For illustration, this translates into the ability to
endure tension of a weight equivalent to 6422 kg on a cable with cross-section of 1 mm?2.)
Further studies, conducted in 2008, revealed that individual CNT shells have strengths of up to
~100 GPa, which is in good agreement with quantum/atomistic models [14]. Since carbon
nanotubes have a low density for a solid of 1.3 to 1.4 g/cm3 [15], its specific strength of up to
48,000 kN-m-kg—1 is the best of known materials, compared to high-carbon steel's 154
kN-m-kg—1.

Under excessive tensile strain, the tubes will undergo plastic deformation, which means the
deformation is permanent. This deformation begins at strains of approximately 5% and can

increase the maximum strain the tubes undergo before fracture by releasing strain energy.

Although the strength of individual CNT shells is extremely high, weak shear interactions
between adjacent shells and tubes leads to significant reductions in the effective strength of
multi-walled carbon nanotubes and carbon nanotube bundles down to only a few GPa’s [16].
This limitation has been recently addressed by applying high-energy electron irradiation, which
crosslinks inner shells and tubes, and effectively increases the strength of these materials to ~60
GPa for multi-walled carbon nanotubes [14] and ~17 GPa for double-walled carbon nanotube

bundles [16].

CNTs are not nearly as strong under compression. Because of their hollow structure and high
aspect ratio, they tend to undergo buckling when placed under compressive, torsional, or bending

stress [17].



Attenuation and Phase Shift Characteristics of Electromagnetic waves in Single Walled Carbon Nanotube

Table I: Comparison of mechanical properties [18][19][20][21]

Material Young's modulus (TPa) Tensile strength (GPa) Elongation at break
(%)

SWCNT" ~1 (from 1 to 5) 13-53 16

Zigzag SWCNT' 0.94 94.5 15.6-17.5

Armchair SWCNT" 0.94 126.2 23.1

Chiral SWCNT 0.92

MWCNT" 0.2-0.8-0.95 11-63-150

Stainless Steel” 0.186-0.214 0.38-1.55 15-50

2.3.2 Hardness

Standard single-walled carbon nanotubes can withstand a pressure up to 24GPa without

deformation. They then undergo a transformation to super hard phase nanotubes. Maximum

pressures measured using current experimental techniques are around 55GPa.

However, these new super hard phase nanotubes collapse at an even higher, albeit unknown,

pressure.

The bulk modulus of super hard phase nanotubes is 462 to 546 GPa, even higher than that of
diamond (420 GPafor single diamond crystal) [22].
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2.3.3 Kinetic properties

Multi-walled nanotubes are multiple concentric nanotubes precisely nested within one another.
These exhibits a striking telescoping property whereby an inner nanotube core may slide, almost
without friction, within its outer nanotube shell, thus creating an atomically perfect linear or
rotational bearing. This is one of the first true examples of molecular nanotechnology, the precise
positioning of atoms to create useful machines. Already, this property has been utilized to create
the world's smallest rotational motor [19]. Future applications such as a gigahertz mechanical

oscillator are also envisaged.

2.3.4 Electrical properties

Band structures are computed using tight binding approximation for (6, 0) CNT (zigzag,
metallic) (10, 2) CNT (semiconducting) and (10, 10) CNT (armchair, metallic).

Because of the symmetry and unique electronic structure of graphene, the structure of a nanotube
strongly affects its electrical properties. For a given (n, m) nanotube, if n = m, the nanotube is
metallic; if n — m is a multiple of 3, then the nanotube is semiconducting with a very small band
gap, otherwise the nanotube is a moderate semiconductor. Thus all armchair (n = m) nanotubes

are metallic, and nanotubes (6, 4), (9,1), etc. are semiconducting [23].

However, this rule has exceptions, because curvature effects in small diameter carbon nanotubes
can strongly influence electrical properties. Thus, a (5,0) SWCNT that should be semiconducting
in fact is metallic according to the calculations. Likewise, vice versa-- zigzag and chiral
SWCNTs with small diameters that should be metallic have finite gap (armchair nanotubes
remain metallic) [23]. In theory, metallic nanotubes can carry an electric current density of 4 X
10° A/cm2, which is more than 1,000 times greater than those of metals such as copper [24],

where for copper interconnects current densities are limited by electro migration.

Multi-walled carbon nanotubes with interconnected inner shells show superconductivity with a

relatively high transition temperature Tc = 12 K. In contrast, the Tc value is an order of

10
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magnitude lower for ropes of single-walled carbon nanotubes or for MWCNTs with usual, non-

interconnected shells [25].

2.3.5 Thermal Properties

All nanotubes are expected to be very good thermal conductors along the tube, exhibiting a
property known as "ballistic conduction", but good insulators laterally to the tube axis.
Measurements show that a SWCNT has a room-temperature thermal conductivity along its axis
of about 3500 W-m—1-K—1 [26]; compare this to copper, a metal well known for its good
thermal conductivity, which transmits 385 W-m—1-K—1. A SWNT has a room-temperature
thermal conductivity across its axis (in the radial direction) of about 1.52 W-m—1-K—1 [27];
which is about as thermally conductive as soil. The temperature stability of carbon nanotubes is

estimated to be up to 2800 °C in vacuum and about 750 °C in air [28].

2.3.6 Optical Properties

Whereas mechanical, electrical and electrochemical (super-capacitor) properties of the carbon
nanotubes are well established and have immediate applications, the practical use of optical
properties is yet unclear. The tunability of properties is potentially useful in optics and photonics.
In particular, light-emitting diodes (LEDs) [29][30] and photo-detectors[31] based on a single
nanotube have been produced in the lab. Their unique feature is not the efficiency, which is yet
relatively low, but the narrow selectivity in the wavelength of emission and detection of light and
the possibility of it’s fine tuning through the nanotube structure. In addition, bolometer [32] and
optoelectronic memory [33] devices have been realized on ensembles of single-walled carbon

nanotubes.

11
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Chapter 3

Methodology

3.1 Introduction

To investigate the electromagnetic wave characteristics of SWCNT, it is indeed necessary to
develop the analytical expression for attenuation and phase shift of signal while propagating
through the SWCNT. Starting with Maxwell’s equation we may derive the expression for the

above two parameters.
3.2 Mathematical Formulations

Maxwell's Equations are a set of 4 complicated equations that describe the world of
electromagnetic. These equations describe how electric and magnetic fields propagate, interact,

and how they are influenced by objects.

The four Maxwell equations can be expressed as

Vxﬁ—f%—@
T ot (3.1)
V x E = —pa—H
ot (3.2)
V-H=0 (3.3)
V-E:p

(34
where H is the magnetic field intensity, J is the current density, D is the electric displacement
field, and £ is the electric field.

Also, Ohm’s law can be expressed as

J=oE.
(3.5)
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From (3.2), one can write the following:

. d .
VxVxE:—pa(VxH).
(3.6)
Now, recall the vector identity
VxVxE=V(V-E)-V2E.
(3.7)

Note that there is no source charge in the system (p = 0), so that (3.4) can be written as /- E = 0.

Hence, substituting (3.7) in (3.6), one arrives at

—

V2E = ,ug(v x H).

ot (3.8)
Substituting (3.1) and (3.5) into (3.8) leads to
V’E = ,u%(crb: + %—?)
(3.9)

For a good conductor, the displacement current is negligible, compared with the conduction
current, so that the second item on the right-hand side of (3.9) is negligible. Thus, (3.9) can be

further written as

V2E = po(,?t}‘j.

(3.10)
For a time-varying field, the electric field can be written as

— o — .wt

B = Eo€™", o that

0= 0 = = _,

—F = —Eye’*t = jwEye’*t = jwE.

ot ot
(3.11)
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Substituting (3.11) in (3.10), one arrives at

V2E = jw,u.ab:.
(3.12)

|E]

ARV NG
/

X e W . 0 Hfz H =.}I
(a) (b)

&

Figure.3.1. (a) Conductor with height H and semi-infinite width (W» H) and length. The EM wave propagates in the
y-direction (with the current and E-field in the z direction). (b) Schematic illustration of the decay of electric field

inside the conductor along the height (y direction).

For a good conductor, where displacement current is negligible compared to the conduction

current (e.g., we o), one can derive the following relation from the Maxwell’s equations:

V2E = juucE (3.13)

where ¢ and o are the permeability and conductivity of the material, respectively. Considering a
semi-infinite material [as shown in Figure. 2.1(a)] with height H, width W (W >> H), and with
current (or E-field) in the z direction, the electrical field propagation in the direction that is

perpendicular to the x — z surface (y direction) will follow (3.13), whose 1-D form is

d’E.
P jwuocE, =T2E,

(3.14)
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Where

F:\Jjw;ia:(l+jﬂ (315)

And E; can be solved as

Ez = E[)B_Fy = E[)e—ay—jﬁy‘ (316)

The first exponential component e —ay represents the exponential decay of electrical field in y
direction inside the conductor, as shown in Figure.2.1 (b). The second exponential component e
P represents the E-field propagation along y direction. Substituting o(w) = 6041 + jwr) into
(3.16), a and S are obtained as

| whoo 1 [ P }
Y = . 1
! ) \/(wr)Q T (Wr)2+ 14wt

(3.17)
g, [0 ! [Vwr2+1-wr]
2 (wr)2+1 (3.18)
The skin depth ¢ i1s defined as 1/a, which is
2
0= . \/[(wT)Qle][\/(wT)Q—{— 1 —w‘r}
wHao (3.19)

For conventional metals (7 is very small or wz «1),(3.19) reduces to the classical skin depth
de = \/2/wpog (3.20)

For CNTs, the momentum relaxation time can be obtained by

__7TB _ A _S00D
2 wp e (3.21)
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Chapter 4

Results and Discussion

4.1 Results and discussion

To investigate the attenuation and phase shift characteristics we developed the MATLAB code to
predict the evolution of attenuation versus frequency and diameter of SWCNT. The MATLAB

code is shown in Appendix.

12 ¥ ] v T v | d ] d
r —{=10 Ghz -
10 | —{=50 GHz -
A =100 GHz |

—— =200 GHz _

— 8k

£

1 »

s

= 6F

.0

S |—

& 4F —

< | )
2 -
0 o [ o [ o [ o [ o
0 2 4 6 8 10

Diameter[nm]

Fig 4.1 Change of attenuation with diameter at different frequencies
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For different frequencies we increased the diameter of SWCNT and analyzed the change in
attenuation. From Fig 4.1 we can see that higher frequency gives higher attenuation. It is found

that with the increase of diameter of SWCNT the attenuation reduces gradually.

9.0 v
75k
'g‘ 3
=
g 60
Z,
c
ie) P
©
2 45} .
2 diameter=2nm
< I diameter=3nm 1
30L diameter=4nm -
diameter=5nm
15 o [ ] o [ ] o [ ] o
0 50 100 150 200

Frequency[Ghz]

Fig 4.2 Change of attenuation with frequency at different diameter

For different diameters we increased the frequency of SWCNT and analyzed the change in
attenuation. From Fig 4.2 we can see that higher frequency gives higher attenuation. And by

increasing the diameter of SWCNT the attenuation reduces gradually.
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Figure.4.3 Frequency dependence of attenuation constant for single SWCNT and bundled

SWCNT

Figure 4.3 shows the evolution of attenuation constant with frequency. Attenuation constant

increases with the increase of frequency due to the reduction of skin depth at higher frequency

and attenuation constant is inversely proportional to skin depth. It is also found that the

attenuation is much lower in a bundle of SWCNT than that of in a single SWCNT.
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Figure 4.4 Effects of SWCNT’s diameter on the attenuation constant at 100 GHz.

Single SWCNT -
Bundle of SWCNT .

Frequency: 100 GHz

Diameter of SWCNT (nm)

Figure 4.4 shows the effects of diameter of SWCNT on the attenuations constant of single and

bundled SWCNTs at 100 GHz. It is found that in single SWCNT attenuation constant decreases

with larger diameter, because larger diameter CNTs offer smaller resistance. On the other hand,

the attenuation of bundled SWCNT slightly increases with diameter.
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Fig.4.5 Change of phase shift with diameter at different frequencies

For different diameter we increased the frequency of SWCNT and analyzed the change in phase
shift. From Fig 4.5 we can see that larger diameter gives least phase shift for increasing
frequency. And by increasing the frequency of SWCNT the phase shift reduces gradually and

gives the lowest for larger diameter.
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Fig.4.6 Change of phase shift with frequency at different diameter of SWCNT.

For different diameter we increased the frequency of SWCNT and analyzed the change in phase
shift. From Figure 4.6 we can see that larger diameter gives least phase shift for increasing
frequency. And by increasing the frequency of SWCNT the phase shift reduces gradually and

gives the lowest for larger diameter.
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Chapter 5

Conclusions

In this thesis the expressions for phase shift, and attenuation constant have been derived starting
with Maxwell’s electromagnetic field equations for SWCNT. We have discussed the electrical,
mechanical and optical properties of single SWCNT. It is found that attenuation is a strong
functions of frequency and diameter of SWCNT. It is found that in single SWCNT attenuation
constant decreases with larger diameter, because larger diameter CNTs offer smaller resistance.
On the other hand, the attenuation of bundled SWCNT slightly increases with diameter. It may

be recommended that to have smaller attenuation, we should use larger diameter SWCNTs.

27



Attenuation and Phase Shift Characteristics of Electromagnetic waves in Single Walled Carbon Nanotube

Appendix

A.1. MATLAB code for finding attenuation vs diameter:

U=4*pi*10"-7

W2=2*pi*10*10"9;

W3=2*pi*50*10"9;

W4=2*pi*100*10"9;

W5=2%pi*200*10"9;

D=[.25e-9:.25¢-9:10e-9]

T=(1000.*D)./(2*8*10"5);
S2=sqrt(2./(9.99¢7*W2*U)).*sqrt((W2.*T)."2)+1).*sqrt(sqrt((W2.*T)."2)+1)-W2.*T)
S3=sqrt(2./(9.99¢7*W3*U)).*sqrt((W3.*T)."2)+1).*sqrt(sqrt(((W3.*T)."2)+1)-W3.*T)
S4=sqrt(2./(9.99¢7*W4*U)).*sqrt((W4.*T).~2)+1).*sqrt(sqrt(((W4.*T).”2)+1)-W4.*T)
S5=sqrt(2./(9.99¢7*W5*U)).*sqrt((W5.*T).~2)+1).*sqrt(sqrt((W5.*¥T)."2)+1)-W5.*T)
A4=1./S4

A3=1./S3

A2=1./S2

A5=1./S5

plot(D,A2,'r');hold on

plot(D,A3,'g");hold on
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plot(D,A4,'y");hold on

plot(D,AS,'b");

Xlabel('Diameter")

Ylabel('Attenuation');
legend('f=10Ghz','f=50Ghz','f=100Ghz','f=200Ghz");
fid = fopen('atten_vs_diameter.doc','w");
fprintf(fid,'%10.10f\r\t\n',D, A2, A3, A4, AS);

fclose(fid);

A.2 MATLAB code for finding attenuation vs frequency:
U=4*p1*10"-7

F=[10€9:5€9:200e9]

WI1=2*pi*F;

W2=2*pi*F;

W3=2*pi*F;

W4=2*pi*F;

DI1=2e-9;

D2=3e-9;

D3=4e-9;

D4= 5e-9;
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T1=(1000.*D1)./(2*8*10"5);,

T2=(1000.*D2)./(2*8*10"5);,

T3=(1000.*D3)./(2*8*10"5);,

T4=(1000.*D4)./(2*8*10"5);
S1=sqrt(2./(9.99¢7*W1*U)).*sqrt((W1.¥T1)."2)+1).*sqrt(sqrt((W1.¥T1)."2)+1)-W1.*T1)
S2=sqrt(2./(9.99e7*W2*U)).*sqrt((W2.¥T2)."2)+1).*sqrt(sqrt((W2.¥T2)."2)+1)-W2.*¥T2)
S3=sqrt(2./(9.99e7*W3*U)).*sqrt((W3.*T3)."2)+1).*sqrt(sqrt((W3.*T3)."2)+1)-W3.*T3)
S4=sqrt(2./(9.99¢7*W4*U)).*sqrt((W4.¥T4)."2)+1).*sqrt(sqrt((W4.¥T4)."2)+1)-W4.*T4)
A3=1./S3

A2=1./S2

Al=1./S1

A4=1./S4

plot(F,Al,'r');hold on

plot(F,A2,'g");hold on

plot(F,A3,'y");hold on

plot(F,A4,'b");

Xlabel('Frequency')

Ylabel('Attenuation');

legend('D=2nm','D=3nm','D=4nm’,'D=5nm");

fid = fopen('atten_vs_frequency.doc','w");

fprintf(fid,'%10.100\\n',F, A1, A2, A3, Ad);
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fclose(fid);

A.3 Matlab Codes for determining Attenuation vs Diameter:

U=4*pi*10"-7

W1=2*pi*10*10"9;

W2=2*p1*50*10"9;

W3=2*pi*100*10"9;

W4=2*pi*200*10"9;

D=[.25¢e-9:.25¢-9:10e-9]

T=(1000.*D)./(2*8*10"5);
B1=sqrt((9.99¢7*W1*U)/2).*sqrt(1./((W1.*¥T)."2)+1)).*sqrt(sqrt((W1.*T). 2)+1)-W1.*T)
B2=sqrt((9.99¢7*W2*U)/2).*sqrt(1./((W2.*¥T)."2)+1)).*sqrt(sqrt((W2.*T)."2)+1)-W2.*T)
B3=sqrt((9.99¢7*W3*U)/2).*sqrt(1./((W3.*T)."2)+1)).*sqrt(sqrt((W3.*T).2)+1)-W3.*T)
B4=sqrt((9.99¢7*W4*U)/2).*sqrt(1./((W4.*¥T)."2)+1)).*sqrt(sqrt((W4.*T)."2)+1)-W4.*T)
plot(D,B1,'t");hold on

plot(D,B2,'g");hold on

plot(D,B3,'y");hold on

plot(D,B4,'d");

Xlabel('Diameter")

Ylabel('Beta');

legend('f=10Ghz','f=50Ghz','f=100Ghz','f=200Ghz");
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fid = fopen('beta.doc','w");

fprintf(fid,'%10.10f\r\t\n',D, B1, B2, B3, B4);

fclose(fid);

A.4 Matlab Code for determining Attenuation vs Frequency:

U=4*pi*10"-7

F=[10e9:5€9:200e9]

W1=2*pi*F;

W2=2*pi*F;

W3=2*pi*F;

W4=2*pi*F;

D1=2e-9;

D2=3e-9;

D3=4e-9;

D4= 5e-9;

T1=(1000.*D1)./(2*8*10"5);

T2=(1000.*D2)./(2*8*10"5);

T3=(1000.*D3)./(2*8*10"5);

T4=(1000.%D4)./(2*8*10"5);
B1=sqrt((9.99¢7*W1*U)/2).*sqrt(1./((W1.*T1)."2)+1)).*sqrt(sqrt((W1.*T1).2)+1)-W1.*T1)
B2=sqrt((9.99¢7*W2*U)/2).*sqrt(1./((W2.¥T2)."2)+1)).*sqrt(sqrt((W2.*T2)."2)+1)-W2.*T2)

B3=sqrt((9.99¢7*W3*U)/2). *sqrt(1./(W3.*T3).A2)+1)). *sqrt(sqrt((W3.*T3).A2)+1)-W3.*T3)
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B4=sqrt((9.99¢7*W4*U)/2). *sqrt(1./(((W4.*T4) A2)+1)). *sqrt(sqrt((W4.*T4).A2)+1)-W4.*T4)

plot(F,B1,'r");hold on

plot(F,B2,'g");hold on

plot(F,B3,'y");hold on

plot(F,B4,'d');

Xlabel('Frequency')

Ylabel('Beta');
legend('D=2nm’,'D=3nm','D=4nm’,'D=5nm");
fid = fopen('beta_vs_freq.doc','w");
fprintf(fid,'%10.10f\r\t\n",F, B1, B2, B3, B4);

fclose(fid);
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