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Abstract

The composite right/left-handed (CRLH) transmission line (TL) is presented as
a general TL possessing both left-handed (LH) and right-handed (RH) natures. RH
materials have both positive permittivity and positive permeability, and LH materials
have both negative permittivity and negative permeability. In this work, we designed
and analyzed a nonlinear CRLH-TL media with Resonant Tunneling Diode (RTD).

There are two goals of this work. The first goal is to design transmission line
capable of filtering and amplifying high frequency signals at very widebands. In this
case, we designed a compact ultra-wideband (UWB) filter capable of amplifying input
signal with an additional power added to the output signal that equals 50% of the input
signal. The bandwidth pass band of the filter goes from 5-10.5 GHz. This is satisfied by
added RTD to CRLH-TL. The second goal is to design voltage controlled oscillator
(VCO). The VCO model is constructed by combining the RTD with one cell of CRLH-
TL. In this case, we designed three prototype device examples. The first one is a one
cell with short circuit at the beginning of the cell between ground and patch, and 50 Q
load resistance at the end of the cell between ground and patch. The second one is
similar to the first prototype but with open circuit at the beginning of the cell instated of
short circuit. The third prototype consists of one cell with two 50 Q load resistances
between ground and patch at both the beginning and at the end of the cell. The RTD
was biased using a variable DC voltage supply producing voltage oscillator at resistance
load when the RTD biased in the negative differential resistance (NDR) region. The
VCO capable of generating oscillation at frequencies in the range between 4.87- 14.9
GHz depending on the biasing DC voltage.

We used OrCAD, ADS and MATLAB softwares to analyse the proposed
circuits. CRLH-TL based on modified hybrid approach, which consists of a microstrip
line loaded with complementary split-rings resonators (CSRRs), series gaps, and shunt
inductor, with RTD parallel to the shunt inductor is used to satisfy the goals of this
work.
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1-Introduction

A TL is a device designed to guide electrical energy from one point to another.
It is used, for example, to transfer the output radio frequency energy of a transmitter to
an antenna. Where The TL consists of two or more parallel conductor used to connect
the source to the load. The TL may be a coaxial, two-wire line, parallel-plate, planar
line and microstrip line. Microstrip lines are important in integrated circuits where
metallic strips or small electronic devices are deposited on dielectric substrates. These
types of TL are called a conventional TL or right handed TL, A new type of TL which
different from the conventional TL is called left handed TL (LH-TL) or metamaterial.

Recent advances have made possible the emergence of a new kind of materials
called Metamaterials. These materials are artificial structures that can be constructed to
have unconventional electromagnetic properties which are not found in nature as shown
in figure 1.1. The development of this new scientific branch has given rise to numerous
discoveries and technological advances based on the new properties shown by these
novel materials. The electromagnetism is one of the fields in which metamaterials have
found interesting applications, where these materials designed to interact with and
control electromagnetic waves.

Figure 1.1: Metamaterial cells; Split rings are etched into a copper circuit board [1].

The small size and the controllability of the electrical characteristics of
metamaterial TLs are the main properties that make possible their use in the synthesis of
microwave devices with compact dimensions and exceptional features [2]. However,
besides their small size, such devices can also offer a performance improvement for
microwave devices or even new functionalities. In this thesis we concentrated on adding
non-linearity component to metamaterial such as merger between metamaterial TLs and
the RTD.

RTDs are currently the widest bandwidth active semiconductor devices. Which
can achieve a maximum frequency of up to 2.2 THz while the Complementary Metal
Oxide Semiconductor (CMOS) transistors can achieve a maximum frequency of up to
215 GHz [3]. The RTDs have more interesting referring to the high switching speed and



to the I-V characteristic that often exhibits negative differential resistance (NDR)
regions. Characteristic to the current—voltage relationship of a tunneling diode is the
presence of one or more NDR, which enables many unique applications. It used in wide
range of application such as amplifier, pulse generators, analog-to-digital converters
(ADCs) and oscillators [4].

The thesis has been divided in several sections devoted to different aspects:

The second chapter presents a conventional electrical right handed TL
and the parameters and equation of the TL.

The third chapter presents a brief introduction about Metamaterials, and
left handed materials, including their properties and constituent elements.

The fourth chapter with a topic of composite left/right handed
transmission which presents the implementation of metamaterial TLs by
means of the resonant approach, which is applied in this work.

The fifth chapter presents the RTD and their operation and voltage-
current behaviors.

The sixth chapter presents literature review and previous studies in
research.

Seventh chapter focuses on the methodology, simulation and result of
our research.

Finally, the eighth chapter includes some conclusions and possible next
goals are exposed.



2- Electrical Transmission Lines

2.1 Introduction

The electrical TL is a guided structures used to direct the propagation of energy
from the source to the load. The TLs are used mainly in transmitting the power at low
frequencies and in communications at high frequencies. Common examples for TL in
our lives are twisted wire pairs which are used in computer networks and coaxial cables
which are used in TV.

The TL consists of two or more parallel conductor used to connect the source to
the load. The TL may be a coaxial cable connecting TV set to TV antenna, where the
TV antenna is the source and the TV set is the load. Another types of TL are the two-
wire line, the parallel-plate, the planar line and the microstrip line as shown in figure
2.1. Microstrip lines are important in integrated circuits where metallic strips or small
electronic devices are deposited on dielectric substrates. These types of TL are called a
conventional TL or right handed TL. A new type of TL which different from the
conventional TL is called left handed TL (LHTL) that will discuss later.

&
— . =

Figure 2.1: Cross section of different types of TL [5]: (a) coaxial line, (b) two-wire
line, (c¢) planar line, (d)wire above conducting plane, and (e) microstrip line.

2.2 TL parameters

The design of a TL depends on four electrical parameters which are resistance
per unit length R, inductance per unit length L, capacitance per unit length C, and
conductance per unit length G. Where G # 1/R; R is AC resistance of the conductors and
G is the conductance due to the dielectric that separate the conductors. The distributed
parameters of a two-conductor (conventional) TL as shown in figure 2.2 where the
parameters are uniformly distributed along the TL (R and L are in Series, C and G are in
shunt).



series R and L

(o rmaa - BT A= BN e -
;

1 T
T T T T
i I I | | \
shunt G and O | : | 1 i |
| |
i I
m e IS e s .
< T < T < T
3 | 3 L !
| | | I 1 I
| 1 ] | ! |
i | i 1 ! I
T4 ey —+ + T ——
O'*"L— '_’U‘i‘(‘JF“’E;!’"J‘-—JHFV‘(__—'L!.\‘;E.§\ A —ANA ‘L—:)

Figure 2.2: Distributed parameters of the conventional TL [5].

All types of TLs have all parameters R, L, C, and G in a special formula.
However, one or more parameters can be neglected in some type of TL. Table 2.1
provides the formula of four parameters R, L, C, and G, for coaxial line, two-wire line,
and planar line, where the dimensions of the lines are as shown in figure 2.3.

Parameters Coaxial Line Two-Wire Line Planar Line
R(Q/m) 1 1 1 1 2
A mado, w b0,
(8 <a,c—b) (6 <a) (6 <t)
L(H/
(H /m) H b Hoosn 4 Hd
2 a T 2a w
G(S/m) 2no o ow.
In é cosh™ i d
a 2a
C(F/m) 2re e oW
In é cosh™ i d
a 2a w >d

Table 2.1: parameters formula of the three types of TL illustrated in figure 2.3 [5].

e UL

{a) {3} (X9}

Figure 2.3: Common TLs [5]: (a) coaxial line, (b) two-wire line, (¢) planar line.



2.3 TL Equations

To solve the TL equation consider the TL connecting the source to the load as
shown in figure 2.4, and that TL has an equivalent circuit as shown in figure 2.5 for the
portion of length Az of TL. By applying Kirchhoff's voltage law and Kirchhoff's current
law in the circuit in figure 2.5, we obtain equation 2.1 and 2.2 respectively.

Ve A= V(@) _p i, MY e.n
Az ot
_I(z+ Az,t)— I(Z, t):GV (z+ Az ,t)_,_cw_ (2.2)
Az ot
Ry
gencrator f+———— coaxial ling———— load

Figure 2.4: Coaxial line connecting the generator to the load [5].

Iz,1) RAz LAz Iz + Az, 1)
e +*
To generator Al

- To load
Wz + Az, 1)

- GAz == e

'I,

z Z+ Az

Figure 2.5: The equivalent circuit model of an infinitesimal length Az of a two
conductor TL [5].

On the limit Az —0, equations 2.1 and 2.2 will be,

——aV(Z’t):R I(z,t)+L—aI(Z’t), (23)
0z ot

- aI(Z’t):GV (z,t)+C —GV(Z,‘[)‘ (2.4)
0z ot



If we assume V(z, ) and I(z, ¢) are a harmonic time dependence, V(z) and /i(z)
are the phasor forms of V(z, ¢) and I(z, ¢) respectively; therefore, we may write V(z, )
and /(z, ?) in the following forms

V(z.t)=RelV,(z)e™ ], (2.5)

I(z.t)=Re|Is(z)e™]. (2.6)

From equations (2.3-2.6), we have

dv.

- =—(R+joL),=-Z1,, (2.7)
dI, , ,
Z:—(G +jeC W, =Y V,, (2.8)

where Z' and Y’ are a series impedance and a shunt admittance respectively per unit
Length. By taking the second derivative of V and /;, we obtain

2
d—\;szyzvs, (2.9)
dz
&’y ,
=y, 2.10
et (2.10)
v=J(R+joL)(G+jaC)=a+jB, (2.11)

where y is a propagation constant (in per meter), a is the attenuation constant (in nepers
per meter), and S is the phase constant (in radian per meter). The solution of these
equations is in the form of waves in the +z and -z direction, which for sinusoidal
excitation take the form of V; and I, as follows,

V.=V e"+V. e”, (2.12)
=T e™+I e”, (2.13)

where Vi, V5, I}, and I are wave amplitudes; the + and — signs denotes for wave
traveling along +z and —z directions.

The characteristic impedance of a TL Z, is the ratio of the amplitudes of voltage
and current of a single wave propagating along the line; that is, a wave travelling in one
direction in the absence of reflections in the other direction [5].

7 Vo Ve |[R+jol) =\/Z (2.14)
1 \(@G+jec) VY




3- Metamaterials

3.1 Introduction

Metamaterial (MTM) have attracted much attention of scientists due to their
vital applications. These materials are promising towards the development of
communications because they exhibit controllable electromagnetic properties. The
MTM are usually arranged in periodic patterns or quasi-periodic structures.

There have been various definitions of electromagnetic metamaterials, where
Walser from the University of Texas at Austin, defined the term ‘‘metamaterial’’ [6] as
"achieve material performance beyond the limitations of conventional composites.".
While Metamorphose, the European Network of Excellence, terms the metamaterials as
"Metamaterials exhibit multi-functional characteristics that can be engineered to satisfy
prescribed requirements" [7].

3.2 A Historical Overview of Electromagnetic Metamaterials

Permittivity (¢) and permeability (x) are two parameters used to characterize the
magnetic and electric properties of materials interacting with electromagnetic fields.
The permittivity of a medium describes how much electric field is generated per unit
charge in that medium, while Permeability is the measure of the ability of a material to
support the formation of a magnetic field within itself. Most of the materials in nature
have positive permittivity and permeability where referred to double-positive media
(DPS). In contrast, if both of permittivity any permeability are negative they are called
double-negative (DNG) and are also referred to as Metamaterial or LHMs. Materials
with one negative parameter are named single-negative (SNG), and classified into two
subcategories, namely epsilon-negative (ENG) if the media have negative permittivity,
and mu-negative (MNGQG) if the media have negative permeability. The four different
kinds of materials are displayed in figure 3.1. In the nature there are ENG materials
such as cold plasma and silver at microwave and optical frequencies, respectively, and
ferromagnetic materials exhibit a negative permeability behavior in the VHF and UHF
regimes. However, up to date DNG material does not exist in nature and they must be
created artificially.

The exposition of the four type of media according to p and € can deduced from
the study of the equations describing the propagation of electromagnetic waves in media
equations (3.1-3.2) [2]:

nzzg'u’ (3.1)
) @,
p=Ln, (32)

where [ is the propagation constant and # is the refractive index. If the substances have
different sign for ¢ and ¢ and exhibit imaginary values of £ and n. These media are not

considered propagating media. However, if the two parameters ¢ and x have the same
sign, both B and n are real and the medium allows the propagation of electromagnetic

waves.
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Figure 3.1: Possible domains of electromagnetic materials and wave refraction or
reflection directions based on the signs of permittivity and permeability [7].

3.3 Metamaterial structure

DNG materials are not available in nature. However, the artificial synthesis of
such media need to made media with both permittivity and permeability are negative.
Rodded medium and SRR medium have been used as essential components to create
LHMs. Rodded medium is a very interesting example of artificial media ENG. Rodded
medium is formed by a regular lattice of conducting wires with radii as shown in figure
3.2. Permittivity for the wires medium is negative over a very wide frequency range. On
the other hand, The SRRs are more widely used to possess negative permeability media
to made artificial MNG [7].

The thin wires array shown in figure 3.2 can be expressed their effective
permittivity in the form [8]:

=1-—t (3.3)

(3.4)

where w, is the plasma frequency, o is the frequency of the incident electromagnetic
wave, a is the lattice parameter of the wire array, 7 is the radius of a wire, and c is the
speed of light in vacuum. From this point, there is negative permittivity effect in the thin
wires array when o is less than w,.

A plasmon is defined as “quantum of plasma oscillation.” [9] typically,
plasmons are excited by scattering an electron off the plasma, and measuring the energy
lost by the electron [9].



Figure 3.2: The geometry of wire medium |[8].

The SRR is formed by two split metallic rings united center, as shown in figure
3.3. When we excite time-varying magnetic field in the z direction of SRR, the split in
rings force the current to flow as displacement current between them. The closed
current loop produce capacitance between the inner and the outer ring, which leads to a
resonance which can be modeled as is shown in figure 3.3 [2].

Figure 3.3: SRR and its equivalent circuit [2].

Figure 3.3 shows the modeling of SRR, where L; is the resonator self-
inductance, can be approximated by that of a single ring with averaged radius ry, where
Cy stands for the total capacitance between the rings, Cy can be obtained as Cy=2nr¢Cpy;
where C,,; 1s capacitance per unit length between the rings. The resonance frequency of
the SRR is given by equation 3.5 [2].

W = , (3.5)

where C; is the series capacitance of the upper and lower parts of SRR.



The effective permeability of such a medium can be estimated as:

- Fw®

‘Lt =
7 o -’

(3.6)

where F is the fractional area occupied by the interior of the resonator within the unit
cell [10]:

(3.7)

where 7 is the radius of the inner ring, a is the unit-cell dimension in the xy plane. on the
other hand, we can calculate w, by geometric parameters from [10]:

2
o= (3.8)

2” 3
wn(—r
)
where d is the gap between inner and outer ring and w is the ring width.

The variation of u. around the resonance frequency is shown in figure 3.4. Just
above wy and up to w,,, (the “magnetic plasma frequency”), the effective permeability is
negative, which works as MNG effective media.

Heff

-E_ I'I"Eff=1 C o —

Figure 3.4: Effective magnetic permeability of a MNG medium [11].

3.4 Complementary Split-Rings Resonators

On the basis of the SRR, numerous sub-wavelength resonators with similar
topologies have been proposed. One of them is the complementary split-ring resonator

10



(CSRR) as show in Figure 3.5(a) . In this case, the rings forming the resonator are
etched on a metallic surface. This occurs in such a way that, both structures have the
same resonance frequency, but, contrary to the SRR, the CSRR exhibits negative values
of the dielectric permittivity around its resonance, which can be excited by means of an
axial electric field.

The intrinsic circuit model for the CSRR is shown in Figure 3.5(b). In this
circuit, the inductance Lg of the SRR model is substituted by the capacitance C. of a
disk of radius ro — w/2. Conversely, the series connection of the two capacitances Cy/2 in
the SRR model is substituted by the parallel combination of the two inductances
connecting the inner disk to the ground. Each inductance is given by Ly/2, where
Lo=2rnroL,, and Ly, 1s the per unit length inductance of the coplanar waveguide
connecting the inner disk to the ground [2].

(a) (b) C.

(4)]

] "
w e [ [ X
.

U Lo/2

Lo/2
Lo =L,/

CSRR

Figure 3.5 [2]: (a) CSRR. (b) CSRR equivalent circuit.

3.5 Left-Handed Media

When we talked about the metamaterials we said that these materials are not
available in nature, where this material taking negative values for the magnetic
permeability and the dielectric permittivity simultaneously. Another name for the
metamaterials are a left-handed media (LHM). Considering a plane wave, we can write
equations (3.9) and (3.10) [7] where K is wave vector, H is a magnetic field vector, and
E is an electric field vector.

11



KXE =ouH , (3.9)

KX H =-w¢E . (3.10)

Form equations 3.9 and 3.10 if ¢ >0 and x >0, the orthogonal K, E, and H are RH
as shown in figure 3.6(a). Whereas when both ¢ and u are negative, the vector system is
left-handed as shown in figure 3.6(b). This is the reason why these media are called
“left-handed media™.

Whereas the wave vector reverses its direction in LHM, the Poynting vector
keeps its direction in LHM and RHM.

S=ExH (3.11)
b
®  RHM 4. ®) Lam .
3 5 ” S
L > R | |

I B

Figure 3.6: Representation of the field, wave and Poynting vectors for propagating
waves [2]: (a) LHM, (b)LHM.

So the energy flux and the wave fronts travel in opposite directions or, in other
meaning, in LHM the group and the phase velocities are antiparallel (backward
propagation).

In LHM, we can express the two negative magnitudes, ¢ and ux, in polar
coordinates; thus, equation (3.1) can be rewritten as follows [7] :

n=v—g\-u =Ne'"e e u =e’"Jeu =—\eu (3.12)
So the refraction index is negative in LHM media. As a consequence, when a

wave arrives to a LHM through a RHM the refraction angle is also negative as shown in
figure 3.7.

12



Figure 3.7: Reflection index wave arrives to a LHM through a RHM [7].
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4 - Composite Left/Right handed Transmission

4.1 Introduction

There are two main approaches devoted to the implementation of artificial TLs
and their application in microwave device design: the CL-loaded TL and the resonant-
type approach

The TL approach to implement LHM was first introduced by a group at
university of Toronto in 2002 [12]. The approach is based on the mapping of the electric
and magnetic field in the media to the voltage and currents of the equivalent distributed
L-C network. Where the dielectric properties like permittivity and permeability can be
modeled using distributed L-C networks.

LHM TLs implemented in coplanar, strip line and microstrip technologies [2]
are more suitable for microwave device design. The big advantages of these artificial
TLs are their design flexibility and compact dimensions, given that phase and
characteristic impedance can be tunable to some extent in order to obtain the suitable
properties that each design requires.

The second main type of approach artificial TLs with LH characteristics is the
resonant-type approach based on sub-wavelength resonators. Since this type of
approach depending on the resonators as SRR-based TL makes them useful in
microwave device design. The different type of resonator make different type of
applications developed by metamaterial TLs such as filters, power dividers or hybrid
couplers, among others

4.2 TL implementation of LHM

In chapter 2, the propagation characteristics in the normal TL (RH-TL) is
explained. We will make an analogy between RH-TL and LH-TL to study the
propagation characteristics in both media. We will use the equivalent T-circuit model of
the TL to model both of TL-media as shown in figure 4.1, where the series impedance
and the shunt admittance Z and Y can be matched with the magnitudes e and pefr (£
and Y per-unit-length magnitudes): [2]

7 ':ja),ueff , (4.1)

Y'=j ) 4.2
joe (4.2)
The sign of Z' and Y' may be positive or negative depending on the sign of s
and &5 Therefore, there are four possibilities of Z' and Y' as indicated in table 4.1. The
sign of Z' and Y determines the propagating or not propagating nature of the line. Where
the propagation can be exist when both of Z' and Y" have the same sign.

Therefore, considering lossless RH-TL, modeled by series inductances and shunt
capacitances as shown in figure 4.2 (a), exhibits positive values of .5 and z.p.
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1

Figure 4.1: T-circuit model of the TL [2].

Impedances Medium Propagating
z :(~'ué.’ff) Y :(~ge:ff)
>0 >0 Conventional TL. DPS YES
>() <0 SNG NO
<0 >0 SNG NO
<0 <0 Dual TL DNG YES

Table 4.1: Variation of TLs properties with the sign of the impedances [2].

LYY YY I | |
L2 | L2 | §
) - L L
—C; LL
(a) — (b) —

Figure 4.2: (a) Unit cell for a RH TL. (b) Unit cell for a LH TL [2].

L, _L,
— — , 4.3
Hy =577 (4.3)
C, .
=—r= 4.4
gq[f l CYR ) ( )

where / is the length of the unit cell.
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Inserting equations 4.3 and 4.4 into equations 4.1 and 4.2, we will get the right hand
impedance (Zr) and admittance (Yz) as follows,

Z, :ja)LTR, (4.5)

Y,=joC, (4.6)

On the contrary, in LH-TL we obtain negative values for . and pep, so Z; must
be capacitive, and Y; must be inductive as shown in figure 4.2(b). e and pey are
obtained by [2]:

-1
= , 4.7
o  ’2C,1 %7

-1
& = , 4.8
o  w’L,l (48)
- , (4.9)

jo2C,
1

Y, = . 4.10
g joL, (410

From our lossless T-network (figure 4.1) we can drive the phase constant f,
characteristic impedance Z,, phase velocities v,, and group velocities v, for both RH-TL
and LH-TL [2].

The propagation constant can be obtained from Z and Y

cosfl =1+2Y , (4.11)

Bl 2ZY . (“12)

The characteristic impedance can be obtained as:
2
Z,=Z,= Z(Y—+Z]. (4.13)

Phase and group velocities are given by the following expressions:

_9 4.14
b2 (4.14)
v, :2—2). (4.15)

For RH-TL, from the equations 4.5 and 4.6, we can obtain the following characteristic
impedance,
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L L,C
Z, = |28 |1-@* 2222 |, 4.16
BR \/C ( @ 4 ] ( )

and propagation constant is

LRCR

=+ =w+/L,C, , (4.17)
R R™~R

moreover, the phase and group velocities are:

0} 1
—:+/ — (4.18)
Pr ﬁ LRCR

\% =

Oo_ L, (4.19)
&r aﬁ LRCR P

1%

on the other hand, for the LH-TL from equations 4.9 and 4.10, we get

Zy = L l-——— 1 , (4.20)
g C, 4L, C,
— 1
ﬁL :_\]_2ZLYL == > (4.21)
ol \|/C,L,
v, :%:—a)zlw/CLLL : (4.22)
v, :Z—Z:Hozh/CLLL . (4.23)

From previous equation we note that the sign of phase velocity and propagation
constant is different in both of RH-TL and LH-TL. In the RH-TL the sign of phase
velocity and propagation constant are positive confirms forward propagation in RH-TL.
In opposite to the RH-TL, the sign of phase velocity and propagation constant are
negative confirms backward propagation in LH-TL. In the other word, the sign of the
propagation constant has been chosen in order to guarantee a positive value of the group
velocity and negative value of the phase velocity in LH-TL [2]. The dispersion
diagrams and the characteristic impedance of the RH-TL and the dual LH-TL are
depicted in figure 4.3, where

2
O = (4.24)
CR LRCR
o 1 (4.25)
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Figure 4.3 [2]: (a) Dispersion diagrams for a RH TL. (b) Dispersion diagrams for a
LH TL. (¢) Normalize characteristic impedances for a RH TL. (d) Normalize
characteristic impedances for a LH TL.

4.3 Composite Right/Left handed TL

As shown in the previous section, the pure LH-TL modeled by series
capacitances and shunt inductances as shown in figure 4.2 (b). However, this model of
pure LH-TL is not possible. The implementation of LH-TL requires a host conventional
TL (RH-TL) with shunt capacitances and series inductances. The host can be applied
with different kinds of TLs, such as microstrip and coplanar waveguides (see figure
4.4(a)). These hosts do not allow to obtain a pure LH-TL, since the host medium
introduces L and Cy will take part in the structure of the TL as shown in figure 4.4(b)

At low frequencies, the loading element (LH components L;, C;) are
dominating, so the propagation characteristics of the TL act as pure LH-TL. While, at
high frequencies the host element (RH components Lg, Cr) are dominating, so the
propagation characteristics of the TL act as pure RH-TL. The composite behavior of
these TLs is known as composite right-left handed (CRLH) TLs or (CRLH-TL), and the
design of CRLH-TL is called CL-loaded TLs.

In the previous section, we drive the values of ¢, and u.; of the RH and LH TL.
In a similar way, the expressions of e,y and p.pare [13]

L, 1

S N 426
For =21 »’2C,1 (320
g Cn__ 1 4.27)



(h)

T

Figure 4.4 |2]: (a) Layouts of different kinds of CL-loaded TLs. From up to down:
Coplanar waveguide with capacitive gaps and shunt connections, microstrip line
with capacitive gaps and vias to ground and, finally, microstrip line with
interdigital capacitors and shunt-connected inductive stubs (b) T-circuit model of a
composite right-left handed TL (CRLH TL).

[0
Wy
/ e /
-7 ﬁf Fra - ,S].f T

Figure 4.5 [2]: (a) Dispersion diagram of a non-balanced CRLH TL, (b) Dispersion
diagram of a balanced CRLH TL.

Both ¢, and pe can be positive or negative, where their values depend on the
frequency, at high frequencies both . and u.s are positive so the TL acts as RH-TL,
while at low frequencies both e.4 and u.y are negative so the TL acts as LH-TL. At
certain frequency range known as frequency gap both &, and u. have different signs
where transmission is not allowed as shown in figure 4.5(a). The frequency gap starts
from wg; and ends at wg,. The LH behaviors below the wg; and RH behaviors above
the wg, and no transmission allowed between wg; and wg,. The values of both wg; and
g2 depend on the values of the capacitance and inductance. The values of wg; and wg:
are functions of the resonance frequencies of the series branche (w;) and shunt branche

(wp):

a)G]:min(a)s,a)p) , wczzmax(aqg,a)p) (4.28)
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At the balanced case the resonance frequencies of the series and shunt branches
must be equal. In addition, their values must equal to wy. At this frequency, the
frequency gap is forced to disappear as shown in figure 4.5(b) where w, is defined as:

1
- — 4.29
Lo i, (329

4.4 Resonant-type Metamaterial TLs

After appearance of CL-loaded TL to approach artificial transmission lines with
left-handed characteristics, a new type of approach left-handed characteristics based on
sub-wavelength resonators came out. The dependence of this new type at transmission
lines on the resonators such as SRR-based transmission line makes them especially
interesting and useful in microwave device design. New kinds of resonators had several
types of applications are developed and applied to metamaterial transmission lines such
as filters, power dividers or hybrid couplers, among others.

The most two famous resonator to impalement artificial left-handed are SRRs
and CSRRs. These types of resonators are hosted on conventional TL as mounted
element, the effect of hosting TL appears at specific frequency band where the series
and shunt reactances make the behavior of the TL acts as RHTL while in other specific
frequency band the series and shunt reactances make the behavior of the TL act as
LHTL.

The sub-wavelength dimensions of the resonators allow the synthesis of very
compact structures with significant design flexibility and make them suitable for
microwave device miniaturisation [2].

The excitation of SRR-type resonators are different from the excitation of
CSRR-type resonators. While the SRR is excited by an axial magnetic field, CSRR is
excited by an axial electric field. This allows different kinds of coupling for each kind
of resonator. SRRs can be coupled to a coplanar waveguide by locating them on the
bottom side of the substrate, while the CSRRs, they can be etched on the ground plane
under a microstrip line, or they can be etched on the metallic strip in both, microstrip
and coplanar TLs. [2].

In the following section we will expose two types to approach the resonator in
the TL: purely resonant approach and hybrid approach. The focus of our work is on the
CSRR-type TLs in the hybrid approach, which have been mainly studied and applied in
our design.

4.4.1 Purely Resonant Approach

The purely resonant approach is divided into two resonator types SRR and
CSRR resonant .

4.4.1.1 Purely SRR Resonant Approach

The Metamaterial TL is based on a resonator which consists of coplanar
waveguide, SRRs and shunt-connect metallic strips [2]. The SRRs resonator is
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magnetically coupled with coplanar waveguide, where the SRRs located on the bottom
side of substrate as shown in figure 4.6(a). The metallic strip with SRRs acting as shunt
inductance around the resonance frequency of the SRRs, at this condition the TL
behavior as LH-TL where the shunt reactance is inductive and series reactance is
capacitive. The equivalent circuit model of the TL shown in figure 4.6(b), which can be
simplified to the n-circuit shown in figure 4.6(c) [2].

(b)

Figure 4.6 [2]: (a) Scheme of a unit cell of the first SRR resonant-type
metamaterial TL. (b) Recently proposed improved circuit model for the structure
shown in (a). (¢) Modified circuit model for the structure shown in (a).

In figure 4.6(b), Cs and L, model the SRRs which are magnetically coupled with
coplanar waveguide through mutual inductance M, to obtain a series capacitive element
in modeling circuit [2]. While the metallic strips are modeled by L, to get a shunt
inductance in the model. The series capacitive (Cs) and shunt inductance (L,) are the
essential elements to LH behavior. The inductance and capacitance of the waveguide
are model by L and C respectively, where L and C are represented the RH behavior. The
transformation from (b) to (c) satisfy the following equations [2]:

S s 20 M2 B (4.30)
1+
2L,,Ls
M2 Y
, L 2L L
C. = s LN 431
5 2M e} 1+ L (4.31)
4Lp
L= 2+-E £—L‘S, (4.32)
2L |2
P
, L
L, = 2Lp +E. (3.33)

21



The series and shunt impedances Z; and Z,, are respectively given by,

Zszjw[b+———%%f—r], (4.34)
(I—w’LyCy)
l—a)zL'PE

The sign of Z; and Z, change according to the value of the frequency. At low
frequency x,<0 and y,>0, left handed propagation appears; however, at high frequency
x>0 and y,<0, RH propagation occurs, where y, and y, are the imaginary parts of Z; and
Z, respectively.

The dispersion relation of the line can be written as:

cos Bl =1+25 (4.36)
VA
P
resulting:
I3 (1 -o’L, gj
cos Bl =1+| L + = ; ; (4.37)
(1-w"LC; L,

the characteristic impedance can be rewritten from equation (4.13) by transform from T-
circuit model to m-circuit model:

Z 7’
Z,= |- (4.38)
2Z,+Z,

4.4.1.2 Purely CSRR Resonant Approach

As mentioned above, The first type Metamaterial TL based on SRRs, the other
type of resonator can be implemented with complementary split-ring resonators
(CSRRs). The TL is implemented by etching CSRRs on the ground plane of microstrip
line and capacitive gap etched on the microstrip line above the resonator as shown in
figure 4.7(a). Where the CSRRs providing negative permittivity (¢) and capacitive gap
providing negative permeability («). The figure 4.7(b) shows The equivalent circuit
model of figure 4.7(a). The gap capacitance is modeled by C,, while the CSRR is
modeled by L. and C. where electrically coupled to the line through the capacitance C
and L represents the line inductance.

Figure 4.7(c) shows the new equivalent circuit model of structure figure 4.7(a).
Which provides a better description of the physical behavior. The new model is able to
explain the importance of the coupling capacitance C when a capacitive gap is present
or not. Where modelling the gap as a n-circuit formed by the series capacitance C; and
two shunt fringing capacitances, Cr [14]. The line capacitance, C;, and C; form the
parallel capacitance C,,,
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C,, =C, +C, (4.39)
2C, =2C, +C,, (4.40)

o C,, (2cs +cpa,) 441

Figure 4.7 [2]: (a) A unit cell of Purely CSRR Resonant-type metamaterial TL. (b)
Equivalent T-circuit model of the structure shown in (a). (¢) Recently-proposed
improved circuit model for the structure shown in (a).

From the preceding equations we see that both C, and C depend on C;s and C,-
This means that any changes on the capacitive gap, modifies C and Cg and their related
parameters [2].

The series and shunt impedances of the T-circuit model are:

. L 1 1-0’C L
Zs :]a)_ + = g (4.42)
2 jo2C, jolC,
1-0’L, (C +C

Z,= vjo— - g . ) (4.43)

joC " 1-w2Cle  joC (1-0C,L,)

The phase of the unit cell can be calculated as the equation (4.36):

1-0°C,L)(1-0°C,L,

cospt =1 € L@ CeL )10 L) (4.44)

C, 1-0’L (C+C,)

From the above equation cos(8l) =1 if Zs=-2Zp when the phase takes the values
-180° and 0° which represent the upper and lower frequencies of the LH transmission
band, and the zero-phase can occur when Z=0 or Z,=oo which represent series (w,) and
shunt (w,) resonance frequencies [2].

o = 4.45
e (4.45)
g
o =1 (4.46)
3 CCLC .



The minimum value of these two frequencies (ws, @,) 1s the upper limit of the
LH band while the maximum value is the lower limit for the RH band as shown in
figure (4.8). The transmission zero frequency, w., at which Z,=0

0 = — (4.47)

- JL(Cc+C))
The characteristic impedance can be calculated as:
Z,=\2,(22,+2,) (4.48)

giving us:

2
Z,=|= += = i (4.49)
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Figure 4.8: Representation of the series and shunt reactances, the characteristic
impedance, and the phase (f/) for a unit cell show in figure (4.7(a)). (a) and (¢) o<
wp, whereas in (b) and (d) o, > o, [2].

The figure 4.8(c, d) show variation of the phase in the transmission bands where
both, pl and Zj, are real. When § > 0 the TL is in RH band while f < 0 TL is in LH
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band. Moreover, graphs in figure 4.8(a, b) show that the LH transmission occur at ys < 0
and yp > 0, whereas in the RH transmission occur at y, <0 and y,> 0.

Between the LH and RH there is a transmission gap occurred in CL-loaded TLs
when there is no balance. Resonant-type TLs can be designed to be balanced by forcing
o, and w; to be equal. At this case a continuous transition between both bands occurs
which provides a wide transmission band with left- and right-handed depending on the
frequency.

4.4.2 Hybrid Approach

Hybrid approach combines particles from CSRR, gaps and shunt inductance.
The new TL composed by combining CSRRs and capacitive gaps in the purely CSRR
resonant structures with the shunt inductance has new propagation characteristics as
shown in figure 4.9(a). The shunt inductance contributes to obtain a negative value of
permittivity that increases design flexibility to work at CRLH band and also to provide
a transmission zero above the band of left-handed (figure 4.9(c)), where this
transmission zero improving the rejection above the transmission band [2].

(a} (b:l 2c Lr2 Li2 ECS fc—] W] \‘“‘--\.

Figure 4.9 [2]: (a) unit cell of a CSRR-based hybrid unit cell. (b) Equivalent circuit
model of the structure shown in (a). (c) Typical frequency response of a hybrid
structure.
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The equivalent circuit model and frequency response of hybrid approach shown
in figure 4.9(b, c), where the CSRR are modeled by the capacitance C. and the
inductance L., whereas the gaps are described by the capacitance C,. L is the inductance
of the line, while the electric coupling between the line and CSRR modeled by C, and
the two shunt stubs modeled by the shunt connected inductance L, [15]. When the series
reactance and shunt susceptance are both negative (LH regions), zones where they are
both positive (RH bands), and intervals where they have opposite signs (no transmission
bands). The utilization of the transmission zero can be guide to provide high rejection
level below the main transmission band in the design of narrow band pass filters as
shown in [16].

Before analysing this model, we show there are a small differences between the
purely CSRR resonant approach and hybrid approach; the central stubs, shunt connected
by means of vias, are modelled in the circuit by means of the shunt inductance L.
Whereas the shunt impedance is modified to equation (4.51), the series impedance
remains the same as in the purely resonant approach equation (4.50) and, thus, the series
branch resonance is again given by equation (4.45). Besides the transmission zero, @,
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equation (4.52), the new element provides a second resonance frequency for the shunt
branch. The two shunt resonances are given by equations (4.53) and (4.54), where w, is
the resonance frequency of the resonators (equation (4.55)).

1-0°C,L
L, 1 | L) (4.50)
2 je2C, joC,

Z =jo

I 1oL (c+C) |
Z = + ‘ ‘ (4.51)
" oljel, jeC(1-0C.L,)

P S (4.52)

L (C+C,)

o’ (1+de@j)—\/a>;‘ (1+de@j (1+LdCa)j))—4Ldeja)f
Cor = 2L.Co’ (4.53)
d z

% (1+de@j)+\/a>;‘ (14 L,C0? (14 L,C0?))-4L,C 0’0}

W, = 4.54
o 2L,C @} (4.34)
0, = (4.55)

" JCL '

The diverse combinations of the position of the series resonance frequency
changes with respect to the transmission zero and the shunt resonance frequencies affect
the behavior of the TL. Figures 4.10 and 4.11 show some of the possible combinations.
Figure 4.10(a, c) show the characteristic impedance with the series and shunt reactances
and the dispersion diagrams in the case of w; < w,< w: < w,y, and figure 4.10(b, d)
show the characteristic impedance with the series and shunt reactances and the
dispersion diagrams in the case of w,; < w; < w. < w,y. While the figure 4.11(a, c) show
the characteristic impedance with the series and shunt reactances and the dispersion
diagrams in the case of w,, < w. < ws; < w,y, and the figure 4.11(b, d) show the
characteristic impedance with the series and shunt reactances and the dispersion
diagrams in the case of w,; < w. < w,n < ws. From these four cases. The differences of
combination give rise to diverse distributions of the left and right-handed transmission
bands occur flexibility for designer to select the best behaviors for his target.

The relation of the series and shunt resonate frequency make the behavior of the TLs are
balance or unbalance, where at the balance case there are no transmission gap between
left and right hand while at unbalance case there are gab when transition from left to
right band. In contrast, let us now consider the balanced case, which more important to
achieve broadband structures. Since there are two shunt resonances, there are actually
two cases to achieve the balanced condition: that where the series resonance (wy) is
equal to the lower resonance frequency (w,;) of the shunt impedance, and that case
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where the series resonance (ws) 1s equal to the higher resonance frequency (wpn) of the
shunt impedance. At this case, a continuous transition between the left- and right-
handed band results. Since transmission zeros is located between the two shunt resonant
frequency an additional band is located in the transmission band. In the case (ws;= wpr),
where are additional band above the transition frequency, in the right hand propagation.
Conversely in the case (os = wpp), this additional allowed band is located below the
transition frequency in the LH. Nevertheless, these additional bands are typically very
narrow and may not be useful in practical applications [15].
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Figure 4.10: Representation of the series and shunt reactances, the characteristic
impedance, and the phase () for a unit cell as shown in figure 4.9(a). Two

different cases have been considered: in (a) and (¢) o< Wy < @, < wpH, Whereas in
(b) and (d) v, < 0s< 0, < wpy [2].
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Figure 4.11: Representation of the series and shunt reactances, the characteristic
impedance, and the phase () for a unit cell as shown in figure 4.9(a). (a) and (c¢)
wpr < 07 < ws < wpy, whereas in (b) and (d) v, < 0, < Wpr< vy [2].
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5- Resonant tunneling diode

5.1 Introduction

A resonant tunneling diode (RTD) is a diode with a resonant-tunneling structure
in which electrons can tunnel through some resonant states at certain energy levels [4].
The resonant tunnel diode, also known as the Esaki diode, was first discovered by Leo
Esaki in 1957 [4], when he discovered the field of internal emissions in heavily doped
reverse biased germanium p-n junctions. He noted N-shaped current-voltage (IV)
characteristic of this same junction when biased in the direction of forward bias similar
to the I-V characteristic of the Si tunnel diode shown in Figure 5.1.

The tunnel diodes have more interesting features referring to the high switching
speed and to the I-V characteristic that often exhibits negative differential resistance
(NDR) regions. The current—voltage relationship of a tunneling diode is identified by
the presence of one or more NDR regions, which enables many unique applications. It
is used in wide range of applications such as an amplifier, pulse generators, ADCs and
oscillators [4]. As well as incorporating tunnel diodes with transistors can improve
circuit performance [17] by decreasing the power consumption or by increasing the
speed of signal processing. On the other hand, the tunnel diodes are used in the
manufacture of memory circuits where it can reduce static power dissipation relative to
conventional approaches [4].

.15 . . .

1N2927
Microsemi Corp.
Si tunnel diode
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Figure 5.1: Current-voltage characteristic of a commercial silicon tunnel diode [4].
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A new tunnel diode differential comparator has been proposed tunnel diode
compared to the new differential which reduces the power dissipation by a factor of two
relative to a transistor-only comparator with the increase in diode speed [18]. A
particularly useful form of a tunneling diode is the Resonant Tunneling Diode (RTD)
which can achieve a maximum frequency of up to 2.2 THz while the CMOS transistors
can achieve a maximum frequency of up to 215 GHz [3].

Tunneling diodes provide the same functionality as a CMOS transistor where the
device switching “on” when a specific external bias voltage range, biasing the device. In
CMOS the current going through a channel between the drain and source while in RTDs
the current goes through the depletion region by tunneling in normal tunneling diodes
and through quasi-bound states within a double barrier structure in RTDs [3].

5.2 Theory of RTD Operation

Figure 5.2 shows the cross-section and corresponding conduction band diagram
for the RTD. The cross-section of RTD consists of Four regions Emitter, Double-
Barrier, Space-Charge, and Collector region [19]. The emitter region is a source of
electron, and the Double-Barrier region consisting of two barriers and a quantum-well
between these two barriers for large bandgap material, and the Space-Charge region is a
drift region, while the Collector region is to collect the electrons tunneling through the
double-barrier structure. The electrons from the emitter can tunnel to collector through
the barriers if their longitudinal energy is equal to the energy of the quasi-bound state in
the quantum-well.

Space-Charge

N4+ Emitter Collector | N++

Region
Emitter Collector
Contact Double Barrier Contact
Structure
JTH.fmeh'ng
-
- E
Emitter <
E,
Space-Charge E.
Hegion Collector =

Figure 5.2: Cross-section of an RTD and the corresponding conduction band
diagram under forward bias. The shaded region in the double-barrier structure
represents the quasi-bound state in the quantum well. The energy distribution of

the electrons in the emitter is also shown [19].

When Appling positive voltage at collector and negative voltage at emitter in the
RTD (forward voltage), at near-zero electrical bias, the barriers region stop the electrons
to flow from emitter, causing no current flow in RTD. Therefore, the electrons from the
emitter form an accumulation layer near the barrier. When the forward voltage
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increases, some of these electrons have an energy equal to the quasi-bound state energy
in the quantum well which can tunnel through the double-barrier structure, giving rise to
a current in RTD. With more increasing bias, the energy level of electrons in the emitter
more than the energy level of the quasi-bound state in the quantum well, cause a great
number of electrons tunneling, giving rise to an increasing current with applied voltage.
The voltage and current are proportional to the current increase until the energy level of
the quasi-bound state coincides with the energy level at which the peak in the emitter
electron distribution occurs, this point of voltage called peak point (Vp) as shown in
figure 5.3. After this voltage, the voltage and current are inversely proportional; the
current decreases for increasing voltage which known with NDR. Beyond a certain
applied voltage (valley) (Vy) the current then begins to rise with increased applied
voltage.

Current

Voltage

Figure 5.3: I-V characteristics of an RTD. The peak current (Z,) occurs at the peak
voltage (V) and the valley current (1,) occurs at the valley voltage (V) [19].

The applications of RTD are primary important on the NDR characteristics. The
NDR characteristics are of primary importance for various RTD applications. Where the
characteristics of NDR depends on two factor ; the peak current and peak voltage (/,,
V), and the valley current and valley voltage (/,, V,). There are other definitions which
describe the NDR region; the current peak to valley ratio (PVR = [,/1,) ), and negative
conductance (G, = |0l/0V]), where the G, equal to the absolute value of the slope of -V
carve.

To design a specific NDR region parameters for a specific application, you need
to justify the design of most components of RTD (quantum-well, barriers, emitter and
space charge layers). For high frequency applications, we need very high peak current
densities [19]. Where this can achieved by two ways, Reducing the thicknesses of the
barriers or by increase the emitter doping level. Another example of the design of NDR
region is the peak voltage (V) is determined by the thickness of the space-charge region
and the quasi-bound state energy level.
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5.3 Characteristic Model Equation

There are many models proposed to represent RTD I-V characteristic. The most
famous models are stated below. The first method is to represent [-V characteristic by
using the physics based models [20]. The major problem in all physics based models is
that such models are usually complicated.

Shahhoseini ef al. [21] obtained an analytical expression for I-V characteristic of
Resonance Tunneling Diodes. This expression is based on quantum tunneling and
includes physical parameters. Assuming Lorentzian approximation for transmission
coefficient, they have offered Resonance Tunneling Diodes [-V equation by using
quantum models as follows

l+eq(B ~C+np (t))/K 5T
fV)=4 ln|:1+eq(3_c_ny(r))/l<,,r

B+ tan”" (C_”D—'V(I)ﬂ (5.1)

+H (enqu(t)/KBT -1 )

In which f (V) and V are current density and voltage, respectively. Kz, T, and ¢
are Boltzmann constant, temperature in Kelvin and electron charge, respectively. 4, B,
C, and D are the dependent parameters on the device’s physics which are obtained as
follows:

B :Ee—F, (5.3)
C = i r, (5.4)
D :%, (5.5)

where I, E,, Er, m* and h are resonance width, the energy of wells resonance level, the
energy of Fermi level, the effective mass and the reduced constant Plank, respectively.
H, n; and n, parameters cannot be obtained easily from analytical method and are
basically obtained by fitting.

The second method is to use a piecewise linear model [20]. This model depends
on representing the I-V characteristic by three straight lines for three regions: positive
differential region 1 (PDR1), the region of NDR and the positive differential region 2
(PDR2). It is clear that this model is simple and suitable for the simulation of spices, but
it is not accurate, so it may give unrealistic results.

The third method is to use the Gaussian model-Exponential (G-E), Gaussian
model uses exponential Gaussian curve to represent the tunnel current, and the
exponential curve for the diode current normal [20]. This method has many advantages,
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as it offers a compromise between simplicity and accuracy. It represents the full I-V
characteristic by simple smooth curve that can reduce problems of convergence. The
disadvantage of the GE model is that we can't control PDR1 and NDR separately,
because it is similar to both with the same Gaussian curve.

The forth method, proposed in [22], is a modification of the G-E model. This
model can control PDR1 and NDR regions separately. Consequently this model solved
the disadvantage of G-E model. The disadvantage of this model is that it is complicated
and the parameters extraction is not easy.

33



6- Literature Review

6.1 Introduction

In the last few years, an increased interest appeared in the scientific community
for the study of metamaterial. Where the concept of the composite right/left-handed TL
(CRLH-TL) was developed, and a number of novel applications have been
demonstrated. Most researches of CRLH-TL consternate on linearity behavior of the TL
depending on studying the shape and size of metamaterial cell especially on CSRR. Few
of those researches presented the behavior of adding nonlinearity components to CRLH-
TL such as adding Varactors diode to SRR cell. In other hand there are lots of
researches talk about conventional nonlinearly TL such as adding RTD, varactors
diodes and MOSFET to the TL. It is used in a wide range of application such as
amplifier, pulse generators, analog-to-digital converters (ADCs) and oscillators [4].

In this chapter we present some of latest researches that related to our research.
The previous studies divided to three sections CLRH-TL, nonlinear TL and nonlinear
CRLH-TL. The CLRH-TL researches show the latest research about metamaterial
behavior with different shape of cell. Nonlinear TL shows the effect of adding RTD to
the right hand TL. While the nonlinear CRLH-TL show the application of adding
Varactors diode and RTD to CRLH-TL.

6.2 CLRH-TL Previous studies

Atsushi et al. [23] presented characteristics of the CRLH-TL. Where the
dispersion diagram of the two-dimensional CRLH-TL (figure 6.1) is obtained
analytically based on the Bloch-Floquet theory, and the unique phenomenon of infinite
guided-wavelength propagation, with nonzero group velocity at a nonzero frequency, is
explained. They show analytically that when the CRLH TL is “balanced,” two
eigenfrequencies at the I" point (phase constant = 0) of the Brillouin zone (BZ)
degenerate at w; and a seamless transition from the LH to the RH modes without a
bandgap can be achieved. Where /" point eigenfrequencies ®r; and or; which delimit
the upper and lower edges of the bandgap, are given by

1 1
@ = JL:C, JL.C,

(Lg, Cg) and (L., C;) are inductance and capacitance of the TL in right and left
handed respectively. The balanced case occurs at.

a)rl >

(6.1)

Ly = Lp (6.2)
CL CR .

Kozyrev and van der Weide [24] proposed Nonlinear wave propagation
phenomena in CRLH-TL media and simulates harmonic generation and parametric
generation in a material that, in two dimensions. They discussed physical phenomena
that lead to and affect self-supporting harmonic generation and parametric generation in
LH nonlinear TL (NLTL) media and outline advantages of these media for developing
new types of compact and efficient frequency multipliers and "active lens" devices.
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Simulation of the LH NLTLs modeling is shown in figure 6.2 which
demonstrates efficient harmonic generation. Harmonic generation is possible over a
significantly wider operating frequency range and at relatively higher frequencies in
comparison with the dual conventional low-pass filter NLTL. Furthermore, LH NLTLs
are predicted to have advantages from the design perspective since they have more
freedom to optimize parameters, being much less restricted by the host waveguide
structure than in the case of RH periodically loaded NLTLs. Extending these results for
1-D LH NLTL to higher dimensions would enable combining harmonic generation in
LH NLTL media with focusing, due to the negative refractive index of 2-D or 3-D LH
transmission-line media.

Figure 6.1: Unit cell of the 2-D CRLH TL [23].
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Figure 6.2: LH NLTL equivalent circuit [24].

Julien and Anja [25] proposed a CRLH TL Metamaterial Phase Shifters (MPS)
in monolithic microwave integrated circuit (MMIC) Technology. Modeling and design
of one-dimensional MPSs in monolithic microwave integrated circuit technology based
on the CRLH-TL approach. From a theoretical point-of-view, they show that existing
design expressions are restricted to phase shifters behaving as effective media, which is
the case only if sufficiently large L and C loading elements can be designed in the given
technology and at the frequency of interest. Therefore, they propose new design as
shown in figure 6.3, which are exact on the basis of the circuit model of a unit cell in the
structure. They show that the new expressions must be used to design integrated MPSs
and the theory is verified by means of measurements of one and two cell phase shifters
exhibiting a 0 phase shift at 17.5 GHz. The designed one cell phase shifter provides a
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10-dB input return loss bandwidth larger than 10% with phase shifts of 29 and 30 at
16.5 and 18.5 GHz, respectively. The insertion loss is 1.3 dB at the center frequency
and 1.7 dB at the limits of the bandwidth.

d=2.5mm

A

Figure 6.3: Right/left handed material as MPS [25].

Marta et al. [15] discussed in detail the transmission characteristics of CRLH
TLs based on CSRR specifically, the necessary conditions to obtain a continuous
transition between the left and right handed bands (balanced case). They designed two
practical implications for the design of wideband and ultra-wideband (UWB) pass filters
based on metamaterial transmission. One of them is based on the hybrid approach as
shown in figure 6.4, where a microstrip line is loaded with CSRRs, series gaps, and
grounded stubs; the other one is a bandpass filter, as show in figure 6.5, also based on a
balanced line, but in this case, by using only CSRR and series gaps (purely resonant-
type approach). These filters have very small dimensions (<1cm?).

Figure 6.4: CRLH-TL based on the hybrid approach [15].
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Figure 6.5: CRLH-TL based on purely resonant-type approach [15].

6.3 Nonlinear TL Previous studies

Slight et al. [26] Proposed an optoelectronic integrated circuit based on a
resonant tunneling diode driving an optical communications laser diode as shown in
figure 6.6 to operating as an optoelectronic VCO. Where this circuit can act as a VCO
with optical and electrical outputs. They are restricted to relatively low frequencies (<10
GHz) on the oscillators. They show that the oscillator operation can be described by
Liénard’s equation and a second order nonlinear differential equation.

DC bias Mi ol RF output
) 1crostrip line —

| capacitor
E—
| e——

Ooptical fiber

vbias
(OV - 3V)

Figure 6.6: Representation of the electrical connections of RTD on the PCB [26].

Abu Ireban [27] proposed TLs and Schottky Diode to reshape incoming signal.
Nonlinear relation between current and voltage for schottky RTD is introduced to obtain
a general form of equation similar to Van Der Pol equation for an oscillator. Thus a
signal reshaping and oscillator are designed by improving the TL characteristic by
loaded Schottky Diode.

Yongsik et al. [18] proposed a RTD microwave oscillator operating at extremely
low dc-power consumption. Which utilizes the antiphase-coupled quantum-effect RTD
oscillations for efficient ac-power generation at a summing node of output based on a
push—push principle. They fabricated the integrated circuit of the RTD microwave
oscillator by using an InP-based RTD/HBT quantum-effect IC technology to show an
extremely low total dc-power consumption of 85 uW at an oscillation frequency of 29.1
GHz when applied bias of 0.49 V. The device size of RTD is 0.7 x0.7 um2 as shown in
figure 6.7.
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Figure 6.7: Microphotograph of the fabricated RTD oscillator [18].

AL-Farra et al. [28] proposed a new design of nonlinear transmission, which is
loaded with RTD to be suitable for microwave ADC. Where the RTD-NLTL is a
coplanar transmission line periodically loaded with RTDs. Figure 6.8 shows the
equivalent circuit of the nth section of the RTD-NLTL.
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Figure 6.8: Schematic representation of the nth section of RTD-NLTL [28].

6.4 Nonlinear CRLH-TL Previous studies

Kuylenstierna et al. [29] proposed CRLH-TL phase shifter, using ferroelectric
varactors as tunable element. They demonstrated theoretically and experimentally how
the unique features of CRLH-TLs enables a differential phase shift with flat frequency
dependence around the center frequency. The experimental prototype is a coplanar
includes four CRLH T-unit cells and has a physical length of 3.850 mm as shown in
figure 6.9. The ferroelectric varactors are realized in parallel plate version. Under 15-V
dc bias applied over each varactor, the differential phase shift is flat around 17 GHz.
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Figure 6.9: CRLH phase shifter [29].

Jaewon et al. [30] proposed a broadband VCO using tunable metamaterial TL
with varactor-loaded SRR (VLSRR) as shown in figure 6.10. They demonstrated that
VLSRR coupled to microstrip line can lead to metamaterial TL with tuning capability.
Where the negative effective permeability is provided by the VLSRR in a narrow band
above the resonant frequency and the bias of VLSRR is controlled by the varactor
diodes.

w

Figure 6.10: Tunable varactor-loaded SRR [30].

Maezawa et al. [31] proposed a traveling wave amplifier based on CRLH-TL
periodically loaded with RTD pairs. They discussed stability of the TL loaded with
RTDs, and showed that it can be stabilized by using CRLH TL configuration. They
designed the circuit that consists of 160 unit cells where one cell is shown in figure 6.11

to obtain approximately 10 dB gain. It was demonstrated that this amplifier can have a
gain for wide frequency range.
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Figure 6.11: Unit cell of the CRLH-TLs periodically loaded with RTD pairs [31].

40



7- Nonlinear Composite Left/Right handed TL Media with RTD
Application and Simulation

7.1 Introduction

The purpose of this work is to study the behavior of CLRH-TL with RTD.
CRLH-TL based on the modified hybrid approach, where a microstrip line is loaded
with CSRRs, series gaps, and shunt inductor. There are two goals of this work. The first
goal is to design TL capable of filtering and amplifying the signal at very wide bands.
The second goal is to design voltage control oscillator at high frequency.

7.2 First model: filter with amplification

Our model is an ultra-wideband filter with amplification at frequency range form
5-10.5 GHz. The filter is constructed by combining the RTD with CRLH-TL based on
modified hybrid CSRR. The CRLH-TL which presents in [15] as shown in figure 6.4
consists of four cells and subjected to the following specifications: active area below 1
cm’, bandwidth covering the 4-10 GHz and in-band ripple lower than 1 dB. Figure 6.4
shows the construction of these cells where the metallic parts are depicted in black in
the top layer, and in gray in the bottom layer. The rings are etched on the bottom layer.
The dimensions of the cells: line width W=0.126 mm, external radius of the outer rings
r=1.68 mm, rings width ¢=0.32 mm and rings separation d=0.19 mm; inductor width is
0.10 mm and the distance between the metals forming the gap is 0.4 mm

The unit cell is designed with the series resonance frequency as close as possible
to the higher resonance of the shunt impedance (ws = wpy). This gives a transmission
zero below the passband of interest, which is useful to obtain high rejection below the
required band. Although below that transmission zero there is a LH passband, it is very
narrow for the designed structures and its effects are irrelevant [15]. The simulated
frequency response of this unit cell is depicted in figure 7.1.

Above the passband of interest, which extends approximately from 3 to 10 GHz,
there is an additional transmission zero (between 12 GHz-13 Hz), which is not
explained by means of the equivalent circuit model of the hybrid CSRR (see figure
4.9(b)) for the situation that we are considering (ws = wpy). In addition, a transmission
peak is also present at 13.7 GHz. This behavior can be explained by considering the
effects of the second resonance frequency of the CSRR. This is explained by the fact
that these particles exhibit several resonance frequencies [13] [32]. The first one, the
quasi-static resonance, is the resonance of interest for most of the applications of CSRR.
However, at higher frequencies, there are additional resonance frequencies (dynamic),
which may play a role under certain circumstances. Namely, an additional parallel
branch will added to the conventional model circuit (figure 4.9(b)) to account for the
second resonance of the CSRR. Figure 7.2 shows the new equivalent circuit that
includes the effects of the second resonance (new branch; C,, C.; and L.;). Where the
parameters of the new model: L = 2.6 nH, C, = 0.2pF, L; = 5.4 nH, C; = 305 pF, C¢; =
0.65pF, Lc; = 0.55nH, C; = 0.21pF, Cc; = 0.32 pF, and L = 0.27 nH [15]. It is
interesting to mention that the coupling capacitance of this new branch, i.e., C.,, is very
small. This is consistent with the fact that electric coupling is very weak at the second
resonance of CSRR [13], [32]. The presence of the second resonance of the CSRR plays
a fundamental role in order to obtain a sharp cutoff above the passband of interest, and
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this is clear from the figure 7.1. The position of the two transmission zeros can be
controlled with the dimensions of the CSRR and gaps.

s T 10 15
Frequency (GHz)

Figure 7.1: Simulated reflection and transmission coefficient of a single cell
corresponding to the filter shown in figure 6.4 [15].

Ldi Ce, T LCJ T Ce: il‘ﬂz

1

Figure 7.2: Equivalent circuits of one hybrid CRLH cells that shown in figure 6.4.

II—

From the circuit model of figure 7.2, both transmission zeros are given by
equation (4.52) by replacing C, L¢ and Cc by the corresponding reactive elements (Cj,
Lc; and C¢; for the lower transmission zero and C,, L and Cey for the upper
transmission zero).
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F =—— =388 MHz (7.1)

F, = =13.30 GHz (7.2)

22 \]LCZ C2 +Cc2)

Obviously, the small frequency value of the first transmission zero can be only
explained by a large coupling capacitance C;, which has been estimated to be in the
vicinity of 300 pF. This capacitance is much larger than the coupling capacitance
corresponding to the second resonance, as expected since the electric excitation of the
second resonance is very weak.

The series Zg for the model circuits (figure 7.2) remains the same as in equation
(4.48) while shunt impedances Zp, characteristic impedance Z, and phase shift per cell
&= pI are changing according to the new branch (C, L and Cc).
Z =ja’ (7.3)

P

1 aC, (0C.\La-1)  oC,(0’C.oL.,-1)
a= + > + > (7.4)
a)Ld l_a) LC] (C]"‘Cc]) 1—(0 LCZ(C2+CC2)

Z,= w{za' _%] (7.5)
w2C, w2C,
2
cos fl =1—%a (7.4)

There are three shunt resonance frequencies that null the corresponding
admittance, two of them are the lower and higher resonance frequencies (wpr, wpy) of
the hybrid approach CSSR and the third resonances frequencies correspond to new shunt
branch. Figure 7.3(a, b) show the series and shunt reactance of the unit cell that shown in
figure 7.2 for low and high frequency range. From figure 7.3(a, b) we notice that the
lower and higher shunt resonance frequency equal to 0.118 GHz and 7.51 GHz
respectively, while the resonance frequency ws equal to 6.917 GHz. This implies that
opy 1n near to wg and not exactly balanced.
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Figure 7.3: Dependence of series and shunt reactance of the unit cell shown in
figure 7.2 on frequency drown by MATLAB. Dash line refers to the series
reactance and the solid line refers to the shunt reactance. (a) frequency range
varies between 1-250 MHz. (b) frequency range changes between 0.5-20 GHz.

7.2.1 Modified hybrid model

Up to this moment, we only do an analysis of the CLRH metamaterial cell in
[15]. Now, we will study the effect of adding RTD to the previous cell. The objective of
our study to make UWB filter with amplification. We put the RTD and DC voltage
source at shunt with grounded stubs of CRLH-TL cell (figure 7.4) and tune the DC
voltage source until achieve the desired design. The equivalent circuit model of one cell
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with RTD is shown in figure 7.5 where the equivalent RTD model and DC biasing
source is shunt with inductance L, [2].

i

Figure 7.4: RTD at shunt with grounded stubs of the hybrid CRLH cells.
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Figure 7.5: Equivalent circuit model of the unit cell (figure 7.2) with RTD shunt
with grounded stubs.

The experimental RTD 1 V characteristic is fitted using the physics based
description of the RTD equation (5.1). Figure 7.6 displays the current (/=f(V)) as
function of ¥ using the fitting parameters from [26], 4 = 6.48x107, B = 0.0875, C =
0.1449, D = 0.02132, H = 7.901x10™, n; = 0.1902, n, = 0.0284, and T = 300 K.
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From the figure 7.6 we note the peak current and voltage on the RTD (/,, V)
equal (41 mA, 0.675 V) respectively, and the valley current and voltage of RTD (/,, V)
equal (11 mA, 1. 481 V) respectively, this meaning that the NDR region lies form 0.675
V to 1.481 V. where The NDR characteristics are primary important for our
applications.

0.03 T T T T T

006 — —

. 0ETS
00443

0.04 - L N

002 — —

u
1481
o008z

current(I)

00z -

004 - —

006 \ | | | \ | \ \ |
g 05 D 05 1 15 2 25 3 35 4

voltage(V)

Figure 7.6: I-V characteristics of the RTD in our simulation.

The RTD was biased using a series variable DC voltage supply producing
amplification when biased in the NDR region. Figure 7.7 shows the Simulated reflection
and transmission coefficient (through Agilent ADS) of a single cell with RTD,
corresponding to the filter shown in figure 7.5 at different DC biasing changes form
1.16 to 1.38 by increment of 0.2V referring to figure 7.7(A-L) respectively, where dash
line refers to S;; and the solid line refers to the S;;. From figure 7.7, we see the effect of
RTD on the transmission coefficient, the value of S;; is more than 0 dB compared to the
value of S;; on the original cell (maximum value is 0 dB as shown in figure 7.1). This
indicates that the output power of the filter is bigger than the input power. The value of
S, depending on the value of DC biasing.

The filter simulated results for equivalent circuit (figure 7.5) is shown in figure
7.8. 1t is shown in figure 7.8 the transient response at different input frequency signal
range between from 5-10 GHz with DC biasing 1.18 V and the peak value of input
signal equals 50 mV. It is clear that the amplification of the input signal occurs at range
of frequencies from 5-10 GHz and the value of amplification depends on the input
frequency i.e. the peak value increases from that 50 mV to 75 mV at frequency 9 GHz
with amplified value equals 50 percent.
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Figure 7.7: Simulated reflection and transmission coefficient of a single cell with
RTD, corresponding to the filter shown in figure 7.5 at different DC biasing
voltage. (A) Vpias = 1.16 V, (B) Vipias = 1.18 V, (C) Vpias = 1.2 V, (D) Vpias=1.22 'V,
(E) Viias = 1.24 V, (F) Vpias=1.26 V, (G) Vpias=1.28 V, (H) Vpias= 1.3 V, (I) Vpias =
1.32 V, (J) Viias= 1.34 V, (K) Vpias = 1.36 V and (L) Vpias= 1.38 V. The dash line
refers to S;; and the solid line refers to the Sy;.

There are two cases of our filter with RTD that distort the input signal and
change the shape of the input signal. The first case when the Vy,,s as near as to the V,of
RTD at NDR region that can be shown in figure 7.9 when Vi, equal to 0.9 V. We can
show that the reflection and transmission coefficient is more than 0dB. In this case the
filter works as a frequency oscillator that will be discussed later in this chapter. The
second case of distorting input signal is occurs when the peak value on input signal is
relatively large. Where the value of input voltage depends on the value of Vy,,s. In other
words, when the input signal equal to 100 mV and Vy,s equal to 1.18 V the input signal
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is distorted as shown in figure 7.10. This case will discussed later as we discuss the

reasons of amplification on our filter.
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Figure 7.8: Simulation results to the Equivalent circuit shown in figure 7.3 at time
domain when Vy;,s equal 1.18V at different input frequency. The input frequencies
are indicated in the figures . The dash line refers to the input signal and the solid
line refers to the output signal from the filter.

To understand the effect of RTD, we focused on the NDR region of RTD.
Figure 7.11 displays RTD 1 V characteristic extends from 1.1 to 1.3 V where this
region is located in NDR. We notice that (figure 7.11) the relationship between voltage
and currant is linear; therefore, we can replace the original equation of RTD by the

approximated equation (7.5)

1 =slope*V AV
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Figure 7.9: Simulated reflection and transmission coefficient of a single cell with
RTD, corresponding to the filter shown in figure 7.5 at voltage DC bias 0.9V. The
dash line refers to S;; and the solid line refers to the Sy;.
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Figure 7.10. Simulation result to the equivalent circuit shown in figure 7.3 at time
domain when input signal 100 mV peak value at 9 GHz and Vy,;,, equal to 1.18V.
The dash line refers to the input signal while the sold line refers to the output
signal.
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Figure 7.11: I-V characteristics of the RTD in the voltage range from 1.1 to 1.3 V.

Where the A' equals to the slope of currant at the working regain and V is the
voltage drop at RTD terminal. The value of the slope depends on the Vy,s. Figure 7.12
shows approximated equivalent circuit model of the unit cell (figure 6.4) with RTD
replaced by variable current source equation (7.5). For proving the approximated
equation of RTD, we replaced the RTD by a variable current source as a function of
voltage /=A'V and compared the results with real RTD.

Form figure 7.11, at Vs equal to 1.18, the slope of V_I approximately equals to
-0.09. We simulated the circuit model (figure 7.12) with variable current source
function of voltage (/=-0.09V) with exciting input signal 50 mV peak value and 9 GHz
(figure 7.13). It is clear that the results are similar to one we obtain in figure 7.8(E) at
1.18 Vpias.

Now we can explain why the signal must be relatively small, because when the
input signal is large the voltage drop at RTD terminal will extend in nonlinear region
and the slope of V_I characteristics is not constant at all time of input signal.
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Figure 7.13: Simulation results of the equivalent circuit with approximated RTD
equation shown in figure 7.12 in the time domain at 9 GHz where the dash line
refers to the input signal and the solid line refers to the output signal of the filter.
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7.2 Second model: voltage controlled oscillator

Our model is a VCO. The main goal of this model is to study left- and right-
handed TL in CSRR with RTD to obtain VCO. The model is constructed by combining
the RTD with CRLH-TL based on modified hybrid CSRR. The CRLH-TL as shown in
Fig. 6.4 and RTD with V_I characteristic as shown in figure 7.6. We put the RTD and
DC voltage source at shunt with grounded stubs of CRLH-TL cell and tune the DC
voltage source until we achieve the desired design.

To illustrate the potentiality of CRLH-TL loaded with CSRR compound with
RTD to the design VCO, three prototype device examples are provided. The first one is
a one cell as shown in figure 7.4 with short circuit at the beginning of the cell between
ground and patch, and 50 Q load resistance at the end of the cell between ground and
patch. The second one is similar to the first prototype but with open circuit at the
beginning of the cell instated of short circuit. The third prototype consists of one cell as
shown in figure 7.4 with two 50 Q load resistances between ground and patch at both
the beginning and at the end of the cell. The equivalent circuit model of the three
prototypes (first, second and third) are shown in figure 7.14(a, b, c) respectively where
the equivalent RTD model and DC biasing source is shunt with inductance Ly and Ry is
the resistance of the load for output signal. The RTD was biased using a variable DC
voltage supply producing voltage oscillator at resistance load when the RTD biased in
the NDR region. The DC voltage source was put at series with RTD to shift the | V
characteristic to NDR.

Figure 7.15 shows the simulation output voltage in time and frequency domain
at Ry for the first case model (figure 7.14(a)) at two different values of Vyi,s. Figure
7.15(a) shows the output voltage at Rp when Vi, equal to 0.7V and its frequency
domain spectral shown in figure 7.15(b). While figure 7.15(c) shows the output voltage
at R when Vs equal to 1.1V and its frequency domain spectral shown at figure
7.15(d). From the frequency spectral is we noticed that there are three main frequencies
4.8, 9.7 and 14.6 GHz appeared when Vyis equal 0.7 and only 14.6 GHz appeared at 1.1
Vbias-

Figure 7.16 shows the simulation output voltage in time and frequency domain at
Ry for the second case model (figure 7.14(b)) at two different values of V.. Figure
7.15(a) shows the output voltage at Rp when Vi, equal to 0.8V and its frequency
domain spectral shown in figure 7.16(b). While figure 7.16(c) shows the output voltage
at Ry when Vs equal to 1.1V and its frequency domain spectral shown in figure
7.16(d). From the frequency spectral we noticed that there are two main frequencies 7.1
and 14.4 GHz appeared when Vy,s equal to 0.8 and only 14.4 GHz appeared at 1.1 Vyys.

Figure 7.17 shows the simulation output voltage in time and frequency domain at
Ry for the third case model (figure 7.14(d)) at two different values of Vyi,s. Figure
7.17(a) shows the output voltage at Rp when Vi, equal to 0.9V and its frequency
domain spectral shown in figure 7.17(b). While figure 7.17(c) shows the output voltage
at Ry when Vyi,s equal to 1.1V and its frequency domain spectral is shown in figure
7.16(d). From the frequency spectral we noticed that there are one main frequency 14.4
GHz appeared when Vy,;,s equal to 0.9 or 1.1 V.
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Figure 7.14: Equivalent circuit model of the unit cell (figure 6.4) with RTD shunt
with grounded stubs. (a) short circuit at the beginning of the cell between ground
and patch, while at the end of the cell is 50 Q load resistance between ground and
patch. (b) open circuit at the beginning of the cell between ground and patch, while
at the end of the cell is 50 Q load resistance between ground and patch. (c¢) two 50
Q load resistances between ground and patch at both of beginning and end of cell.
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Figure 7.15: the simulation output voltage in time and frequency domain at Ry, for
the first case model (figure 7.14(a)) at two different values of Vi, (a, b) when Vyiag
equal to 0.7V (c, d) when Vy,;,s equal to 1.1V.
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55



d
g
g .
time (ns)

(b)

300 3 - b El I H i
3. i) ;
u |
'é; 100 | 1

a1 . _JL
0 g 4 & 3 10 12 14 16

frequency (GHz)

=]

0 2 4 6 3 10 12 14 16
frequency (GHz)

Figure 7.17: The simulation output voltage in time and frequency domain at Ry, for
the third case model (figure 7.14(d)) at two different values of Vy;,. (2, b) when
Vhias €qual to 0.9V (¢, d) when Vy,s equal to 1.1V.

56



Table 7.1 shows output voltage at Ry for all three cases model as a form of “cos”
function to show the gain of any frequency relative to another. Where the term
"Distorted" refers to distorted signal generation at this case. The oscillation frequencies
depend on the Vyi,s. From the table 7.1, we notice that there are three main frequencies
4.8, 9.7 and 14.6 GHz at first case and these frequencies alternate according to Viyias.
There are two main frequencies approximately 7.2 and 14.3 GHz at second case and
these frequencies alternate according to Vi, But at the third case, there is one
frequency oscillator that do not change for any value of Vygs.

To explain why these frequencies appear in all three cases of our study. We
simplified the equivalent circuit that shown in 7.14 to a new form as shown in figure
7.18. Where Vs and RTD remained the same as in figure 7.14 while all other
components in the circuit are compound in Z.q, where Z.q differs from one case model
to the other.

Figure 7.18: Simplified equivalent circuit model of the three cases model in figure 7.14.

Figure 7.19 shows the reactance of Zq over the frequency in the three cases model
where figure 7.19 (a, b, ¢) related to fist, second and third case respectively. From figure
7.19(a), we notice that there are three resonance frequencies at 5, 10 and 14.8 GHz that
is near to three oscillation frequencies that occur in the first model. From figure 7.19(b),
we realize that there are two resonance frequencies at 7.9 and 14.4 GHz that is near to
two oscillation frequencies that occur in the second model. Figure 7.19(c) present only
one resonance frequencies that close to the oscillation frequency of the third case
model.
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Vbias First case (mV) Second case (mV) Third case (mV)
0.7 293 Cos(2n 4.87G t + @) Distorted Distorted
_l’_
169 Cos(2m 9.75G t + @,)
_l’_
8.7 Cos(2m 14.6G t + @3)
0.75 | 389 Cos(2n 4.91Gt+ @;) | 427 Cos(2n 7.12G t + @) Distorted
+ +
294 Cos(2m 9.83G t + @,) | 147 Cos(2m 14.2G t + Dy)
_l’_
111 Cos(2m 14.7G t + @3)
0.8 48 Cos(2m 4.94G t + @) 462 Cos(2n 7.15G t + @) Distorted
+ +
27 Cos(2m 9.89G t + @y) 38 Cos(2m 14.3G t + @y)
_l’_
9.8 Cos(2m 14.8G t + @)
0.85 |280 Cos(2n 4.87Gt+ @) | 560 Cos(2m 7.19G t+ ®;) | 200 Cos(2m 14.5G t + D)
+ +
270 Cos(2m 9.75G t + @,) | 180 Cos(2m 14.3G t + Dy)
_l’_
230 Cos(2m 14.6G t + @3)
0.9 290 Cos(2m 4.89G t+ @) | 600 Cos(2m 7.22G t + @) | 240 Cos(2m 14.5G t + @)
+ +
275 Cos(2m 9.79G t + @,) | 190 Cos(2m 14.4G t + D)
_l’_
190 Cos(2m 14.6G t + @3)
0.95 | 245 Cos(2n4.90G t+ @) | 620 Cos(2m 7.25G t+ @;) | 260 Cos(2m 14.6G t + D)
+ +
320 Cos(2m 9.82G t + @,) | 160 Cos(2m 14.5G t + @y)
_l’_
252 Cos(2m 14.7G t + @3)
0.1 280 Cos(2m 4.92G t+ @) | 275 Cos(2m 14.4G t + @) | 300 Cos(2m 14.6G t + @)
_l’_
285 Cos(2m 9.84G t + @,)
_l’_
260 Cos(2m 14.7G t + @3)
1.05 | 310 Cos(2m 4.93G t+ @;) | 344 Cos(2n 14.4G t+ @) | 320 Cos(2m 14.6G t + D))
_l’_
321 Cos(2n 9.87G t + @3)
_l’_
181 Cos(2m 14.8G t + @3)
1.1 333 Cos(2n 14.7G t+ @) | 315 Cos(2m 14.4G t+ @) | 250 Cos(2m 14.6G t + D)
1.15 | 340 Cos(2n 14.7G t + @) | 280 Cos(2m 14.4G t + @)
125 Cos(2n 14.6G t + @)
1.2 270 Cos(2mn 14.7G t + ®@;) | 270 Cos(2n 14.4G t + @) Distorted

Table 7.1 Output voltage at Ry, for all three case models as a form of Cos function

where G=10° and ®;, ®,,®; are the phase angles.
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8- Conclusion and Future Work

8.1 Conclusion

In this work conclusion, we designed and analyzed a nonlinear CRLH-TL media
with Resonant Tunneling Diode (RTD). We designed two applications for CRLH-TL
and RTD. The first design is a transmission line capable of filtering and amplifying the
signal at very wide bands. The second design is a voltage controlled oscillator. CRLH-
TL is based on the hybrid approach, where a microstrip line is loaded with
complementary split-rings resonator (CSRR), series gaps, and shunt inductor. The RTD
is connected parallel to shunt inductor. In our designs we use a single cell off CSRR,
making it simpler and compact.

We design a UWB filter with amplification by added RTD to CRLH-TL hybrid
approach. The bandwidth of the filter does not change but additional power is added to
the output signal about 50% of the input signal at 1.18 V DC biasing. We used DC
source to bias the RTD such that it operates at linear NDR region of the RTD. This filter
can amplify the signal at low voltage. Thus, this filter is good in antenna application.

In second application we design VCO by adding RTD to CRLH-TL hybrid
approach. Three prototype device examples are designed. The first one is a one cell with
short circuit at the beginning of the cell between ground and patch, and 50 Q load
resistance at the end of the cell between ground and patch. The second one is similar to
the first prototype but with open circuit at the beginning of the cell instated of short
circuit. The third prototype consists of one cell with two 50 Q load resistances between
ground and patch at both the beginning and at the end of the cell. The RTD was biased
using a variable DC voltage supply producing voltage oscillator at resistance load. In
the first case there are three main frequencies 4.8, 9.7 and 14.6 GHz and these
frequencies alternate according to DC biasing, while there are two main frequencies
approximately 7.2 and 14.3 GHz at second case and these frequencies alternate
according to DC biasing. But at the third case, there is one frequency oscillator equal to
14.6 GHz that do not change for any value of DC biasing from 0.85 to 1.15 V.

8.2 Future Work

e Studying anther type of CRLH-TL like purely resonant-type approach is very
important.

e Theoretically, design the CRLH-TL with RTD that has been reached in this
thesis by using High Frequency Structure Simulator (HFSS) program.

e RTD with CRLH-TL can be used for other applications ie. to reshape the input
signal and ADC.
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