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ABSTRACT

An important consideration of RF circuitry in terms of Electromagnetic Compatibility is
the correct modeling of the coupling between printed transmission lines. This is very important
because the coupled noise voltages that are generated between two lines may cause adverse effects on
sensitive components placed in the close vicinity. To study this problem of coupling in terms of noise
voltages, first the analytical expressions for computing the near-end and far-end voltages between the
conventional Right-Handed (RH) and Composite Right-/Left-Handed Transmission Lines (CRLH-
TLs) and then RH and Complementary Split Ring Resonators (CSRR-TLs) were derived. The
obtained expressions were then successfully validated with the simulation and measurements results.
These expressions will give us an insight on how to reduce the induced noise voltages on the
CRLH- and CSRR-TLs by varying the capacitance and inductance values that support left-handed
propagation. In particular, it will be shown that the noise voltages coupled to the CRLH-TL are
approximately 10 dB lower than the voltages coupled to the CSRR-TL. This could prove to be a

useful alternative to conventional shielding.
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CHAPTER 1. INTRODUCTION

1.1. Background

Electromagnetic Metamaterials, or commonly known as Metamaterials, are substances which
do not exist in nature and are artificially man-made. To be more precise they are artificial
effectively homogeneous electromagnetic structures that exhibit some unusual properties that are
not easily found in nature. As per the definition, by ”effectively homogeneous structures” we mean
structures whose overall dimension or size of a single unit cell is much smaller than the guided
wavelength A,. The overall size should be at least a quarter wavelength smaller that would define
the effective-homogeneity condition. If the effective-homogeneity condition is satisfied then the wave
propagating inside the metamaterial (MTM) medium will have a refractive phenomenon prevailing
over the scattering/diffraction phenomenon. Apart from this the other very important property of

metamaterials is determined in terms of the refractive index n given by

n=+\/erfir (1.1)

which classifies them into separate categories depending upon the permittivity (¢) and permeability
() of that medium. One such category of metamaterials that satisfies the aforementioned conditions
and requirements are the Left-Handed Metamaterials. The very well-known Left-Handed (LH)
structures that we will be going over in this thesis are Composite Right/Left-Handed (CRLH)
transmission lines and Complementary Split Ring Resonators (CSRR) [7].
1.2. Motivation for Work

Over the ages as we have been observing the tremendous growth and advancement in
technology. Accordingly the need to fulfill those demands is also changing drastically. A very
common example that can be looked upon is the area of wireless communications. Today almost
every electronic item involves wireless systems to serve our needs better and make life easier in
terms of communicating and transmitting information over long and short distances. A rapid
increase in use of wireless systems require more RF electronic circuitry to be placed in a manner
that occupies less space and at the same time also serve the need of providing better performance
and functionality. In order to achieve this, metamaterials due to their unusual behavior have
found abundant applications in the fabrication of RF/Microwave devices such as bandpass filters,

resonating antennas and directional couplers [2]. A metamaterial that has played a crucial role in



implementing theaforementioned applications are the Left-Handed (LH) structures (i.e. CRLH and
CSRR-TLs) [7]-[16].

Up until now, the research and analysis regarding these Left-Handed structures have not been
performed in the light of EMC analysis. In this thesis we have addressed this problem by taking
a different path, where we are not interested in the coupling between the two transmission lines
(i.e. a conventional Right-Handed (RH) and CRLH and the second case being RH and CSRR) for
designing power couplers/combiners but, rather interested in determining the coupled noise voltages
induced onto the the CRLH-TLs and CSRR-TLs when it is brought in close proximity of the regular
conventional Right-Handed (RH) transmission line.

1.3. Problem Statement

In this thesis we will investigate the coupling problem from an EMC analysis point of view and
not from intentional coupling which was meant to be in earlier cases (for example when designing
a Phase coupling (PC) edge-coupled directional coupler [7]). As it has been mentioned earlier that
today many wireless systems involve RF circuitry placed into small areas of the RF boards and if
there are some transmission lines running that are quite close to each other then the unintentional
coupling would disrupt the overall performance of the system. In order to understand the coupling
effects we have first studied the various transmission lines structures, such as CRLH and CSRR-
TLs, and then implemented them in real world applications by determining what would be the
coupled noise voltages induced onto these lines when they are close to the conventional microstrip
line. Furthermore, the parameters that could possibly reduce those noise voltages were determined.
Initially, the information on Left-Handed Metamaterials (i.e. CRLH and CSRR) in terms of geometry
and the equivalent circuits have been presented in Chapter 2. Chapter 3 then presents the RH-
/CRLH and RH-/CSRR TLs equivalent circuits models for a single unit cell and the derived
analytical expressions for computing the near-end and far-end coupling voltages. Chapter 4 is the
validation of the equivalent circuit models of RH-/CRLH and RH-/CSRR TLs with measurements
and simulation results, followed by the design guidelines and tradeoffs in Chapter 5. Finally the

conclusion is presented in Chapter 6.



CHAPTER 2. LEFT-HANDED METAMATERIALS: GEOMETRY
AND EQUIVALENT CIRCUIT MODELS

2.1. Introduction

This chapter presents two very popular Left-Handed Structures, Composite Right/Left
Handed (CRLH) Transmission Lines and a microstrip line based on Complementary Split Ring
Resonators (CSRRs). Initially, we will analyze the equivalent circuit models of individual Right
and Left-Handed transmission lines that are required building blocks of the aforementioned Left-
Handed geometries. Then later in Chapter 3 look into the real problem of coupling by analyzing
the equivalent circuit models when each of these Left-Handed structures are coupled to conventional
Right-Handed (RH) Transmission Lines.

2.2. Right-Handed and Left-Handed Transmission Lines: Equivalent Circuits and
Properties
2.2.1. Right-Handed Transmission Line (RH-TL)

RH-TLs are most commonly used in practice in the form of microstrip and CPW (Coplanar
Waveguide). These TLs can be modeled with cascaded distributed L C parameters. Each cell
represents a series inductance and a shunt capacitance. The equivalent circuit model of a RH-TL
unit cell is shown in Figure 1. In the circuit, Lr and Cp represent the distributed inductive and
capacitive parameters of the line, respectively. For this equivalent circuit the propagation constant

and the characteristic impedance can be determined using the following equations [2]:

= VZ@)Y @) = a + jA (2.1)

and

Z. = \/Z(@)]Y @) (2.2)

where Z(w) and Y (w) represent the impedance and admittance corresponding to series and parallel
branch, respectively, and « and § are the attenuation and phase constants, respectively.

If the line is lossless which means the attenuation is zero i.e. (o = 0), then the propagation
constant is purely an imaginary value, whereas the characteristic impedance is purely real. For the
lossless RH-TL

Z(w) = jwLp (2.3)



Figure 1. Equivalent Circuit of a Right-Handed Transmission Line Unit Cell.

and

Y (w) = jwChp. (2.4)

By substituting first (2.3) and (2.4) in (2.1) and then in (2.2) we obtain:

Bru-11 = w\/LrCr >0 (2.5)

and

Zc,RH—TL = \/LR/CR. (26)

2.2.2. Left-Handed Transmission Line (LH-TL)

Metamaterials are artificial structures exhibiting some unique characteristics under the
condition where the period of these structures are much smaller than the guided wavelength (A,).
The Uniqueness about the Left-Handed metamaterials is that they simultaneously exhibit negative
values of effective permittivity and permeability which leads to the backward propagation of waves
inside these mediums and also to a negative value of their refractive index [3]. If the aforementioned
characteristics can be established in the frequency range of interest, then a LH medium can be
obtained. One such medium is the LH-TL that can be realized with the help of distributed L. C
parameters cascaded into a large number of cells, where each cell represents a series capacitance and

a shunt inductance. The unit cell representation of a LH-TL is shown in Figure 2. In the circuit Ly,



Lo

Figure 2. Equivalent Circuit of a Left-Handed Transmission Line Unit Cell.

and C, represent the distributed inductive and capacitive parameters of the line, respectively. For
this equivalent circuit the propagation constant and the characteristic impedance can be determined
using the equations (2.1) and (2.2), respectively.

For the LH-TL the series branch impedance and the parallel branch admittance can be written
as:

Z(w) =1/jwCr, (2.7)

and

Y(w) =1/jwLy. (2.8)

By substituting first (2.7) and (2.8) in (2.1) and then in (2.2) we obtain:

Bru-tr = —1/w\/L O <0 (2.9)

and

Zeru-1L =\ L1/CL. (2.10)

Equations (2.5) and (2.9) represent the dispersion equations for the RH-TL and LH-TL respectively.

These equations can be graphically interpreted as shown in Figure 3. If we know the dispersion



RH-TL

LH-TL

Figure 3. Graphical Interpretation of the Dispersion Equations for RH and LH Lossless Transmission
Lines.

equations for the transmission lines we can determine their phase and group velocity accordingly:

v =w/p (2.11)

and

vg = 1/(dB/dw) (2.12)

where v, and vy represent the phase and the group velocity of the line, respectively. From the
dispersion equations (2.5) and (2.9) it can be determined that the phase velocity v, for the RH-TL
is positive and negative for the LH-TL, whereas the group velocity v, is positive for the both RH-TL
and the LH-TL. From the above fact it can be concluded that the phase and group velocities for the
LH-TL are antiparallel, (i.e. v, —|| vq). The phase velocity v, tells us about the direction of phase
propagation or the wave vector 3, whereas the group velocity v, tells about the direction of power
flow or the Poynting vector S as in [7]. Due to the fact that for the LH-TL the phase velocity v, is

negative, the wave propagates in the backward direction in this medium.



L

Figure 4. Equivalent Circuit of a Composite Right/Left-Handed Transmission Line Unit Cell.

2.3. Description of the Composite Right/Left-Handed Transmission Line (CRLH-TL)

A Composite Right/Left-Handed Transmission Line is composed of both RH and LH-TLs.
Although LH-TLs do not exist in nature, but can be realized practically by loading the conventional
microstrip line with the series capacitance and shunt inductance. In order to implement this the
equivalent circuit of the conventional microstrip RH-TL is modified in a sense that the series
inductance and shunt capacitance are replaced with the series capacitance and a shunt inductance,
respectively. A unit cell representation of the CRLH-TL is shown in Figure 4. Here the inductive
and capacitive parameters that support the left-handed propagation are represented by L, and Cp,
respectively. The other two parameters Lr and Cg represent the parasitic affects introduced by
the conventional microstrip RH-TL. Therefore in order to achieve left-handed propagation on the
CRLH-TL, the left-handed parameters (Ly,, C1,) should dominate over the right-handed parameters
(Lg, CR).

A CRLH-TL can be implemented by cascading a large number of CRHL-TL cells where the
period of these structures is much less then the guided wavelength ()y) in the frequency range of
interest. For the physical realization of the CRLH-TL, on printed cicuit boards the series capacitance
(', is introduced by interdigitated capacitors and a shunt inductance Ly, is introduced by short circuit
stubs printed along the length of the transmission line. The layout of a unit cell CRLH-TL is shown

in Figure 5.
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Figure 5. Layout of a CRLH-TL Unit Cell.

Similarly, as for the RH-TL and LH-TL, one can also determine the attenuation constant -y

and the characteristic impedance for the CRLH-TL using (2.1) and (2.2) by taking into account the

series branch impedance and the parallel branch admittance of the line. The series branch impedance

and the parallel branch admittance for the CRLH-TL would be as [2]:

Z(w) = j(wLr — 1/wCy)

and

Y(w) = j(wCr — 1/wLy).

Next, substituting the above equations (2.13) and (2.14) into (2.1) we get [2]:

5CRLH—TL = 7\/(wLR — 1/wC’L)(wC’R — l/wLL) < Oforw < w1

and

Berpa-1r = vV (WLr — 1/wCL)(wCr — 1/wLy) > 0forw > wy

(2.13)

(2.14)

(2.16)

where w; and ws represent the minimum and maximum of the series and the parallel resonant circuit

in CRLH-TL, respectively, and are given as:

wy = min[1/\/LrCr;1/v/LLCR]

(2.17)



and

wo = maz[1//LrCr;1/\/LLCr). (2.18)

If we take a case where w1 # wy and w € (w1, w2) then the phase constant 8 for the CRLH-TL would
be an imaginary number, that would result to a real value for the propagation constant. Therefore,
this means that the signal propagating on this line would undergo attenuation and thus the circuit
will behave as a band pass filter or also called an unbalanced circuit. The other case could be where
w1 = we means there is no stop-band and that would define the balanced circuit. For the balanced

case where w; = ws it is only possible if the following equality is satisfied:

LrCp = L.Ch. (2.19)

For the balanced case, if we replace w; and wy with wg we get the following expression:

UJ():]./\/LRCL:1/\/LLCR:1/\4/LRCLLLCR. (220)

Also, for the balanced case from equations (2.15) and (2.16) at wp the phase constant 5 would be
zero.

The overall behavior of the CRLH-TL can be predicted by looking at the above sets of
dispersion equations (2.15) and (2.16). Where if w < wy (or w < wy for the balanced case) then it
defines the left-handed propagation region, while if w > wy (or w > wp for the balanced case) then
it defines the right-handed propagation region. The graphical interpretation for these dispersion
equations (2.15) and (2.16) can be seen in Figures 6 and 7. The characteristic impedance for the
CRLH-TL in an unbalanced circuit can be determined by substituting equations (2.13) and (2.14)

in (2.2) which gives:

ZC,CRLH*TL = \/LL/CL.\/(UJQLRCL — 1)/(w2LLCR — 1) (221)

and for a balanced circuit by using equation (2.19) in (2.21) we get:

Zecrou-rr =V L1/CrL = /Lr/Cr. (2.22)

On comparing equation (2.22) to (2.6), (2.10) we obtain the following relation:



Stop band

RH-TL

LH-TL

Figure 6. Graphical Interpretation of the Dispersion Equations for Unbalanced CRLH-TL.

Figure 7. Graphical Interpretation of the Dispersion Equations for Balanced CRLH-TL.
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Figure 8. SRR Structural Unit Cell [3].

Ze,cRLH-TL = Ze,RH-TL = Z¢,LH-TL (2.23)

which means that for a balanced CRLH-TL its characteristic impedance is equivalent to that of the
RH and LH-TL.

2.4. Description of the Complementary Split Ring Resonators (CSRR’s) and Left-
Handed Microstrip Lines Based on It.

Before we discuss Complementary Split Ring Resonators (CSRRs), let us first look at Split
Ring Resonators (SRRs). SRRs along with a metal thin wire (TWs) were actually the first
metamaterial structural units proposed by Pendry at Imperial College, London. Not until 2000 was
the first Left-Handed material synthesized by Smith et al. It was designed out of SSRs and TWs as
a composite structure into an array which exhibited negative permeability and permittivity values
in the desired overlapping frequency ranges. Here SSRs accounted for the negative permeability and
the TWs for the negative permittivity of these Left-Handed structures [7].

SSRs are the resonant particles that are used for designing Left-Handed structures with the
negative permeability value in the vicinity of the their resonant frequency [3]. The geometry of a
SRR unit can be seen in Figure 8. An alternative to these structures are the Complementary Split
Ring Resonators (CSRRs) which are just the opposite image of the SRRs and shown in Figure 9.

The differing feature about these structures are that they exhibit negative effective permittivity

11
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Figure 9. CSRR Structural Unit Cell [3].

instead of permeability (as in the case of SRRs) in the vicinity of their resonant frequency. The
other important feature about CSRRs is that they exhibit the same resonant frequency as that of
SRRs if the overall dimensions are the same as that of SSRs [3].

Left-Handed metamaterials based on CSRRs are synthesized by first etching CSSRs on the
ground plane of a microstrip line, which constitute the bottom layer of the dielectric substrate.
By doing so, a negative effective permittivity medium in a narrow band is obtained. In order to
achieve left-handedness in the medium, an additional element is required to provide the negative
permeability, which can be attained by introducing capacitive gaps in the top conducting layer of
the dielectric substrate at periodic intervals. The geometry of a unit cell Left-Handed microstrip
line is depicted in Figure 10 with its distributed equivalent circuit (T-model) shown in Figure 11.
The first Left-Handed metamaterial based on CSRRs was designed in [4]. The frequency response
of the Left-Handed metamaterial provided a narrow band with a sharp cut-off point in the lower
end and a smooth transition at the upper end.

The T-model shown in Figure 11 exists only under the condition when the dimension and the
spacing between the two adjacent CSSRs are both electrically small. This condition holds true only
in the backward propagation region. In order to practically implement a Left-Handed microstrip lines

based on CSSRs a large number of unit cells comprising of a microstrip line loaded with CSRRs and

12
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Figure 10. Structural Unit Cell of a Microstrip Transmission Line Loaded with CSRR and a Capacitive
Gap [3].
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e Sl el
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Figure 11. Unit Cell Equivalent Circuit Model of a Microstrip Line Loaded with CSRR and a Capacitive
Gap [3].
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the capacitive gaps are cascaded. The top conducting layer comprising of series gaps can be modeled
as a series equivalent circuit with inductance Lr and gap capacitance Cp, while the CSSRs etched
in the bottom (ground) layer can be modeled as a parallel resonant tank circuit with inductance
and capacitance denoted as Lj and Cr. These CSSRs units in the bottom layer are coupled to the
microstrip host line through capacitance C.. For this high-pass structure the cut-off frequency (also
called the gap-related frequency) f. should be greater than the intrinsic resonant frequency fy of

CSRRs. This cut-off frequency is given as [3]:

1

fc - 27T\/LRCL.

(2.24)

This Left-Handed medium that is obtained by cascading a large number of cells is highly dispersive.

The Bloch impedance can be written as [3]:

Zp = | Z.(jw)|Zu(jw) + 22, (jw) (2.25)

and the phase shift can be written as:

ZS(jw)
Zp(jw)

cosp =1+ (2.26)

where Z,(jw) and Z,(jw) represent the series and the shunt impedances of the T-model, respectively.

On substituting the series and the shunt impedances in the above equations (2.25) and (2.26) we

get:
Lp/Cr 1 1 1

Zp = — — 2.27

b \/ o —LwCrw  AC3w?  C.Cpw? (227)
and

1 QCLW
cos¢p =1+ — / . /0n (2.28)
Cewr T Tpw—oiz

According to equation (2.28) this medium supports left-handed propagation in that region or over
that frequency band where phase, ¢ value comes out to be a real number. With further analysis of

the above equation (2.28) the lower and higher end of the band is determined to be [3]:

IR
2 \/LL(CR + %ﬁ)
L

Cec

fr (2.29)

14



and
1

T onJL.COn

Equations (2.29) and (2.30) defines the lower and higher frequency points where the left-handed

fH (2.30)

propagation exist inside the medium.
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CHAPTER 3. NOISE VOLTAGE COUPLING BETWEEN
CONVENTIONAL RIGHT-HANDED AND LEFT-HANDED
STRUCTURES

3.1. Introduction

In this chapter we will be investigating the desired problem of coupling (i.e. noise voltage
coupling) that might occur between two transmission lines printed on a circuit board. Initially, we
will analyze this problem by deriving the near- and far-end voltage expressions on the equivalent
circuit of the coupled RH- and CRLH-TLs. Later, following the same procedure, the near- and
far-end voltages coupled to the CSSR loaded Left-Handed microstrip line will be computed.
3.2. Noise Voltage Coupling between RH-and CRLH-TLs
3.2.1. Layout and the Equivalent Circuit Model for the Coupled RH- and CRLH-TL
Unit Cell

The layout of the coupled RH- and CRLH-TL unit cell is shown in Figure 12. The figure
defines the problem where a RH-TL of length Ap and width w is coupled to the CLRH-TL separated
by a distance s. For simplicity, a symmetrical CRLH-TL is assumed. In this problem the RH-TL
is referred as a generator conductor, connected to a source voltage Vs and terminated with a load
resistance Ry,. The CRLH-TL is referred as a receptor conductor loaded with near-end and far-end
resistance Ryp and Rpp, respectively. The equivalent circuit model is shown in Figure 13 [5] for
the layout of the RH- and CRLH-TL in Figure 12. Lg and Cg represents the distributed inductive
and capacitive parameters of the RH-TL (generator conductor), respectively. The mutual inductive
and capacitive parameters between the RH-TL (generator conductor) and the CRLH-TL (receptor
conductor) are denoted as Lggr and Cgg, respectively.
3.2.2. Analytical Derivations of the Near-End and Far-End Voltages for Capacitively
Coupled RH- and CRLH-TLs

The following derivations on near-end and far-end noise voltages that are induced onto the
CRLH-TL from the RH-TL will be derived on the basis of two different coupling phenomenon known
as capacitive and inductive coupling or weak-coupling. The total coupling will then be determined
by summing the effects due to both capacitive and inductive coupling as in [17].

The case of capacitively coupled transmission lines arises when we take into consideration
large values of Ry, Ryg and Rpp resistances that are present in the circuitry. This then results in

capacitively coupled RH- and CRLH-TL unit cells. Then, under this condition the general circuit in
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Figure 12. Coupled RH- and CRLH-TLs Unit Cell.
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Figure 13. Equivalent Circuit of the Coupled RH- and CRLH-TLs Unit Cell.
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Figure 14. Equivalent Circuit of the Capacitively Coupled RH- and CRLH-TLs Unit Cell.

Figure 13 representing the coupled RH- and CRLH-TL unit cell is reduced to the circuit in Figure
14, which depicts that the coupling between the two unit cells is purely capacitive and represented

by Cgr. To determine V¢ in Figure 14 we can apply voltage division, which gives:

Zeq (3.1)

Ve=Ving—"7—
Zeq + Zcar

where Z,, represents the parallel equivalent impedance of the three branches comprising of the right
and left-handed components of the CRLH-TL. The first branch includes left-handed capacitance
Cy, right-handed inductance Lg and the near-end resistance Ryp connected in series. The second
branch consists of the left-handed inductance Ly and the right-handed capacitance Cr connected
in parallel and the third branch replicates the first due to symmetry except instead of having the

near-end resistance it has the far-end resistance Rpg . Thus we can express Z., as:

ZINEZFEZP

7 =
‘4 ZrpZp+ ZNgZp+ ZNEZFE
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where Zng, Zp and Zpp represents the series near-end, parallel (tank circuit) and the series far-
end impedances corresponding to the parallel first, second and the third branch, respectively. The
following can be determined by taking the series and parallel impedances of their respective branch

comprising of near-end, far-end resistances and the right-/left handed components. These are:

1 ijR
ZNg=R 3.3
NE NE + 2500, 5 (3.3)
1 ijR
Zre =R , 3.4
FE FE + 5700y 5 (3.4)
and
1 .
— jwlyp,
Zp = 4eCr 2 (3.5)
L + jCULL
jwCr

The second term in the denominator of the equation (3.1) represents the impedance due to capacitive

coupling between the generator and the receptor conductor which is:

1
JjwCar

where Cgpr is the coupling capacitance between the two lines and the other term Vj, in (3.1)
represents the voltage across the load resistance R;, which can be approximated in terms of source

voltage using voltage division as:

R
Vin ~ V"

e 3.7
RL + Rs ( )

where Vs and Ry represents the source voltage and source resistance, respectively. Thereafter, the

near-end voltage due to capacitive coupling can now be expressed as:

Ve
VNie" =Ry - (3.8)

where Ryp is the near-end resistance. Similarly, the far-end voltage can be expressed as:

Ve
ZrE

CAP
Vig ' = RrE

where Rpp is the far-end resistance.
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Figure 15. Equivalent Circuit of the Inductively Coupled RH- and CRLH-TLs Unit Cell.

If there exists a condition where Ryp = Rpp then the near-end voltage due to capacitive
coupling is the same as the far-end voltage (i.e. V]%SP = Vgﬁp ). Under close examination of
equations (3.8) and (3.9) it can be determined that the near- and far-end voltages can be reduced by
increasing the near-end and far-end impedances Zng and Zpg, respectively. This can be attained
by decreasing the left-handed capacitance C, or in other words, increasing the spacing between the
interdigitated capacitors in the geometry of the CRLH-TL.

3.2.3. Analytical Derivations of the Near-End and Far-End Voltages for Inductively
Coupled RH- and CRLH-TLs

In this section we will now analyze the problem of inductive coupling between the RH- and
CRLH-TLs. For the investigation of inductively coupled lines, it is assumed that Ry, Ryg, and
Rpg resistance values are small to increase the current on the conductors. This consideration then
transforms the general coupling problem circuit between the RH- and CRLH-TL unit cell into the
circuit in Figure 15, which depicts that the coupling between the two unit cells is purely inductive

and represented by Lggr. Throughout the derivation of near- and far-end noise voltages, the following
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assumption has been made in the circuit shown in Figure 15:

Vs

o~ —————.
“~ R,+ Ry

(3.10)

Next, we divide the entire circuit into two parts for applying KCL. We denote the left and the right
loop as loop 1 and loop 2, respectively, corresponding to current I; and Io, respectively in the circuit.

First on applying KCL around loop 1 (left loop) in the circuit we get:

jwlL
Zerli + Zpph — I6222C 4 [ Ryg + Zp(I — I) = 0. (3.11)
Then, rearranging we get:
jwlL
Li(BNE + Zon + Zip + Zp) — L Zp — 17221 — (3.12)

2

which then eventually leads to the expression:

I, Zp + Ig1¥ken
2P TG 3 . (3.13)

I —
' Rnp+ Zow+ Zir+ Zp

Next, if we look at the expression for I; in equation (3.13) it can be observed that the second term
in the numerator with a factor of I, generator current, represents the reactance due to inductive

coupling and is denoted as:

jwlL
Zrar = 2288 QGR- (3.14)
Thus, equation (3.13) can be rewritten as:
I,z IcZ
I = 24p +1gZLGR (3.15)
ZNE+ Zp
where Zyg and Zp are defined in (3.3) and (3.5), respectively. This then gives:
1, Z IcZ
I, = 24P +1GZIGR (3.16)

ZDNE

where Zpng = Zng + Zp. Similarly, applying KCL around loop 2 (right loop) in the circuit gives:

jwl
Rppls + Zprls — [Gj Gh

+ZCL[2+ZP(IQ 7]1) =0. (317)
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Then, rearranging we get:

jwlL
IL(Rrg+ Zcr+ Zir + Zp) — L1 Zp — IG] QGR =0 (3.18)
and similarly we obtain the expression:
L Zp + Igl¥Len
I 2P TG 3 (3.19)

" Rrg+ Zen+ Zir + Zp

where the second term in the numerator with a factor of I is the inductive coupling reactance Zpgr
as in (3.14) and the first three terms of the denominator represents (3.4) of the capacitive coupling.

Thus equation (3.19) can be rewritten as :

LhZp+1cZ
=1 P t+1gZLGR (3.20)
Zrg+ Zp

which is finally represented as:
_ hZp+IcZicr

I
2 ZDFE

(3.21)

where Zprp = Zrg + Zp. Now, from equations (3.16) and (3.21) we can determine the final
expressions for the loop currents I; and I in the circuit by substituting (3.16) into (3.21) or vice-

versa. If we substitute equation (3.16) into (3.21) and solve for Iy we obtain the following sets of

equations:
IzZp+IGZLGRZ iy
I, = — Zong P TIGALGR (3.22)
ZDFE
I, Z IcZ
IyZprE = w&b +IcZrarR, (3.23)
DNE

LZpreZone = 123 + IcZicrZp + IcZ1LGRZDNE (3.24)

and on rearranging equation (3.24) we get:
Iy(ZpreZpNe — 23) = 16 Z1erZp + 16 Z16RZDNE- (3.25)

Then finally we obtain the expression for I as:

L IZrar(Zr + ZoNE) (3.26)

ZpreZpNE — Z%
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Similarly, on back substituting equation (3.21) into (3.16) we obtain the expression for I; as:

IcZiar(Zp + ZprE)
I = . 3.27
! ZprEZpNE — 2% (8:27)

Thus, we can now determine the near- and far-end voltages due to inductive coupling as:

Vi = LRyE (3.28)
and

Vip? = LRpp. (3.29)
Under special circumstances if Ryg = Rrg, then ViP = VAP,

3.2.4. Total Coupling between the RH- and CRLH-TLs

Finally, the total coupling in terms of noise voltages between the transmission lines can be
approximately determined by using the results obtained from the capacitive - inductive model [17].
Therefore, the total near- and far-end coupling noise voltages between the RH- and CRLH-TL can
be approximately summed as the near-end and far-end noise voltages due to capacitive and inductive

coupling in the following manner [17]:

Vagl = VGET + VP (3.30)
and
VigT =VEET + VEEP. (3.31)

Next, in order to get the idea of the amount of noise voltages being coupled to the CRLH-
TL from the conventional microstrip RH-TL, the analytical expression in (3.30) for near-end noise
voltages was computed in Matlab [19] and verified with the circuit simulation results in Designer
for a single unit cell. For this computation the values of different circuit elements and parameters
were adopted from the RH-/CRLH-phase coupler in [7]. The values were as follows: V; = 1.0 V,
R, =509Q,Cs=033pF,Cqr=033pF, Lr=11nH, Cpr =045 pF, L;, =3.04nH, C;, = 1.3
pF, Lcr =0.13 nH, Lg = 0.825 nH, Ryg = 200 Q and Rpp = 200 Q2 which showed a significant
amount of noise voltages being coupled to the receptor conductor. This can be seen in Figures 16,
17 and 18  for various combinations of Ry, Ryg, Rpg where Ryg = Rrpg = 200 Q and Ry, = 20,

200, 2K Q. A combination where Ry, has values 20, 200, 2K ) and Ryg = Rrpg = 20 Q describes
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Figure 16. Analytical Computation and Circuit Simulation Results of the General Coupling Circuit for
R =20 Q.
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Figure 17. Analytical Computation and Circuit Simulation Results of the General Coupling Circuit for
R =200 Q.
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Figure 18. Analytical Computation and Circuit Simulation Results of the General Coupling Circuit for
R =2 KQ.

a case where the inductive coupling is dominant. The other case being where again Ry = 20, 200,
2K Q and Ryg = Rpg = 2K () describes a case where capacitive coupling is dominant.
3.2.5. Transition Condition from Inductive to Capacitive Coupling

For frequencies below 500M Hz, it is shown in Figure 16 that the inductive coupling is
dominant while for frequencies above 500M H z, the capacitive coupling is dominant. This then,

V]{,%D is dominant while for

corresponds to equation (3.30) where for frequencies f < 500M H z,
frequencies f > 500M Hz, V$4T is dominant. Thus, in order to determine this transition frequency,
it can be obtained by comparing equation (3.8) to (3.28). Before making this comparison we will

rearrange the terms in equation (3.8) and make several substitutions. This then results in the

following form of (3.8):

RyEg Ry, Z
viar = V. d 3.32
NE Zng  Rp+ Rszeq+ Zogr (8:32)

where the expression in (3.1) for V. was used. Similarly, in equation (3.28) first we substitute for Iy
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using (3.27) and get the following:

VIND _ Ic¢Ziar(Zp + ZprE)
NE

RnE. 3.33
ZprEZpNE — 2% NE (3:33)

Then substituting for I using (3.10), Zprr = Zpg + Zp and Zpyg = Zng + Zp gives:

Vs Zrer(Zp + Zrg + Zp)
VasP = RyE. 3.34
NE T R.+ Ry (Zre + Zp)Zne+ Zp) — 25 C .
Then on further solving and rearranging we get the following:
Vs Z 27 Z
V]{/%D _ RNE LGR( P+ FE) (3.35)

Rs+ Ry (ZNygZp+ ZppZp + ZNEZFE)

Next, comparing equation (3.35) to (3.32) and rearranging we get:

VIND _ RyE ZNE 5 Vs Zrar(2Zp + Zre)(ZNEZFPEZP) (3.36)
NE Zyne Rp Rs+ Ry (ZngZreZp)(ZNEZPp + ZFEZP + ZNEZFE) ’
where ZNEZPi%i}fgii%NEZFE =Z.q as in equation (3.2). Therefore (3.35) can be rewritten and
rearranged as:
RnEg Ry Zigr (2Zp + Zrg)Z.
VIND _ 4. 3.37
NE Zne "Rp+Rs Rp Zrelp (8:37)
Now, comparing equation (3.32) to (3.37) we get:
1 A 27 Z
_ ZLer(2Zp + FE). (3.38)
Zeg + ZoGRr RpZrrZp

By further taking the absolute value on both sides and making an assumption that Z.; + Zcgr =

ZcoGR gives:

. (3.39)

Then rearranging again finally leads to the following expression that defines the condition where the

near-end transition frequency occurs:

RiZrrZp

_ 3.40
Zrg+2Zp | (3.40)

|ZrarZoar| ~ |

A closer look at (3.40) reveals that there are a few things that should be taken into account,

such as consideration of both inductive- and capacitive-shielding of a CRLH-TL in the case of
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unintentional coupling and it shows that the capacitive coupling could be dominant in a certain
limited band whereas the inductive coupling would be dominant in the remaining band. It should
also be mentioned that the transition frequency strongly depends on the value of load resistance Ry,.
Finally, similar expressions for the far-end can also be determined.

3.3. Noise Voltage Coupling between RH- and CSRRs Based LH-TLs

3.3.1. Layout and the Equivalent Circuit Model for the Coupled RH- and CSRR-TL
Unit Cell

The unit cell layout of the coupled RH- and CSRR-TLs is depicted in Figure 19. Similar, to
Figure 12, the following figure now defines the problem where a RH-TL of length Ap and width w
is coupled to the microstrip line loaded with CSRR and capacitive gaps, separated by a distance
s. The CSRRs are etched onto the bottom ground layer while the capacitive gaps onto the top
conducting layer of the dielectric substrate. For simplicity, a symmetrical CSRR-TL is assumed.
Likewise, in the previous problem, the RH-TL is referred as a generator conductor, connected to
a source voltage V; and terminated with a load resistance Ry. The CSRR-TL is referred to as a
receptor conductor loaded with near-end and far-end resistances Ryg and Rpg, respectively. The
equivalent circuit model is shown in Figure 20 [5] for the layout of the RH- and CSRR-TLs in
Figure 19. Where again Lg and Cg represents the distributed inductive and capacitive parameters
of the RH-TL (generator conductor), respectively. The mutual inductive and capacitive parameters
between the RH-TL (generator conductor) and the CSRR-TL (receptor conductor) are denoted as
Lar and Cgp, respectively.

3.3.2. Analytical Derivations of the Near-End and Far-End Voltages for Capacitively
Coupled RH- and CSRR-TLs

As for the case of coupled RH- and CRLH-TLs a similar kind of approach was followed to
determine the near-end and far-end noise voltages that are induced onto the CSRR-TL from the
RH-TL due to capacitive and inductive coupling. Then, the total coupling due to both capacitive
and inductive coupling will determine the total near- and far-end noise voltages in [17].

Here initially we will investigate the capacitive coupling between the RH- and CSRR-TL unit
cell for large values of Ry, Ryg and Rpg. Thus, for the capacitively coupled transmission lines the
general circuit in Figure 20 representing the coupled RH- and CSRR-TL unit cell is reduced into the
circuit shown in Figure 21. This depicts that the coupling between the two unit cells is capacitive.

If we were to compare the two capacitively coupled models in Figures 14 and 21 corresponding

to the RH-/CRLH-TL, and RH-/CSRR-TL we observe that the later is just the replicate of the
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Figure 19. Coupled RH- and CSRR-TLs Unit Cell.
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Figure 20. Equivalent Circuit of the Coupled RH- and CRSRR-TLs Unit Cell.
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Figure 21. Equivalent Circuit of the Capacitively Coupled RH- and CSRR-TLs Unit Cell.

former, with the only change in the second branch of the parallel equivalent impedance Z,,. Where
the second branch net impedance is denoted as Z,,. Therefore, under this observation the equivalent
circuit model for RH- and CSRR-TL would also lead to similar expressions for the near- and far-end
noise voltages with the only exception of different expression for the impedance parameter Z,,.
Following the similar procedure as outlined for the RH-/CRLH-TL, first, we determine the
coupled voltage V. onto the CSRR-TL using the voltage division that would correspond to equation
(3.1). The parallel equivalent impedance Z., still corresponds to the net impedances of the three
branches Zn g, Zp and Zpg as stated in equation (3.2). The only difference being that the impedance
parameter Zp would now be modified to include the impedance of C.. C. is the coupling capacitance
between the top conducting layer with capacitive gaps and the bottom ground layer with CSRRs.

Thus, the modified Zp can be expressed as:

1 .
1 —onJwlr
Zp = —— 4 22Cn (3.41)

jwC. jwlCR + jwLry,
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Figure 22. Equivalent Circuit of the Inductively Coupled RH- and CSRR-TLs Unit Cell.

whereas the expression for Zyg and Zpg would not change and still correspond to the equations
(3.3) and (3.4), respectively.

Similarly, the term Zcggr of the equation (3.1) for the case of RH-/CSRR-TL would still
represent the impedance due to capacitive coupling between the generator and the receptor conductor
corresponding to equation (3.6). The only difference being that the receptor would now be a
CSRR-TL instead of CRLH-TL. The other term being V;,,, that defines the voltage across the load
resistance Ry, would again exactly correspond to equation (3.7). Thus, from all the aforementioned
observations and interpretations the near- and far-end noise voltages that are induced onto the
CSRRs-TL from the RH-TL would correspond to the expressions similar to RH- and CRLH-TL as
defined by equations (3.8) and (3.9), respectively.

3.3.3. Analytical Derivations of the Near-End and Far-End Voltages for Inductively
Coupled RH- and CSRR-TLs

In this section we will again analyze the problem of inductive coupling between the RH- and

CSRR-TL. As already mentioned earlier, in order to examine the inductively coupled lines Ry, RyE,

and Rpp resistance values should be small enough to support inductive coupling. This consideration
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then transforms the general coupling problem circuit between the RH- and CSRR-TL unit cell into
the circuit shown in Figure 22. This depicts that the coupling between the two unit cells is inductive.

If we now compare the two inductively coupled models corresponding to the RH-/CRLH-
TL and RH-/CSRR-TL, the entire circuitry remains the same except in the shunt elements where
now, an extra capacitive component has been introduced in series with the tank circuit. This
capacitive component corresponds to the coupling capacitance C, between the top conducting layer
with capacitive gaps and the bottom ground layer with CSSRs etched onto it. The net impedance
of this shunt, denoted as Zp, corresponds to equation (3.41).

Finally, a similar procedure is followed for the inductively coupled RH- and CSRR-TLs for
deriving the near- and far-end noise voltage expressions as outlined in the case of RH- and CRLH-TL.
The results are the same expressions as in (3.28) and (3.29) except Zp is redefined in (3.41).
3.3.4. Total Coupling between the RH- and CSRR-TLs

Finally, the total coupling in terms of noise voltages between the RH- and CSRR-TL can be
approximated as the sum of the noise voltages due to capacitive and inductive coupling for the near-
and far-end, respectively. This can be shown as in equations (3.30) and (3.31) where again Zp is

redefined in (3.41).
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CHAPTER 4. VALIDATION OF THE COUPLED RH- AND CRLH
EQUIVALENT CIRCUIT MODELS AND THE RH- AND CSRR
EQUIVALENT CIRCUIT MODELS

4.1. Introduction

After deriving the expressions for the induced noise voltages corresponding to the equivalent
circuit models of RH-/CRLH-TL and RH-/CSRR-TL unit cells the next step would be to validate
these models. This will be shown with the help of simulation and measurements results. In order
to validate these models, we will use 7 unit cells of the CRLH- and CSSR-TLs each, coupled to the
conventional microstrip RH-TL as shown in Figures 23 and 24. First, 7 unit cells of the RH- and
CRLH-TL will be presented, followed by 7 unit cells of the RH- and CSRR-TL.
4.2. 7 Unit Cells of the Coupled RH- and CRLH Transmission Lines

For the validation of the equivalent circuit model of the RH- and CRLH-TL and an accurate
modeling of the coupling, three different test cases were simulated, manufactured and tested. Each
test case, of different dimensions were chosen in order to investigate the accuracy of the equivalent
circuit model.
4.2.1. Layout of Different Cases

The Layout of the three test cases that were chosen correspond to a drawing shown in Figure
23. These cases were selected in a manner such that the different dimensions in each case would
corresponds to the left-handed components of the CLRH-TL. Case 1 had a stub inductor length of
m = 4.75 mm, and an interdigital capacitors spacing of g = 0.25 mm, whereas case 2 shown had a
longer stub inductor of length m = 9.75 mm, while the spacing between the interdigital capacitors
was kept to be the same. Case 3 had an inductor stub length of approximately the same length as
case 2 of m = 8.85 mm, while the spacing between the interdigital capacitors was increased to g =
0.35 mm. Thus, case 2 was used to validate the accuracy of the equivalent circuit model for different
values of shunt inductance L and case 3 was used for validating the accuracy of the model for the
different values of the series interdigital capacitance CT,.
4.2.2. Simulation and Measurement Results

The single unit cell for the coupled RH- and CRLH-TLs was simulated first for cases 1, 2 and
3 in Momentum [20]. Each case was designed with the specified dimensions corresponding to the
notations used in Figure 12. For case 1 the dimensions were: a = 5.25 mm, b = 10.4 mm, ¢ = 0.5

mm, d = 0.5 mm, g = 0.25 mm, m = 4.75 mm, Ap = 21.42 mm, s = 10 mm, w = 4.8 mm. For
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Table 1. Extracted Equivalent Circuit Values for the Coupled RH- and CRLH-TL Unit Cells.
Value Case 1 | Case 2 | Case 3
Lr (nH) 2.22 2.22 2.22
Cr (pF) 1.57 1.57 0.99
Ly, (nH) 3.4 6.12 6.12
Cr (pF) 1.65 1.65 1.65
(nH) 2.2 2.2 2.2
Ce (pF) 0.94 0.94 0.99
Lgr (nH) | 0.059 0.059 0.089
Cer (pF) | 0.0274 | 0.0196 | 0.0117

Table 2. Optimized Equivalent Circuit Values for the Coupled RH- and CRLH-TL Unit Cells.
Value Case 1 | Case 2 | Case 3
Lr (nH) 2.30 2.30 2.30

Cr, (pF) 1.49 1.49 1.08
Ly, (nH) 3.14 5.50 5.20
Cr (pF) 1.60 1.60 1.60
L¢g (nH) 2.4 2.4 2.4

Ce (pF) 0.92 0.92 0.825
Lgr (nH) | 0.063 0.063 0.089
Cer (pF) | 0.0290 | 0.0184 | 0.0114

case 2: a =5.25 mm, b = 104 mm, ¢ = 0.5 mm, d = 0.5 mm, g = 0.25 mm, m = 9.75 mm, Ap =
21.42 mm, s = 10 mm, w = 4.8 mm. Finally, for case 3: a = 6.15 mm, b = 10.4 mm, ¢ = 0.5 mm,
d=05mm, g=0.35 mm, m = 885 mm, Ap = 21.42 mm, s = 10 mm, w = 5.7 mm. Ap and s
correspond to the length of the RH- and CRLH unit cell and the spacing, respectively, which has
been kept constant throughout all the cases.

After, unit cells were simulated in ADS Momentum, the S-parameters were used to extract the
equivalent circuit models of each unit cell. This was achieved using the matrix method described
in [7]. The extracted circuit values and optimized circuit values for the three case are shown in
Tables 1 and 2, respectively. Next, to model the layouts for each case, seven equivalent circuits
representing each unit cell in the layout were interconnected. A picture of the equivalent circuit in
Designer is shown in Figure 25. The terminations R;, Ryg, and Rpg, were defined to be 50 €.
The Full-wave and equivalent-circuit simulation results are shown in Figures 26, 27 and 28. Finally,
these coupled transmission lines were then printed on a 1.575 mm thick Rogers RT/duroid 5880 (e,
= 2.2, tan 6 = 0.0009) [21] substrate and are shown in Figures 29, 30 and 31 for cases 1, 2 and 3,

respectively. A picture of the device under test can be seen in Figures 32 for near-end coupling using
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Figure 25. Circuit Equivalent of the Seven Unit Coupled RH- and CRLH-TLs in Designer.

an Agilent ENA series network analyzer. The ports not being used are terminated with 50 € load.
The measurement results obtained for each case are shown in Figures 26, 27 and 28. The results
in Figures 26, 27 and 28 show that the equivalent circuit in Figure 13 can be used to accurately
model the coupling between the RH-and CRLH-TL. Since, the analytical expressions obtained in
equations (3.30) and (3.31) were derived directly from this circuit, it shows that these expressions
can be used to compute the per-unit near- and far-end noise voltages induced onto the CRLH-TL
from the conventional microstrip RH-TL. A similar observation in terms of overall agreement was

also made for the far-end voltages.
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Figure 27. Near-End Voltage Measurement and Simulation Results for Case 2.
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Figure 28. Near-End Voltage Measurement and Simulation Results for Case 3.

Figure 29. Photograph of the Manufactured Seven Unit Cell RH-/CRLH Coupled Transmission Lines for
Case 1.
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Figure 30. Photograph of the Manufactured Seven Unit Cell RH-/CRLH Coupled Transmission Lines for
Case 2.

Figure 31. Photograph of the Manufactured Seven Unit Cell RH-/CRLH Coupled Transmission Lines for
Case 3.
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4.3. Effects of the Left-Handed Components on Noise Voltages

In this section the effects of the left-handed components on noise voltages that are induced
on the CRLH-TL will be explored using the analytical expressions (3.8), (3.28) and (3.30). We
will see how varying the values of the left-handed parameters Ly and C in the CRLH-TL can be
used to reduce the noise voltage coupling between the RH-and CRLH-TL. This will be shown here
for near-end coupling for different resistance values. For that purpose, the analytical expression
obtained in equation (3.30) will be evaluated for various values of L;, and Cr under the condition
where R;, = Rnrg = RrEg.

4.3.1. Effect of the Component L,

To demonstrate the effect of Ly on individual near-end inductive and capacitive coupling,
VIND and VSAT will be shown first which is then followed by its overall effect on the total coupling
VggT. This will be observed for different values for Ry, Ryr and Rrg to ensure both capacitive
and inductive coupling.

Initially the resistance values were chosen to be Ry, = Rygp = Rpgp = 2 ) which would
define the case of inductively dominant coupling and satisfy the inequalities mentioned in [17] for
inductively coupled transmission lines at low frequencies. In order to evaluate this the source was

varied over a range of 0.5 to 3.0 GHz for various values of L, with C}, fixed at 0.3 pF. The evaluation
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Figure 33. Near-End Voltage due to Inductive and Capacitive Coupling for Various Values of Ly with Ry,
=20Q.

was carried out using equations (3.8) and (3.28) to compute the near-end voltages for inductive and
capacitive coupling, respectively. Also, the total near-end coupling was computed using equation
(3.30). The computed results for the near-end inductive and capacitive coupling can be seen in
Figure 33 with the total near-end coupling in Figure 34 for the various values of L. The results in
Figure 33 show that inductive coupling is dominant at the lower frequency indicating the low Rp,
assumption to support inductive coupling is accurate. The results in Figure 34 also show that for
lower values of L near-end coupling voltage can be reduced at lower frequencies.

Next, the value of R; was defined to be 34 Q and 200 Q2. A value of Ry, = 34 Q would
define the case of significant inductive and capacitive coupling both, and a value of Ry = 200 2 will
support a dominant capacitive coupling. For Ry = 34  and Ry = 200 Q the near-end voltages
due to inductive and capacitive coupling are shown in Figures 35 and 37, respectively, with total
coupling shown in Figures 36 and 38, respectively. The results obtained for Ry = 34 Q in Figure 35
are more distinct as compared to the results in Figure 33 indicating a presence of more capacitive
coupling. Finally, for Ry, = 200 €2, the results obtained in Figure 37 indicates the presence of

dominant capacitive coupling.

40



=50

TOT B
D VNE forLL—3.O4nH

TOT _
---VNE forLL—5.04nH

TOT _
—VNE forLL—7.04nH

TOT _
WHVNE forLL—9.04nH

)
S -100f
=
~150|
—20 ‘ ‘
B 1 1.5

f (GHz)

2 2.5

Figure 34. Total Near-End Voltage for Various Values of Ly, with R = 2 Q.

50"

-100+

V| (dB)

-150+

Vi forl =3.04nH
+ Vi forl =504nH
O V¥ forl =7.04nH
* V¥ forl =9.04nH
O V"L\‘ED forL =3.04nH
— Vv, forL =504nH
X VO forl =7.04nH
----- Vi forl =9.04nH

—203 & 1 15

Figure 35. Near-End Voltage due to Inductive and Capacitive Coupling for Various Values of L with Ry,

=34 Q.

41

2 2.5




)
S -100¢ |
>
TOT _
. VNE for LL =3.04 nH
_150- ---VL(;T forLL=5.04nH e
TOT _
_VNE forLL—7.04nH
TOT _
..... VNE forLL—9.04 nH
~209 ‘ | ‘

"f (GHz)

Figure 36. Total Near-End Voltage for Various Values of L, with R, = 34 Q.

CAP _
VNE forL L= 3.04 nH

. _100+ + V¥ forl =504nH ||
= O Vi forL =7.04nH

CAP _
E VNE forLL—9‘04nH
O V™ forL =3.04nH
~150+ ND
—VNE forLL=5,04 nH
IND _
X VNE forLL_7.04nH

IND _
==V forLL—9.04nH

—209 5 1 15 2 2.5 3
f (GHz)

Figure 37. Near-End Voltage due to Inductive and Capacitive Coupling for Various Values of Ly, with Ry,
= 200 .

42



0 ‘

= = = rage 00000 %

)
T -100" |
>
TOT _
150l . VNE forLL—3.04nH |
_ TOT _
---VNE forLL—5.04nH
TOT _
_VNE forLL—7.04 nH
TOT _
““““ VNE forLL—9.04 nH
~200Q ‘ | ‘ |
0.5 1 1.5 2 2.5 3

"f (GHz)

Figure 38. Total Near-End Voltage for Various Values of Ly, with Ry, = 200 Q.

4.3.2. Effect of the Component Cp,

Similarly, the effect of C'p, on the near-end coupling will be investigated for various value of C'r.
This will again be performed for the same values of Ry, Ryg and Rpg, where Ry, = Ryg = Rrg.
To begin with we again vary the source over the range 0.5 to 3.0 GHz with L fixed at 3.04 nH. The
same equations corresponding to (3.8) and (3.28) will be used to evaluate the near-end inductive
and capacitive coupling voltages, followed by the total coupling voltage using equation (3.30). For
Ry =2 (), the near-end inductive and capacitive coupling results can be seen in Figure 39 with the
total coupling shown in Figure 40. The results obtained in Figure 39 clearly indicate that again
the inductive coupling is dominant. Similar observation can be made when L; was the varying
parameter for Ry, = 2 Q. Also, the results obtained in Figure 40 for the total coupling indicates that
the near-end voltages can again be reduced by defining lower values of C. The results for other
values of Ry = 34 Q and 200 ) are also shown in Figures 41, 42, 43 and 44 which again follows the

similar trend as was observed for the effects of L.
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Figure 45. Coupled Conventional Right-Handed and Complementary Split Ring Resonator Transmission
Lines.

4.4. 7 Unit Cells of the Coupled RH- and CSRR Transmission Lines

For the validation of the equivalent circuit model of the coupled RH- and CSRR-TLs the
7 unit-cell problem shown in Figure 45 was simulated in Momentum, manufactured and then
experimentally tested. After validation its single unit circuit equivalent was then used to explore the
noise voltages being induced on the CSRR-TL from the conventional microstrip transmission line.
4.4.1. Layout

The Layout of the 7 unit cells of coupled RH- and CSRR-TLs corresponds to the drawing
shown in Figure 24 which shows a RH-TL and a microstrip TL loaded with capacitive gaps and
resonating ring structures at periodic intervals.
4.4.2. Simulation and Measurement Results

Initially, the single unit-cell in Figure 19 of the RH- and CSRR-TLs was designed in
Momentum [20]. The dimensions for the design correspond to the notation used in Figure 19 which
are as follows: a = 3.85 mm, b = 0.28 mm, ¢ = 0.18 mm, d = 0.328 mm, e = 0.328 mm, g = 0.3 mm,

Ap = 11.82 mm, r = 4.8 mm, s = 10.0 mm and w = 1.15 mm. The notations Ap and s corresponds
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Table 3. Extracted Equivalent Circuit Values for the Coupled RH- and CSRR-TL Unit Cells.
Lr(nH) | CL(pF) | Lr(nH) | Cr(pF) | Lg(nH) | Ca(pF) | Lagr(nH) | Car(pF) | Ce(pF)
4.96 1.27 3.22 4.01 9.875 1.968 0.11036 0.06786 19.58

to the length of the RH- and CSSR-TL unit cell and the spacing between them, respectively. After
carrying out the simulation of the RH- and CSRR-~TL unit cell in Momentum, the S-parameters were
used in the extraction of the equivalent circuit model of the unit cell. This was again done using
the matrix method as applied in the case of the coupled RH- and CRLH-TLs where the parameters
were extracted at the transition frequency fo of the RH-/LH band. The extracted values are shown
in Table 3.

After determining the equivalent circuit parameters of the design, the next step was to model
the coupled unit cells in the ADS simulation tool Designer in order to determine the accuracy. This
was accomplished by cascading 7 cells of the unit circuit in Figure 20 to model the layout in Figure
45. An image of the circuit being simulated in Designer is shown in Figure 46. The simulation result
obtained for the layout shows good agreement with its equivalent circuit result which can be seen in
Figure 47. Finally, the coupled transmission lines were then manufactured on a 1.27 mm thick Rogers
RT/duroid 6010.2LM (e, = 10.2, tan 6 = 0.0023) [21] substrate as shown in Figures 48 and 49. The
picture in Figure 48 represents the top conducting layer of the dielectric substrate comprising of a
conventional microstrip TL coupled to the left-handed TL loaded with series capacitive gaps. The
picture in Figure 49 represents the bottom ground layer of the dielectric substrate comprising of
complementary split ring resonators (CSRRs) loaded to the left-handed transmission line on the top
with series capacitive gaps. A picture of the device under test can be seen in Figure 50 for near-end
coupling using an Agilent ENA series network analyzer The ports not being used are terminated
with 50 © load. The measurements are shown in Figure 47.

The results obtained for the design in terms of the equivalent circuit, the full-wave simulation
and the measurement all shows agreement among them stating that the equivalent circuit in Figure

20 is a good model to represent the coupling between RH- and CSRR-TL.
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Figure 46. Circuit Equivalent of the Seven Unit Cell Coupled RH- and CRLH-TLs in Designer.
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Figure 47. Measurement and Simulation Results of the Seven Unit Cell Prototype Board.



Figure 48. Top View of the Manufactured Seven Unit Cell RH-/CSRR Coupled Transmission Lines.

Figure 49. Bottom View of the Manufactured Seven Unit Cell RH-/CSRR Coupled Transmission Lines.
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Figure 50. Observing the Performance of the RH- and CSRR Board for the Near-End Coupling.
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CHAPTER 5. DESIGN TRADE-OFFS, GUIDELINES AND
DISCUSSION

5.1. Introduction

In this chapter, we will be looking at the design trade-offs and spacing guidelines for the RH-
and CRLH-TL, followed by spacing guidelines for the RH- and CSRR-TL. Furthermore, we will
compare the results to the coupling to microstrip TLs. Finally, we will determine the left-handed
structure that will generate the least amount of crosstalk or noise voltage coupling on printed circuit
boards.

5.2. The Coupled Voltages - Ly, C, Relationship

So far, the results in Figures 34, 36, 38, 40, 42 and 44 showed that the near-end voltages can be
reduced by reducing the values of left-handed components Lj, and Cr. This can be demonstrated in
two ways: by looking at the equivalent general coupling circuit of the RH- and CRLH-TLs shown in
Figure 13 and from the analytical expressions obtained in (3.30) and (3.31). First if we consider the
equivalent circuit by reducing the value of Ly, we will notice that the result would lower the parallel
shunt impedance comprising of L; and Cg. This would increase the current through the shunt
impedance. Thus, current flowing through Ryr and Rpg would decrease, which would therefore
reduce the unwanted coupled voltages. Similarly, if we reduce the value of Cp,, then the impedance
of the left-handed capacitance would increase. This would once again reduce the current through
Ryg and Rppg, which also reduces the unwanted coupled voltages.

This relationship between coupled voltages and Lj, C} can also be illustrated using the
analytical expressions in (3.30) and (3.30). If we decrease the value of Ly, the parallel impedance
Zp in (3.5) reduces. This then causes the impedance Z., in (3.2) to increase which in-turns reduces
the capacitively coupled voltage V. in (3.1). Similarly, if we decrease the value of Cp, then the
values of the near- and far-end impedance expressions in (3.3) and (3.4), respectively, increases.
This then leads to a decrease in capacitively coupled voltages expressed in (3.8) and (3.9). A similar
observation can be drawn for the inductively coupled voltages in (3.28) and (3.29).

5.3. Trade-Offs between Reduced Coupled Voltages and the Propagation Characteris-
tics of the CRLH-TL

While designing a CRLH-TL, there are certain propagation characteristics of the line that
should be considered. In particular, the cut-off frequency for the left-handed propagation and the

transition frequency from the left-handed to the right-handed region. The cut-off frequency here,
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Table 4. Cut-off and Transition Frequencies for the CRLH-TL for Measurement Cases 1, 2 and 3.

Case | for(GHz) | fo(GHz)
1 1.16 2.47
2 0.879 2.14
3 1.05 2.35

denoted as fcr, represents the lowest frequency for which the CRLH-TL will support left-handed
propagation. Whereas the transition frequency denoted as fy represents the frequency at which the
CRLH-TL transitions from supporting left-handed propagation to right-handed propagation. For
all the prior discussed cases, for < fo. Generally, if we were to compute the lower cut-off for the
left-handed propagation and the transition frequency of a CRLH-TL then it can be computed using

[7] as follows:

P, — P
fer = fo % (5.1)
where

P, = [K + (2/wr)?wd, (5.2)
Py=/P?—4, (5.3)
fo= _ (5.4)

O ONWLRCRLLCL’ '
L (5.5)

Ju= VL. Cy

and K = LrCp + L;Cgr. To determine these cut-off and transition frequencies, the extracted
parameters in Table 2 of the coupled transmission lines shown in Figures 29, 30 and 31 are used in
equations (5.1) through (5.5) for cases 1, 2 and 3. The evaluated lower cut-off and the transition
frequencies are shown in Table 4. If we closely examine the evaluated values of all the cases while
taking case 2 as a referenced then, it can be observed that by reducing the length of the stub inductor
in case 1, the lower left-handed propagating cut-off frequency has increased. A similar observation
can also be made for case 3 where also by reducing the gap capacitance between the interdigitated
fingers of the structure results in an increased lower left-handed cut-off frequency. These evaluated
values of fop for cases 1, 2 and 3 are also labeled in Figures 26, 27 and 28, respectively, for
comparison. Similarly, the transition frequency fy from the left-handed to right-handed propagating
region was also evaluated using equation (5.4) for cases 1, 2 and 3. These values are shown in Table

4 and in Figures 26, 27 and 28 for comparison. A similar trend of increasing values of fy can be
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Figure 51. Total Near-End Voltage for a Spacing of s = 0.5 cm and 1.0 cm.

observed as in the case of fo for lower values of Ly and Cp,. Therefore, in summary it can be
concluded that decreasing the values of L; and C} definitely serves our purpose of reducing the
near- and far-end coupled voltages as seen in Figures 34, 36, 38, 40, 42, and 44 which can prove
to be a useful alternative to conventional shielding. However, the consequences or the trade-offs, of
lowering these left-handed parameters of the CRLH-TL for reducing the noise voltages are that we
might disturb the lower cut-off of the left-handed operating band and the transition frequency by
increasing their values.
5.4. Spacing Design Guidelines for the CRLH-TL

Finally, the spacing guidelines have been investigated between RH- and CRLH-TLs and
compared to the coupling between two conventional microstrip RH-TLs. This investigation was
performed using a similar design of the RH and symmetric CRLH-TL unit cells shown in Figure 12
and then compared to a pair of coupled RH-TLs(or microstrip TLs) with the same unit cell length
and spacing. It was carried out in ADS Momentum, first for a same spacing of s = 0.5 cm for
both the pairs of TLs and then for a spacing of s = 1 cm for only RH- and CRLH-TLs in order
to observe the change and the difference in level of coupling between different pairs of TLs. The

dimensions adopted for each unit cell (both RH-TL and CRLH-TL) for these simulations were the
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Figure 52. Comparing the Coupling to the CSRR-Loaded Transmission Lines to the Coupling to a
Microstrip (Right-Handed) and the CRLH-TLs Reported in [18] for Various Spacing Values s.

same as defined in case 2 shown in Figure 30. The simulation results for near-end voltages can be
seen in Figure 51. From the results it can be clearly seen that for a spacing of s = 0.5 cm the
near-end voltages induced onto the CRLH-TL from the conventional RH-TL seems to increase over
the voltages induced onto the RH-TL at 1.25 GHz. Now, if we compare this frequency to the set of
frequency values fcr, and fy obtained in Table 4 for case 2 then, it clearly defines that this transition
takes place in the left-handed propagating band. Also, it can be noticed that for the frequencies
above the transition frequency fy, the near-end voltages induced onto the CRLH-TL are larger than
the near-end voltages induced onto the RH-TL from the conventional TL.

Next, when a gap separation of s = 1 cm was applied between the RH- and CRLH-TL then it
resulted in near-end voltages on the CRLH-TL that were less than the near-end voltages on the RH-
TL. This illustrates that spacing should be carefully taken into account while designing a CRLH-TL
in close proximity of the conventional RH-TL.

5.5. Spacing Design Guidelines for the CSRR-TL
In order to examine the spacing requirements for RH- and CSSR-TLs, a similar procedure to

that used for the CRLH-TL was followed. In particular, the coupled unit cell of a RH- and CSRR-TL
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shown in Figure 19 was simulated in ADS Momentum. This was again carried out for spacings of s
= 0.5 cm and 1.0 cm and compared to the coupling between two conventional microstrip RH-TLs.
The dimensions adopted for each unit cell (both RH-TL and CSRR-TL) for the simulations were the
same, with the notations used in Figure 19 and values mentioned under section 4.4.2. The results
for these simulations are shown in Figure 52. For further comparison, the coupling between the RH-
and CRLH-TL unit cells shown in Figure 12 was also simulated and are shown in Figure 52.

In all by looking at the results obtained in Figure 52 several comments can be made. First,
for a spacing of s = 0.5 cm, the near-end noise voltages coupled to the CSRR-TL are approximately
10 dB higher than the near-end voltages coupled to the RH-TL over the desired left-handed band.
Next, for an increased spacing of s = 1.0 cm, they are lower than the near-end voltages coupled
to the RH-TL for same spacing of s = 0.5 cm over the same band of interest. This again signifies
that a larger spacing should be considered while designing a CSRR loaded microstrip line in close
proximity of the conventional RH-TL.

For the left-handed transmission lines such as the CRLH- and CSRR-TL, an important feature
is the left-handed propagation band. The left-handed propagating bands for the CRLH- and CSRR-
TL designs depicted in Figures 12 and 19 can be seen in Figure 52. For the CSRR-TL the left-handed
propagating band is between fz csrr and fy.csrr and the left-handed propagating band for the
CRLH-TL is below fy crrm. The shaded region represents the band that is common to both the
CSRR- and CRLH-TLs. A fair comparison on the level of noise voltages being coupled to each TL
can be made over this common band. If we closely observe then for both spacing values of s = 0.5
cm and 1.0 cm the noise voltages coupled to the CSRR-TL are approximately 10 dB higher than the
noise voltages being coupled to the CRLH-TL. Therefore, from this observation it can be inferred
that a larger spacing is required for designing a CSRR-TL next to a conventional microstrip TL,

which thus proves the CRLH-TLs may be more useful for compact electronics.
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CHAPTER 6. CONCLUSION

Throughout this work the coupling between a conventional microstrip transmission line and
metamaterial inspired transmission lines has been studied and analyzed from an EMC point-of-
view. In particular, the coupling between a conventional microstrip and a CRLH-transmission
line and the coupling between a conventional microstrip and a CSRR loaded transmission line
has been presented and discussed. For both of the coupling problems, new analytical expressions
for computing the near- and far-end coupling noise voltages were derived. These newly derived
expressions have been successfully validated with the full-wave simulation tool Momentum, circuit
computations using Designer and measurements. The analytical expressions have also been used for
studying the noise voltages on the CRLH-TL. It has been shown that decreasing the values of L; and
C, along the CRLH-TL could be an alternative solution to conventional shielding. However, there
are certain trade-offs between reducing the coupled noise voltages and the left-handed propagation
characteristics. Furthermore, spacing design guidelines have been proposed using Momentum to
determine the amount of noise voltage being coupled to a CRLH-TL, CSRR-TL and a conventional
microstrip TL. It was determined that the CSRR-TL had approximately 10 dB higher coupled noise
voltages than the CRLH-TL for the same spacings. These higher voltages are due to the edges of
the CSRRs etched from the ground plane that are not placed directly below the the top conducting
layer. Therefore, the CSRR-TLs require almost twice the amount of spacing than the CRLH-TLs
to have approximately same noise voltages.

Future research could be done to further explore the coupling problem between two CLRH-TLs
because of the smaller spacing requirements which could thus be beneficial for compact RF circuitry
which is currently moving toward more miniaturized electronics. This could be one advantage of

using it over CSSR-TLs which require more spacing for lower noise voltage coupling.
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APPENDIX A. MATLAB CODE : RH-CRLH COUPLING

The following file

RH_CRLH_Coupling.m.

was used to determine the near-end and far-end capacitive, inductive and total coupling for RH-
and CRLH-TL unit cell for different values of load terminations which corresponds to the Figures
shown in 16, 17 and 18.

Tt Tl T T T T T T T o o o ot to To Tt fo e RH_CRLH_COUPLING FILE hhshshsosohtotototo ottt o o oo toto ot oo o oo
Y Y Y Ay Y Y Y Y A Y Y Y Y Y Y A N Y Y Y Y Y S NN Y Y Y Y YA

clc

clear all

close all

f = 100e6:10e6:3e9;
w=2*pixf;

Vs = 1;

Rs = 50;

Cg = .33e-12;

Cgr = .33e-12;

Lr = 1.1e-9;

R1 = 200;

Rne = 200;

Rfe = 200;

Cr = .45e-12;

L1 = 3.04e-9;

Cl = 1.3e-12;

Lgr = .13e-9;

Zlr = j*wxLr/2;
Zcr = -j./(uxCr);
Z11 = j*wxLl;

Zcgr = —j./(wxCgr);
Zcg = -j./(uxCg);

Zcl = -j./(2*xwxCl);

Z1 = Zcr.*Z11./(Zcr+Z11);
Zdne = Zcl+Zlr+Rne+Z1;
Zdfe = Zcl+Zlr+Rfe+Zl;
Zlgr = j*w*Lgr/2;

Zne = Zcl+Zlr+Rne;

Zfe = Zcl+Zlr+Rfe;

Tt lo oo toloto o totoToto o to oot fotohCapacitive Couplingihtettststotststolslotstotststotstotstotstts

figure
Vin = Vs*R1/(R1+Rs);
Zeq = Zne.*Zfe.*Zl./(Zfe.*Zl+Zne.*Zl+Zne.*Zfe);

Vn = VinxZeq./(Zeq+Zcgr);

Vne_cap = Vn*Rne./(Rne+Zcl+Zlr);

Vfe_cap = Vn*Rfe./(Rfe+Zcl+Zlr);

semilogx (f,20*1log10(abs(Vne_cap)),’.’,f,20%x1logl0(abs(Vfe_cap)),’-’)
xlabel(’f (Hz)’)

ylabel(’ V| (dB)’)

legend(’V_{ne}’,’V_{fel}’)

title(’Capacitive Coupling’)

axis([100e6 3e9 -200 0])

grid on

WL LRI A IR A Ak b Inductive Couplinghhhhhhhhhhhhhhhhhhhhhhhhhhhhsh

figure
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Ig = Vs/(Rs+R1);
12=Ig.*Zlgr.*(Z1+Zdne) ./ (Zdfe.*Zdne-7Z1."2);
Vne_ind=Rnex*I2;
I1=Ig.*Zlgr.*(Z1+Zdfe) ./ (Zdfe.*Zdne-71.72);
Vfe_ind=RfexI1;

semilogx (f,20*1log10(abs(Vne_ind)),’.’,f,20%¥1logl0(abs(Vfe_ind)),’-’)
xlabel(’f (Hz)’)

ylabel(’ V| (dB)’)
legend(’V_{nel}’,’V_{fel}’)

title(’Inductive Coupling’)

axis([100e6 3e9 -200 0])

grid on

Kottt it tothhhthiNear—end Total coupling %hhhhhhhhhihhhhhlhhhhhhlb

figure

Vne=Vne_cap+Vne_ind;

semilogx (f,20*1log10(abs(Vne)),’ .k’ ,f,20%xlogl0(abs(Vne_ind)),’--k’,
f,20%1og10(abs(Vne_cap)),’-k’)

xlabel(’f (Hz)’)

ylabel(’ |V_{NE}| (dB)’)

legend(°V_{ne}"{TOT}’,’V_{ne}~{IND}’,’V_{ne}"{CAP}’)

title(’Near-End Total Coupling’)

axis([100e6 3e9 -200 0])

grid on

Tt tots o toto o o todo e toto oo toiFar—end Total Coupling %lhhihlhletstslotelststelsthtetsttotodsts

figure

Vfe=Vfe_cap+Vfe_ind;

semilogx (f,20*1log10(abs(Vfe)),’ .k’ ,f,20%xlogl0(abs(Vfe_ind)),’--k’,
f,20*1og10(abs(Vfe_cap)),’-k’)

xlabel(°f (Hz)’) ylabel(’|V| (dB)’)

legend(’V_{fe}"{TOT}’,’V_{fe}"{IND}’,’V_{fe}"{CAP}’) title(’Far-End

Total Coupling’) axis([100e6 3e9 -200 0]) grid on

grid on
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APPENDIX B. MATLAB CODE : RH-CRLH COUPLING EFFECTS

The following file

RH_CRLH_Coupling_Effects.m.

was used to determine the effects of L; and Cp on inductive, capacitive and total coupling for

different values of load terminations which corresponds to the Figures shown from 33 - 44.

T T Tl bttt Tttt hotote% RH_CRLH_COUPLING_EFFECTS FILE UUbshtotototototttotototoohtototototoafoftooioiois
Y Y Y Y Y Y Y Y Y A N N Y Y Y YN Y Y Y Y YA

clc

clear all
close all

f =[10e6:10e6:3e9];
w=2*pixf;

Vs = 1;

Rs = 50;

Rl = 2;

Rne = 2;

Rfe = 2;

Cg = .33e-12;
Cgr = .33e-12;
Lr = 1.1e-9;
Cr = .45e-12;
Lgr = .13e-9;

I Ittt h b o totototofofotts Varying values of LL Uhhhhhhhhthddttotslohshhhhhhtotetstolshhs
% L1 = 3.04e-9;

L1 = 3.04e-9;

Cl = .3e-12;

Z1lr = j*wxLr/2;

Zcr = -j./(uxCr);

Z11 = j*wLl;

Zcgr = -j./(wxCgr);

Zcg = -j./(uxCg);

Zcl = -j./(2%wxCl);

Z1 = Zcr.*Z11./(Zcr+Z11);
Zdne = Zcl+Zlr+Rne+Z1l;
Zdfe = Zcl+Zlr+Rfe+Zl;
Zlgr = j*u*Lgr/2;

Zne = Zcl+Zlr+Rne;

Zfe = Zcl+Zlr+Rfe;

Vin = Vs*R1l/(R1+Rs);

Zeq = Zne.*Zfe.*Zl./(Zfe.*Zl+Zne.*Zl+Zne.*Zfe);

Vn = VinxZeq./(Zeq+Zcgr);

Vne_cap_1 = Vn*Rne./(Rne+Zcl+Zlr);
Vfe_cap_1 = Vn*Rfe./(Rfe+Zcl+Zlr);

Ig = Vs/(Rs+R1);
I12=Ig.*Zlgr.*(Z1+Zdne) ./ (Zdfe.*Zdne-Z1.72);
Vne_ind_1=Rne*I2;

I1=Ig.*Zlgr.*(Z1+Zdfe) ./(Zdfe.*Zdne-Z1."2);
Vfe_ind_1=Rfex*I1;

% L1 = 5.04e-9;

L1 = 5.04e-9;
Zlr = j*wxLr/2;
Zcr = -j./(uwxCr);
Z11 = j¥wsLl;

Zcgr = -j./(wxCgr) ;
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Zcg = -j./(uxCg);

Zcl = -j./(2*wxCl);

Z1 = Zcr.*Z11./(Zcr+Z11);
Zdne = Zcl+Zlr+Rne+Z1;

Zdfe = Zcl+Zlr+Rfe+Zl;

Zlgr = j*w*Lgr/2;

Zne = Zcl+Zlr+Rne;

Zfe = Zcl+Zlr+Rfe;

Vin = Vs*R1/(R1+Rs);

Zeq = Zne.*Zfe.*Zl./(Zfe.*Zl+Zne.*Z1l+Zne.*Zfe) ;

Vn = VinxZeq./(Zeq+Zcgr);
Vne_cap_2 = Vn*Rne./(Rne+Zcl+Zlr);
Vfe_cap_2 = Vn*Rfe./(Rfe+Zcl+Zlr);
Ig = Vs/(Rs+R1);

I12=Ig.*Zlgr.*(Z1+Zdne) ./ (Zdfe.*Zdne-Z1.72);

Vne_ind_2=Rne*I2;

I1=Ig.*Zlgr.*(Z1+Zdfe) ./ (Zdfe.*Zdne-Z1."2);

Vfe_ind_2=RfexI1;

% L1 = 7.04e-9;

L1 = 7.04e-9;

Zlr = j*wxLr/2;

Zcr = -j./(uxCr);

Z11 = j*wsll;

Zcgr = -j./(uxCgr);
Zcg = -j./(uxCg);

Zcl = -j./(2*wxCl);

Z1 = Zcr.*Z1l./(Zcr+Z11l);
Zdne = Zcl+Zlr+Rne+Zl;
Zdfe = Zcl+Zlr+Rfe+Z1;
Zlgr = j*w*Lgr/2;

Zne = Zcl+Zlr+Rne;

Zfe = Zcl+Zlr+Rfe;

Vin = Vs*R1/(R1+Rs);

Zeq = Zne.xZfe.*Zl./(Zfe.*Zl+Zne.*Zl+Zne.*Zfe);

Vn = Vin*Zeq./(Zeq+Zcgr) ;
Vne_cap_3 = Vn*Rne./(Rne+Zcl+Zlr);
Vfe_cap_3 = Vn*Rfe./(Rfe+Zcl+Zlr);
Ig = Vs/(Rs+R1);

I12=Ig.*Zlgr.*(Z1l+Zdne) ./ (Zdfe.*Zdne-71."2);

Vne_ind_3=Rnex*I2;

I1=Ig.*Zlgr.*(Z1l+Zdfe) ./(Zdfe.*Zdne-71."2);

Vfe_ind_3=RfexI1;

% L1 = 9.04e-9;

L1 = 9.04e-9;
Z1lr = j*wxLr/2;
Zcr = -j./(wxCr);

Z11 = j*w*Ll;
Zcgr = -j./(wxCgr);

Zcg = -j./(uxCg);

Zcl = -j./(2xu*Cl);

Z1 = Zcr.*Z11./(Zcr+Z11);
Zdne = Zcl+Zlr+Rne+Z1;

Zdfe = Zcl+Zlr+Rfe+Zl;
Zlgr = j*u*Lgr/2;
Zne = Zcl+Zlr+Rne;

Zfe = Zcl+Zlr+Rfe;

Vin = Vs*R1/(R1+Rs);
Zeq
Vn = Vin*Zeq./(Zeq+Zcgr) ;

Vne_cap_4 = Vn*Rne./(Rne+Zcl+Zlr);
Vfe_cap_4 = Vn*Rfe./(Rfe+Zcl+Zlr);

Zne.*xZfe.*Z1./(Zfe.*Z1l+Zne.*Z1l+Zne

.xZfe) ;



Ig = Vs/(Rs+R1);
12=Ig.*Zlgr.*(Z1+Zdne) ./ (Zdfe.*Zdne-7Z1."2);
Vne_ind_4=Rne*I2;
I1=Ig.*Zlgr.*(Z1+Zdfe) ./ (Zdfe.*Zdne-71.72);
Vfe_ind_4=Rfex*Il;

Tt T Toto o ToTo o T Toto T Toto o To o fa To ol T to o Vo To o To o o o oo e o tofe. Vaxying values of C_L hhtotlotoloatotstatotstetotodstatotsislotodsatods
% C1=0.3e-12

L1 = 3.04e-9;

Cl = 0.3e-12;

Zlr = j*wxLr/2;

Zcr = -j./(uxCr);

Z11 = j*wxLl1;

Zcgr = -j./(uxCgr) ;

Zcg = -j./(uxCg);

Zcl = -j./(2*wxCl);

Z1 = Zcr.*Z11./(Zcr+Z11);
Zdne = Zcl+Zlr+Rne+Zl;
Zdfe Zcl+Zlr+Rfe+Z1;
Zlgr = j*wxLgr/2;

Zne Zcl+Zlr+Rne;

Zfe Zcl+Zlr+Rfe;

Vin Vs*R1/(R1+Rs) ;

Zeq = Zne.*Zfe.*Zl./(Zfe.*Z1l+Zne.*Z1l+Zne.*Zfe) ;
Vn = VinxZeq./(Zeq+Zcgr) ;

Vne_cap_5 = Vn*Rne./(Rne+Zcl+Zlr);

Vfe_cap_5 = Vn*Rfe./(Rfe+Zcl+Zlr);

Ig = Vs/(Rs+R1);
I12=Ig.*Zlgr.*(Z1+Zdne) ./ (Zdfe.*Zdne-Z1.72);
Vne_ind_b=Rnex*I2;
I1=Ig.*Zlgr.*(Z1+Zdfe)./(Zdfe.*Zdne-Z1.72);
Vfe_ind_5=Rfex*I1;

% Cl = 0.5e-12;

Cl = 0.5e-12;

Zlr = j*wxLr/2;

Zecr = -j./(uxCr);

Z11 = j*w*Ll;

Zcgr = -j./(uxCgr);
Zcg = -j./(uxCg);

Zcl = -j./(2%wxCl);

Z1 = Zcr.*Z11l./(Zcr+Z11l);
Zdne = Zcl+Zlr+Rne+Zl;
Zdfe = Zcl+Zlr+Rfe+Z1;
Zlgr = j*w*Lgr/2;

Zne = Zcl+Zlr+Rne;
Zfe = Zcl+Zlr+Rfe;
Vin = Vs*R1/(R1+Rs);

Zeq = Zne.xZfe.*Zl./(Zfe.*Zl+Zne.*Zl+Zne.*Zfe);
Vn = Vin*Zeq./(Zeq+Zcgr) ;

Vne_cap_6 = Vn*Rne./(Rne+Zcl+Zlr);

Vfe_cap_6 = Vn*Rfe./(Rfe+Zcl+Zlr);

Ig = Vs/(Rs+R1);
I2=Ig.*Zlgr.*(Zl+Zdne)./(dee.*Zdne—Zl.“2);
Vne_ind_6=Rnex*I2;

I1=Ig.*Zlgr.*(Z1l+Zdfe) ./(Zdfe.*Zdne-71."2);
Vfe_ind_6=Rfex*I1;

% Cl = 0.7e-12;

Cl = 0.7e-12;
Z1lr = j*wxLr/2;
Zcr = -j./(uxCr);

Z11 = j*wsll;
Zcgr = —j./(uxCgr);
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Zcg = -j./(uxCg);

Zcl = -j./(2*wxCl);

Z1 = Zcr.*Z11./(Zcr+Z11);
Zdne = Zcl+Zlr+Rne+Z1;

Zdfe = Zcl+Zlr+Rfe+Zl;

Zlgr = j*w*Lgr/2;

Zne = Zcl+Zlr+Rne;

Zfe = Zcl+Zlr+Rfe;

Vin = Vs*R1/(R1+Rs);

Zeq = Zne.*Zfe.*Zl./(Zfe.*Zl+Zne.*Z1l+Zne.*Zfe) ;

Vn = VinxZeq./(Zeq+Zcgr);

Vne_cap_7 = Vn*Rne./(Rne+Zcl+Zlr);
Vfe_cap_7 = Vn*Rfe./(Rfe+Zcl+Zlr);

Ig = Vs/(Rs+R1);
I12=Ig.*Zlgr.*(Z1+Zdne) ./ (Zdfe.*Zdne-Z1.72);
Vne_ind_7=Rnex*I2;

I1=Ig.*Zlgr.*(Z1+Zdfe) ./(Zdfe.*Zdne-Z1."2);
Vfe_ind_7=RfexI1;

% Cl = 0.9e-12;

Cl = 0.9e-12;

Zlr = j*wxLr/2;
Zcr = -j./(uxCr);
Z11 = jxwxLl;

Zcgr = -j./(uxCgr);

Zcg = -j./(uxCg);

Zcl = -j./(2*wxCl);

Z1 = Zcr.*Z1l./(Zcr+Z11l);
Zdne = Zcl+Zlr+Rne+Zl;
Zdfe = Zcl+Zlr+Rfe+Z1;
Zlgr = j*w*Lgr/2;

Zne = Zcl+Zlr+Rne;

Zfe = Zcl+Zlr+Rfe;

Vin = Vs*R1/(R1+Rs);

Zeq = Zne.xZfe.*Zl./(Zfe.*Zl+Zne.*Zl+Zne.*Zfe);

Vn = Vin*Zeq./(Zeq+Zcgr) ;

Vne_cap_8 = Vn*Rne./(Rne+Zcl+Zlr);
Vfe_cap_8 = Vn*Rfe./(Rfe+Zcl+Zlr);

Ig = Vs/(Rs+R1);
I12=Ig.*Zlgr.*(Z1l+Zdne) ./ (Zdfe.*Zdne-71."2);
Vne_ind_8=Rnex*I2;

I1=Ig.*Zlgr.*(Z1l+Zdfe) ./(Zdfe.*Zdne-71."2);
Vfe_ind_8=Rfex*I1;

Vne_total_1 = Vne_cap_1 + Vne_ind_1;
Vne_total_2 = Vne_cap_2 + Vne_ind_2;
Vne_total_3 = Vne_cap_3 + Vne_ind_3;
Vne_total_4 = Vne_cap_4 + Vne_ind_4;
Vne_total_5 = Vne_cap_5 + Vne_ind_5;
Vne_total_6 = Vne_cap_6 + Vne_ind_6;
Vne_total_7 = Vne_cap_7 + Vne_ind_7;
Vne_total_8 = Vne_cap_8 + Vne_ind_8;
Vfe_total_1 = Vfe_cap_1 + Vfe_ind_1;
Vfe_total_2 = Vfe_cap_2 + Vfe_ind_2;
Vfe_total_3 = Vfe_cap_3 + Vfe_ind_3;
Vfe_total_4 = Vfe_cap_4 + Vfe_ind_4;
Vfe_total_5 = Vfe_cap_5 + Vfe_ind_5;
Vfe_total_6 = Vfe_cap_6 + Vfe_ind_6;
Vfe_total_7 = Vfe_cap_7 + Vfe_ind_7;
Vfe_total_8 = Vfe_cap_8 + Vfe_ind_8;



figure
pl=plot(f./1e9,20%1logl0(abs(Vne_cap_1)),’k’,f./1e9,20*1logl0(abs(Vne_cap_2)),’--k’,f./1e9,20*1logl0
(abs(Vne_cap_3)),’-"k’,f./1e9,20*1logl0(abs (Vne_cap_4)),’-0k’,f./1e9,20*xlogl0(abs(Vne_ind_1)),’ .k’,
f./1e9,20%1logl10(abs(Vne_ind_2)),’*k’,f./1e9,20%1logl0(abs(Vne_ind_3)),’-*k’,f./1e9,20%1logl0
(abs(Vne_ind_4)),’-.k’)
legend(’V_{ne}"{CAP} for L_L = 3.
= 5.04 nH’,’V_{ne}"{CAP} for L_L
9.04 nH’,’V_{ne}"{IND} for L_L = 3.04 nH’,’V_{ne}"{IND} for L_L =
5.04 nH’,’V_{ne}"{IND} for L_L = 7.04 nH’,’V_{ne}"{IND} for L_L =
9.04 nH’) set(pl,’Linewidth’,1.5) xlabel(’f (GHz)’) ylabel(’IVI
(dB)’) title(’Effect of L_L on V_{ne}Cap and V_{ne}Ind for Z_L =
2 Ohms’) axis([0.5 3 -200 0])

04 nH’,’V_{ne}"{CAP} for L_L
= 7.04 nH’,’V_{ne}"{CAP} for L_L =

figure
p2=plot(f./1e9,20%1logl0(abs(Vne_total_1)),’k’,f./1e9,20%logl0(abs(Vne_total_2)),’--k’,f./1e9,
20*1logl10(abs(Vne_total_3)),’-"k’,f./1e9,20%1logl0(abs(Vne_total_4)),’-0k’)
legend(’V_{ne}‘{TDT} for L_L = 3.04 nH’,’V_{ne}"{TOT} for L_L = 5.04 nH’,’V_{ne}"{TOT} for
L_L =7.04 nH’,’V_{ne}"{TOT} for L_L = 9.04 nH’)

set(p2,’Linewidth’,1.5)

xlabel (’f (GHz)’)

ylabel(’|V| (dB)’)

title(’Effect of L_L on V_{ne}Total for Z_L = 2 Ohms’)

axis([0.5 3 -200 0])

figure
p3=plot(f./1e9,20*1logl0(abs(Vne_cap_5)),’k’,f./1e9,20%*1logl0(abs(Vne_cap_6)),’--k’,f./1e9,20%1logl0
(abs(Vne_cap_7)),’-"k’,f./1e9,20*1log10(abs(Vne_cap_8)),’-0k’,f./1e9,20*x1logl0(abs(Vne_ind_5)),’ .k’,
f./1€9,20*1logl0(abs(Vne_ind_6)),’*k’,f./1e9,20*1logl0(abs(Vne_ind_7)),’-*k’,f./1e9,20*logl0
(abs(Vne_ind_8)),’-.k’)

legend(’V_{ne}"{CAP} for C_L = 0.3 pF’,’V_{ne}"{CAP} for C_L =

0.5 pF’,’V_{ne}"{CAP} for C_L = 0.7 pF’,’V_{ne}"{CAP} for C_L = 0.9
pF’,’V_{ne}~{IND} for C_L = 0.3 pF’,’V_{ne}"{IND} for C_L = 0.5
pF’,’V_{ne}"{IND} for C_L = 0.7 pF’,’V_{ne}"{IND} for C_L = 0.9 pF’)
set(p3,’Linewidth’,1.5) xlabel(’f (GHz)’) ylabel(’|V| (dB)’)
title(’Effect of C_L on V_{ne}Cap and V_{ne}Ind for Z_L = 2

Ohms’) axis([0.5 3 -200 0])

figure
p4=plot(f./1e9,20%1logl0(abs(Vne_total_5)),’k’,f./1e9,20%logl0(abs(Vne_total_6)),’--k’,f./1e9,
20%1logl0(abs(Vne_total_7)),’-"k’,f./1e9,20%1logl0(abs(Vne_total_8)),’-0k’)
legend(’V_{ne}"{TOT} for C_L = 0.3 pF’,’V_{ne}"{TOT} for C_L = 0.5 pF’,’V_{ne}"{TOT} for

C_L = 0.7 pF’,’V_{ne}"{TOT} for C_L = 0.9 pF’)

set(p4, ’Linewidth’,1.5)

xlabel (’f (GHz)’)

ylabel(’ V| (dB)’)

title(’Effect of C_L on V_{ne}Total for Z_L = 2 Ohms’)

axis([0.5 3 -200 0])

figure
p5=plot(f./1e9,20%1logl0(abs(Vfe_cap_1)),’k’,f./1e9,20*1logl0(abs(Vfe_ind_1)),’k’,f./1e9,20%1logl0
(abs(Vfe_cap_2)),’--k’,f./1e9,20%logl10(abs(Vfe_ind_2)),’--k’,f./1e9,20*x1logl0(abs(Vfe_cap_3)),’-"k’,
f./1e9,20%1logl0(abs(Vfe_ind_3)),’-"k’,f./1e9,20*1logl0(abs(Vfe_cap_4)),’-0k’,f./1e9,20%1logl0
(abs(Vfe_ind_4)),’-0k’)

legend(’V_{fe}"{CAP} for L_L = 3.04 nH’,’V_{fe}"{IND} for L_L =
3.04 nH’,’V_{fe} {CAP} for L_L = 5.04 nH’,’V_{fe} "{IND} for L_L
5.04 nH’,’V_{fe}"{CAP} for L_L = 7.04 nH’,’V_{fe}"{IND} for L_L
7.04 nH’,’V_{fe}"{CAP} for L_L = 9.04 nH’,’V_{fe} "{IND} for L_L
set(p5,’Linewidth’,1.5)

xlabel (’f (GHz)’)

ylabel(’|V| (dB)’)

title(P’Effect of L_L on V_{fe}Cap and V_{fe}Ind for Z_L = 2 Ohms’)
axis([0.5 3 -200 0])

9.04 nH’)

figure
p6=plot(f./1e9,20%1logl0(abs(Vfe_total_1)),’k’,f./1e9,20*logl0(abs(Vfe_total_2)),’--k’,f./1e9,
20%1logl0(abs(Vfe_total_3)),’-"k’,f./1e9,20%¥1logl0(abs(Vfe_total_4)),’-0k’)
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legend(’V_{fe}‘{TOT} for L_L = 3.04 nH’,’V_{fe}"{TOT} for L_L = 5.04 nH’,’V_{fe}"{TOT} for
L_L = 7.04 nH’,’V_{fe}"{TOT} for L_L = 9.04 nH’)

set(p6,’Linewidth’,1.5)

xlabel (’f (GHz)’)

ylabel(’|V| (dB)’)

title(’Effect of L_L on V_{fe}Total for Z_L = 2 Ohms’)

axis([0.5 3 -200 0])

figure
p7=plot(f./1e9,20%1logl0(abs(Vfe_cap_5)),’k’,f./1e9,20%*1logl0(abs(Vfe_ind_5)),’k’,f./1e9,20%1logl0
(abs(Vfe_cap_6)),’--k’,f./1e9,20%1logl0(abs(Vfe_ind_6)),’--k’,f./1e9,20*1logl0(abs(Vfe_cap_7)),’-"k’,
f./1e9,20*1og10(abs(Vfe_ind_7)),’-"k’,f./1e9,20*1logl0(abs(Vfe_cap_8)),’-0k’,f./1e9,20%1logl0
(abs(Vfe_ind_8)),’-0k’)

legend(’V_{fe}"{CAP} for C_L = 0.3 pF’,’V_{fe}"{IND} for C_L =

0.3 pF’,’V_{fe}{CAP} for C_L = 0.5 pF’,’V_{fe}~{IND} for C_L =

0.5 pF’,’V_{fe}"{CAP} for C_L = 0.7 pF’,’V_{fe}"{IND} for C_L =

0.7 pF’,’V_{fe}"{CAP} for C_L 0.9 pF’,’V_{fe}"{IND} for C_L = 0.9 pF’)
set(p7,’Linewidth’,1.5)

xlabel (’f (GHz)’)

ylabel(’|V| (dB)’)

title(’Effect of C_L on V_{fe}Cap and V_{fe}Ind for Z_L = 2 Ohms’)

axis([0.5 3 -200 0])

figure
p8=plot(f./1e9,20%1logl0(abs(Vfe_total_5)),’k’,f./1e9,20%logl0(abs(Vfe_total_6)),’--k’,f./1e9,
20%1logl0(abs(Vfe_total_7)),’-"k’,f./1e9,20%1logl0(abs(Vfe_total_8)),’-0k’)
legend(’v_{fe}”{TUT} for C_L = 0.3 pF’,’V_{fe}”{TOT} for C_L = 0.5 pF’,’V_{fe}”{TDT} for

C_L = 0.7 pF’,’V_{fe}"{TOT} for C_L = 0.9 pF’)

Set(pS,’Linewidth’,l.S)

xlabel (’f (GHz)’)

ylabel(’ V| (dB)’)

title(CEffect of C_L on V_{fe}Total for Z_L = 2 Ohms’)

axis([0.5 3 -200 0])
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APPENDIX C. MATLAB CODE : RH-CSRR COUPLING

The following file

RH_CSRR_Coupling.m.

was used to determine the near-end and far-end capacitive, inductive and total coupling for RH-

and CSRR-TL unit cell for different values of load terminations.

To o T To o T oo T To o T T o T To o T To o e T oo Vo To o o Yooy RH_CSRR_COUPLING FILE Yttt tooth oot totodo o toto s toto s foto o s To oo e To o o T oo o T o e
Tototo el ToTo o o e T ToTo o o o o ToTo o o o To T o o o o T To o o o o T To o o o o o To o o o o T To o o o o o T o oo o T o oo o Jo T o oo o T o o oo o To o o o oo T Fo o o oo o T o o
clc

clear all

close all

f = 100e6:10e6:3e9;
w=2*pixf;

Vs = 1;

Rs = 50;
Cc=19.58e-12;

Cg = 1.968e-12;

Cgr = .06786e-12;

Lr = 4.96e-9;

R1 = 20;

Rne = 200;

Rfe = 200;

Cr = 4.01le-12;

L1 = 3.22e-9;

Cl = 1.27e-12;

Lgr = .11036e-9;

Z1lr = j*wxLr/2;

Zcr = -j./(uxCr);

Z11 = j*wxLl1;

Zcgr = -j./(wxCgr);
Zcg = -j./(uxCg);

Zcl = -j./(2%wxCl);

Z1 = ((Zcr.*Z11)./(Zcr+Z11))-j./(w*Cc);
Zdne = Zcl+Zlr+Rne+Z1l;
Zdfe = Zcl+Zlr+Rfe+Zl;
Zlgr = j*u*lLgr/2;

Zne = Zcl+Zlr+Rne;

Zfe = Zcl+Zlr+Rfe;

Tt lo oot loto o to o Toto o to o To o Totofoto e Capacitive Couplinghhthhehtshtetslolslotslotstslotslotstototstetots

figure
Vin = Vs*R1/(R1+Rs);
Zeq = Zne.*Zfe.*Zl./(Zfe.*Zl+Zne.*Z1l+Zne.*Zfe);

Vn = VinxZeq./(Zeq+Zcgr) ;

Vne_cap = Vn*Rne./(Rne+Zcl+Zlr);

Vfe_cap = Vn*Rfe./(Rfe+Zcl+Zlr);

plot (f,20%x1ogl0(abs(Vne_cap)),’.’,f,20*1logl0(abs(Vfe_cap)),’-’)
xlabel(’f (Hz)’)

ylabel(’ |V| (dB)?)

legend(’V_{ne}’,’V_{fel}’)

title(’Capacitive Coupling’)

axis([0 2e9 -110 -301)

grid on

WIS bbbt It tdohhhhhhhInductive Couplinghhhhhhhhhhhddstelshhhhhhhhh

figure
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Ig = Vs/(Rs+R1);
12=Ig.*Zlgr.*(Z1+Zdne) ./ (Zdfe.*Zdne-7Z1."2);
Vne_ind=Rnex*I2;
I1=Ig.*Zlgr.*(Z1+Zdfe) ./ (Zdfe.*Zdne-71.72);
Vfe_ind=RfexI1;
plot(f,20*1logl0(abs(Vne_ind)),’.’,f,20x1logl0(abs(Vfe_ind)),’-’)
xlabel(’f (Hz)’)

ylabel(’ V| (dB)’)
legend(’V_{nel}’,’V_{fel}’)

title(’Inductive Coupling’)

axis ([0 2e9 -110 -30]1)

grid on

Tl h s i toh ot oo thiNear—end Total Couplinghhhlhihhhltsthtetsletslotststotstodsotststotstods

figure

Vne=Vne_cap+Vne_ind;

plot(£,20*1logl0(abs(Vne)),’.k’,f,20%xlogl0(abs(Vne_ind)),’--k’,
f,20%1logl10(abs(Vne_cap)),’-k’)

xlabel(’f (Hz)’)

ylabel(’ |V_{NE}| (dB)’)

title(’Near-End Total Coupling’)

legend(’V_{ne}"{TOT}’,’V_{ne}"{IND}’,’V_{ne}"{CAP}’)

axis([0 2e9 -110 -30])

grid on

T bt ot o et tohhFar—end Total Couplinghihhhhlletshshhltohsdshhhtohsdshhhteds

figure

Vfe=Vfe_cap+Vfe_ind;

plot(f,20*1logl0(abs(Vfe)),’.’,f,20%logl0(abs(Vfe_ind)),’--’,
£,20%log10(abs(Vfe_cap)),’-’)

xlabel(’f (Hz)’)

ylabel(’ V| (dB)?)

title(’Far-End Total Coupling’)

legend(’V_{fe}"{TOT}’,’V_{fe}"{IND}’,’V_{fe}"{CAP}’)

axis ([0 2e9 -110 -30])

grid on
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