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I 

 
Abstract 
 

This thesis work focuses mostly on investigating different potential applications of 
meta-transmission line (TL), particularly composite right/left handed (CRLH) TL and analyzing 
the new phenomena and applications of meta-TL, mostly left-handed (LH) TL, on other 
realization principle. 

The fundamental electromagnetic properties of propagation in the presence of left-handed 
material, such as the existence of backward wave, negative refraction and subwavelength imaging, 
are firstly illustrated in the thesis. The transmission line approach for left-handed material (LHM) 
design is provided together with a brief review of transmission line theory.  

As a generalized model for LHM TL, CRLH TL provides very unique phase response, such 
as dual-band operation, bandwidth enhancement, nonlinear dependence of the frequency, and the 
existence of critical frequency with zero phase velocity. Based on these properties, some novel 
applications of the now-existing CRLH transmission line are then given, including notch filters, 
diplexer, broadband phase shifters, broadband baluns, and dual band rat-ring couplers. In the 
design of notch filters and diplexers, CRLH TL shunt stub is utilized to provide high frequency 
selectivity because of the existence of critical frequency with zero phase velocity. The proposed 
wideband Wilkinson balun, which comprises of one section of conventional transmission lines 
and one section of CRLH-TL, is shown to have a 180°±10° bandwidth of 2.12 GHz centered at 
1.5 GHz. In the analysis of the dual band rat-ring couplers, a generalized formulation of the 
requirements about impedances and electrical length of the branches are derived, and as an 
example, a compact dual-band rat-race coupler is designed utilizing the balanced CRLH TL. 
Furthermore, a low pass filter is also proposed and designed based on an Epson-negative Coplanar 
Waveguide (CPW). 

Various principles to realize the left-handed transmission line and composite right/left handed 
transmission line are investigated. The main conclusions are listed below: 

 Dual composite right/left handed (D-CRLH) transmission line, which is the dual structure of 
conventional CRLH TL, shows opposite handedness in the high frequencies and low 
frequencies with CRLH TL. Meanwhile, in the practical implementation, D-CRLH TL always 
shows a sharp stopband. A notch filter and a dual-band balun are designed based on D-CRLH 
TL.  

 The lattice type transmission line (LT-TL) shows the same magnitude response with the 
conventional right-handed (RH) TL, but a constant phase difference in the phase response 
over a wide frequency band. A wideband rat-race coupler is proposed as an application of the 
LT-TL.  

 Finger-shorted interdigital capacitors (FSIDCs) are analyzed and it is shown that FSIDC 
alone can act as a left-handed transmission line. The value of the reactive elements (inductors 



  

II 

and capacitors) in the equivalent circuit model is determined by the dimensions of FSIDC. 
The relationship between them is analyzed. 

Later, transmission line loaded with the negative-impedance-converted inductors and 
capacitors is illustrated as the first non-dispersive LH transmission line. The design of a negative 
series impedance converter is given in detail and a wideband power divider is shown as a potential 
application of the newly proposed meta-transmission lines in is also given.  

The final part of the thesis focuses on the study of transmission lines loaded with 
complementary split ring resonators (SRRs). A new equivalent circuit of microstrip line loaded 
with complementary split ring resonator is presented. The circuit model is verified by the 
experimental results of cases with different periodic lengths. Thereafter, a meander line split ring 
resonator (MLSRR) is presented. It shows dual band property and the miniature prototypes of 
complementary MLSRR loaded transmission lines are fabricated. By comparing the resonance 
frequencies of complementary MLSRR and multiple SRR, it is verified the complementary 
MLSRR is very compact. C-MLSRR is applied in rejecting unnecessary frequencies in the ultra 
wideband antenna.  

 

 

Key words: metamaterial, transmission line theory, composite right/left-handed transmission 
line, diplexer, coupler, balun, interdigital capacitor, split ring resonator 
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Chapter 1  Introduction 

 

1.1 Background and overview 

In the last few years, an increased interest appeared in the scientific community for the study 
of metamaterial. Metamaterials are a class of artificially fabricated material, based on periodic or 
quasi-periodic structures, with unique and controllable electromagnetic properties which 
sometimes are not present among natural media. Among different metamaterials, the materials 
with simultaneously negative permittivity and permeability (thus referred to double negative 
material (DNM), illustrated in Fig.1.1) particularly attracted a great interest and DNM has been by 
far the most popular of the matermaterials. This type of material was originally proposed by 

Veselago [1]. Due to the triplet ( E H k ) forms a left-handed (LH) triplet, he named this medium 
Left-handed medium (LHM). LHM shows a lot of unique properties such as negative refraction 
and the ability to support backward waves, inverted Čerenkov radiation and inverted Doppler 
shift.  

 
Fig. 1.1 All possible combinations of permittivity and permeability  

 

However, this work lay dormant until the first experimental demonstration of a LH structure 
[2]-[5]. Since the experimental demonstration, metamaterials have been gaining growing 
relevance as a topic in the leading physical and engineering journals during the years.  

 The original medium proposed in [4] consists of a bulky combination of metal wires and 
Split Ring Resonators (SRRs)[3], which are a pair of concentric annular rings with splits in them 
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at opposite ends as shown in Fig. 1.2(b). An external time-varying magnetic field applied parallel 
to the particle axis induces rotating currents in the rings, which produces SRR’s own flux to 
enhance or oppose the incident field. SRR behaves as an LC resonant tank by virtue of the 
distributed capacitance between concentric rings and overall rings inductance. At frequencies 
below resonant frequency the real part of magnetic permeability of SRR becomes large (positive) 
and goes to negative values at frequencies higher than the resonant one. This negative 
permeability can be used with negative dielectric constant of another structure (i.e., arrays of 
metallic rods) to produce negative refractive index materials. Due to splits in the rings the 
structure can support resonant wavelengths much larger than the diameter of the rings, which 
would not happen in closed rings. The dimension of structure is small compared to the resonant 
wavelength thus producing a quasi-static resonant effect [6], allowing the design of very compact 
devices. 

It is also worth mentioning that the bianisotropy of the SRRs have been analyzed in [6][7]. 
While an external magnetic field incident upon SRRs, it not only induces a magnetic moment, but 
also an electric moment. Thus the external magnetic field polarizes both the electrical field and 
the magnetic field, indicating SRR being bianisotropic. To eliminate the bianisotropy, broadside 
coupled SRR was proposed as shown in Fig. 1.2(c). With this configuration, the induced electric 
dipole moments on two rings would cancel each other while the induced magnetic dipole 
moments would enhance. 

Thereafter, another key particle has been proposed for metamaterial design, namely the 
complementary split-ring resonator (CSRR), which is the negative image of an SRR and is shown 
in Fig. 1.2(d)[8][9]. It has been demonstrated that CSRRs etched in the ground plane of planar 
transmission media provide a negative effective permittivity to the structure [10], corresponding 
to the negative permeability performance of SRRs. Since SRRs and CSRRs are both planar 
configurations, SRRs and CSRRs (properly combined with means of transmission line sections) 
have been successfully applied to the design of novel planar microwave filters [11]-[15]. 
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Fig. 1.2 Designs known in the literature: (a) single split loop, (b) split-ring resonator (SRR), (c) broadside 

coupled SRR, (d) complementary split ring resonator. Grey zones represent the metallization. 

 

In order to test if the CSRR/capacitive gap (or SRR/inductive strip) loaded transmission line 
is left-handed, Ferran Martín et al studied the transmission through metamaterial transmission 
lines loaded only with CSRR (or SRR) and only with capacitive gap (or inductive strip) using 
both numerical and experimental techniques. The principle of the study was that if one could 
show that the transmission does not occur (a stop band shows up) in the transmission line which 
theoretically has an effective negative permittivity but an effective positive permeability (like the 
case in quadrant Ⅱ in Fig. 1.1), and vise versa (like the case in quadrant Ⅵ in Fig. 1.1), but does 
occur in the transmission line loaded with both CSRR (or SRR) and capacitive gap (or inductive 
strip) where both permittivity and permeability are theoretically negative, then it is possible to 
conclude the transmission line is left-handed. Their results indeed showed that a transmission line 
loaded with only CSRR (or SRR) has a stop band characteristic while the transmission line loaded 
with only capacitive gap (or inductive strip) has a high-pass characteristic. Furthermore, when 
both CSRR and capacitive gap (or SRR and inductive strip) are present, a pass band appears in the 
vicinity of the stop hand, which it was claimed that the transmission was allowed at those 
frequencies due to the fact that permittivity and permeability were both negative (like the case in 
quadrant Ⅲ in Fig. 1.1).  

After the continuous-medium theoretical postulate of Veselago [1] in 1968, and experimental 
verification [5], one of the revolutionary metamaterial applications was proposed by Pendry in 
2000 [16]. It is well known that with a conventional optical lens the resolution of the image is 
always limited by the wavelength of light used for illumination the object, namely, diffraction 
limit. The existence of the limit is due to the evanescent waves in the Fourier components of a 

(a)                  (b)

(c)                  (d)
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two-dimensional image. Their amplitude decays as the distance from the object grows. Pendry 
showed that a slab of the LHM would have the power to amplify the evanescent waves by the 
transmission process and to reconstitute the near-field as well as the far-field of the source with 
sub-wavelength resolution by virtue of resonant surface waves (plasmons) that are excited in the 
LHM. With this new lens, the perfect reconstruction of the image beyond the diffraction limit 
becomes possible.   

Thereafter, the evolution of isotropic LHM research has followed by the 
theoretical/experimental development of a two-dimensional L-C loaded-transmission-line model 
[17]-[19] in 2002.  The measurements made by Eleftheriades et al. [19] confirmed the property 
“Sub-wavelength focusing” in a LH transmission line network. The planar LH transmission line 
networkwas realized by periodically loading a conventional transmission line (TL) with lumped 
series capacitors (CL) and shunt inductors (LR) in a dual-TL (high-pass) configuration shown in 
Fig. 1.3, which supported the backward waves [17]-[23]. The "metamaterial" in this approach was 
taken to mean an interconnected electrical network of various components or basic elements such 
as capacitors, inductors, resistors, metal wires (or strips), transmission-line segments, and 
waveguide segments. The key characteristic of the this approach for realizing “metamaterial” is 
that they are all implemented by periodically loading printed transmission line networks with 
inductors (L), capacitors (C) and resistors (R). The electromagnetic properties of these 
metamaterials can be tunable by using variable loading elements (e.g. varactors instead of 
capacitors) and/or switchable by using embedded discrete switches. What’s more, this 
transmission line can possess left-handed properties over a very wide bandwidth compare to the 
rod/SRR design, while not suffering from the same loss.  

To demonstrate the relationship between these two approaches, SRR/rod and transmission 
line network, a transmission line equivalent circuit model was derived to analyze the propagation 
characteristics of left-handed SRR/rod metamaterials in [20]. It showed that SRR/rod media 
exhibit a negative refractive index when the series branch of the equivalent transmission line 
model is capacitive and the shunt branch is inductive, which is consistent with the LH 
transmission line shown in Fig. 1.3(b). Therefore, it becomes clear that one can directly 
implement left-handed media using L–C loaded transmission lines by loading a host transmission 
line network with series capacitors and shunt inductors, without using a SRR resonator.   

      

(a)                   (b) 

Fig.1.3 Increment circuit model for (a) a uniform RH transmission line and (b) a uniform LH transmission 
line 
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A more general configuration, composite right/left handed (CRLH) transmission line, which 
included both right-handed (RH) and LH effects and extended the transmission line approach for 
metamaterial design, was proposed and discussed in [24]. The increment circuit model for a 
CRLH transmission line is given in Fig. 1.4, which consists of a per-unit length impedance Z’ (a 
per-unit-length inductance L’R in series with a times-unit-length capacitance C’L) and a 
per-unit-length admittance Y’ (a per-unit-length capacitance C’R in parallel with a 
times-unit-length inductance L’L). When the series and shunt resonance frequencies are equal, i.e., 
Z’ and Y’ have zeros at the same frequency, the CRLH transmission are called “balanced” [24]. 
For a balanced CRLH transmission line, its behavior can be interpreted as the contributions of 
series combined LH and RH transmission line.  

 
Fig.1.4 Increment circuit model for a CRLH transmission line 

 

Due to the unique phase response of the CRLH transmission line, including dual-band 
operation, bandwidth enhancement, nonlinear dependence of the frequency, and the existence of 
critical frequency with zero phase velocity, many practical applications of CRLH transmission 
lines have been proposed [25]. The guided-wave applications and radiated-wave applications of 
CRLH TL[26]-[28], including frequency scanned and electronically scanned leaky-wave antennas, 
zeroth order resonating antenna and so on, were also presented.  

To take full advantage of the properties of metamaterials, it requires a method to tune the 
electromagnetic response of the metamaterial, preferably over a broad frequency range in as short 
of time as possible. To date, nearly all demonstrations of actively tuned metamaterials have been 
achieved by varying the capacitance of a split ring resonator or replacing the capacitors in the 
transmission line implementation with varactors. Examples of the demonstrated active tuning in 
split ring resonators and  transmission line implementation include voltage tuned capacitance 
with barium strontium titanate [29], photocapacitance tuned semi-insulating gallium arsenide[30] 
and silicon[31], temperature tuning of vanadium dioxide[32], nonlinear power tuning of a 
varactor[33][34] and liquid crystal[35]-[37]. The constitutive parameters of the metamaterials are 
also extended from linear to nonlinear [38] by using nonlinear substrate.  

Meanwhile, metamaterials have been demonstrated in every technologically relevant spectral 
range, from radio frequency [39], mm-Wave [40], THz [41], MIR [42], NIR [43] to the near 
optical [44]. These materials are ideal for the investigation of novel emergent physical phenomena 
while also holding great promise for future applications. Recently significant growth in 
metamaterial research has been due to efforts to create electrically small antennas[45], 
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subwavelength channels and bends[46], invisibility cloaks [47][48], and perfect metamaterial 
absorber[49].  

 

1.2 Thesis outline 

In this thesis, the term “meta-transmission line (meta-TL)” is used for convenience. It 
includes all the transmission line structures which have exotic properties not existing in 
conventional RH TL, such as LH TL, CRLH TL, SRR\CSRR-loaded TL and so on.  

The aim of this thesis can be divided into two parts: 

1) Investigating different potential applications of meta-TL, mostly CRLH TL.  

2) Analyzing new phenomenon and application of meta-TL, mostly LH TL, on other 
realization principle. 

In the following, the content of this thesis is briefly outlined. 

In chapter 2, to provide a solid understanding of the basic principles for Left-handed 
transmission line design, the fundamental electromagnetic properties of propagation within 
left-handed materials are illustrated. The transmission line approach for LHM design is provided 
together with a brief review of transmission line theory.  

Based on the unique phase response of the CRLH transmission line, some novel applications 
of the now-existing CRLH transmission line are given in Chapter 3, together with a low pass filter 
based on an ENG Coplanar Waveguide (CPW). 

In Chapter 4 various principles to realize passive left-handed transmission line and composite 
right/left handed transmission line and their applications are investigated. In Chapter 5, 
transmission line loaded with the negative-impedance-converted inductors and capacitors is 
illustrated as the first non-dispersive LH transmission line. 

Chapter 6 focuses on the study of transmission lines loaded with complementary split ring 
resonators. A new equivalent circuit is presented for this structure. A dual-band split ring resonator 
is presented. 

Finally, a summary of the thesis together with future perspectives is given in Chapter 7. 
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Chapter 2 Left-Handed Material and Its 
Transmission Line Implementation 

 

This chapter will provide a brief description of the general properties of Left-handed material, 
planar metamaterials based on the transmission line. An extensive theoretical background and 
practical applications of transmission-line can be found [50]-[51], together with numerous 
references.  

 

2.1 Properties of Left-handed material 

Nowadays, the term metamaterials can be found frequently in the literature. The prefix 
“meta” in Greek means “beyond”. According to a general definition, metamaterials are usually 
used to refer the artificial material which has some electromagnetic properties which are not 
common in the nature [52]. In nature the permittivity and the permeability of most materials are 
positive. The material with positive permittivity and permeability are referred as right-handed 
material (RHM). The medium with simultaneously negative values of permittivity ε and 
permeability μ was initially proposed by Veselago [1]. He named these materials as left-handed 
materials (LHMs). LHMs can be characterized by some unique properties that cannot be found in 
nature, including negative refraction, reversed cerenkov radiation, reversed Doppler effect and so 
on, and these properties emerge due to some specific interactions with electromagnetic fields, 
induced by the inclusions (SRR/rod)[5] which are periodically or quasi periodically inserted into 
the host material. As a newly emergent metamaterial, LHM attracted a lot of attention, and in [53] 
it was named one of the top tem scientific breakthroughs of 2003. As a term for negative 
permittivity and permeability materials, “Left-handed material” is widely used today, particularly 
in metamaterials based on transmission line theory, and it is also the term used in this thesis, 
meanwhile there are also several other names for these materials in use: 

Veselago media 

Double negative (DNG) media 

Negative Refractive Index (NRI) media  

Backward-wave(BW) media 

Materials with only one negative parameter between permittivity and permeability are called 
single negative (SNG), specifically Epson-negative (ENG) or Mu-negative (MNG).Some issues 
concerning the terminology and philosophical aspects of metamaterials can be found in [52]-[54]. 
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2.1.1  Left-handedness and backward wave 

To better understand the properties of LHM, it is useful to review the simple concept of wave 
propagation in a source-free unbounded medium, and we resort to Maxwell equations in an 
isotropic medium. For such a medium, we assume the electromagnetic waves are time harmonic 
and therefore the time dependence can be eliminated. For plane wave solutions of the 

form ( )j t k re ω − i , Maxwell’s equations become [55],  

0( ) ( ) ( ) ( ) ( )rk E r H r H rωμ ω ωμ ω μ× = =               (2.1) 

 0( ) ( ) ( ) ( ) ( )rk H r E r E rωε ω ωε ω ε× = − = −              (2.2) 

( ) 0k E r =i                          (2.3) 

( ) 0k H r =i                          (2.4) 

where k  is the wave propagation vector. It can be seen from equations (2.1) and (2.2) that 

when ε and μ are both positive the triplet ( , ,E H k ) forms a right-handed (RH) triplet, and when ε 

and μ are both negative the triplet ( , ,E H k ) forms a left-handed (LH) triplet. The origin of the 
terminology LHM is due to this fact.  

The power flow propagates in the same direction as the Poynting vector S , defined as  

S E H
∗

= ×                            (2.5) 

The Poynting vector is therefore parallel to the group velocity  

pv
k
ω∂

=
∂

                             (2.6) 

which is generally defined as the velocity of the envelop of a modulated wave in a distortion less 

medium. In contrast to the wave vector, ( , ,E H S ) always forms a right-handed triplet, no matter 
the sign of the permittivity and permeability. 

As frequency is always a positive quantity, the phase velocity 

ˆ ˆ( )p
kv k k

k k
ω

= = 

                        (2.7) 

in a LH medium is opposite to one in a RH medium, indicating that the phase of the wave in LH 
medium propagates backward to the source, which is in the opposite direction than that of power, 
related to group velocity gv . This brings another unique property of LHMs, the ability to support 

backward waves.  
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2.1.2 Negative refraction 

We have already stated one of the unusual properties of the LHMs, the support of backward 
wave. Another important property stated in this section is negative refraction. For a LH medium, 

from 2
r rn ε μ= , it is not evident that simultaneously negative ε and μ leads to negative index of 

refraction. Both negative and positive index of refraction solutions satisfy Maxwell's equations 
and boundary conditions for refraction of the incident wave. However, the negative solution for 
the index of refraction is selected in LHMs to satisfy the requirement that in the refracted beam 
the power flows away from the interface on the grounds of causality. The choice of negative 
refractive index in LHMs was discussed in detail in [56] and experimental studies were reported 
confirming this property in LHMs [5]. 

 

         
         (a)                             (b)  

Fig. 2.1 (a) Refraction at a RHM-RHM interface; (b) Refraction at a RHM-LHM interface; Arrows shown 
here indicate the power flow direction 

 

Assuming a homogeneous and isotropic medium, the ray diagram for a RHM/RHM interface 
and a RHM/LHM interface can be seen in Fig. 2.1(a) and (b). Using Snell’s 
law, 1 1 2 2sin sinn nθ θ= , the refractions of an electromagnetic wave at the RHM/RHM interface 

and RHM/LHM interface are plotted in Fig. 2.1. For the latter case, the ray would pass through 
the interface, and continue propagating on the same side of the normal as the incoming wave since 
the indices of refraction are n1>0 and n2<0. In this case, the wave in LHM is a backward wave 

where the Poynting vector, S , points in the direction of energy flow and continues in the direction 
indicated by the arrow, but the wave vector propagates in the direction antiparallel to the arrow.  

 

2.1.3 Sub-wavelength Imaging 

As a revolutionary application of LHM, LH slab was predicted in [16] that it could be used to 
achieve sub-wavelength resolution in the image of objects. In this section, the arguments of [16] 
are reproduced to explain the sub-wavelength imaging in a LH “flat lens”.  

 

LHM

1θ 2θ
RHM

1θ
2θ
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Fig. 2.2 Focusing effect of a LHM slab. 

 

As shown in Fig. 2.2, we obtain the focusing effect by applying Snell’s law twice to a LH 
slab between two RH media. This indicates that different from the conventional curved lens, a flat 
slab of LHM can be a potential candidate for “flat lens”. Assume the RHM in Fig. 2.2 is air (i.e., 
εr =μr=1) and the LHM is with εr =μr=-1, therefore n=-1. The wave produced by the source can be 
expressed in terms of the two-dimensional (2D) Fourier expansion 

,

( , ) ( ) ( , ) yx z

x y

jk yjk x j t jk zj t
x y

k k

E r t E r e E k k e e e ωω −− −= = ∑         (2.8) 

From the wave equation, 

2 2 2 2 2 2
0 0

2 2 2 2 2 2
0 0

( ) , ( )

( ) , ( )

i x y x y i

zi

x y i x y i

k k k propagating wave if k k k
k

j k k k evanescent wave if k k k

⎧ − + + <⎪= ⎨
− + − + >⎪⎩

      

    
        (2.9) 

where k0i is the wave number in the medium i (i=1, air; i=2, LHM) 

 0 /i ri rik cε μ ω=  (2.10) 

All the information of the image (in x-y plane) is included in the spectral components kx and 

ky. For the TEz case ( E perpendicular to the plane of incidence), the reflection and transmission 
coefficients [57] from RHM to LHM and from LHM to RHM can be expressed as below 

'2 2 1 1 1 1 2 2

2 2 1 1 2 2 1 1

'2 1 1 2

2 2 1 1 2 2 1 1

, ,

2 2, ,

RHM LHM LHM RHMr z r z r z r z

r z r z r z r z

RHM LHM LHM RHMr z r z

r z r z r z r z

k k k kr r r r
k k k k

k kt t t t
k k k k

μ μ μ μ
μ μ μ μ

μ μ
μ μ μ μ

→ →

→ →

− −
= = = =

+ +

= = = =
+ +

 

 

          (2.11) 

The total transmission and reflection coefficients of the LHM slab with width d can be 
computed by summing the multiple reflections 

2
2 2 2

2

'
3 5' ' '2 ' '4

2'2...
1

z
z z z

z

jk d
jk d j k d j k d

j k d

tt eT tt e tt r e tt r e
r e

−
− − −

−= + + + =
−

              (2.12) 

2
2 2

2

2' '
2 4' ' ' '3

2'2...
1

z
z z

z

j k d
j k d j k d

j k d

tt r eR r tt r e tt r e r
r e

−
− −

−= + + + = +
−

             (2.13) 

LHM RHM RHM 
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By inserting Eq. (2.10) into Eq.(2.12), we can get the total transmission coefficient for the 
evanescent wave components (i.e. 1 ( 0)zk jq q= − > ) 

2

12 1
12

2

2

2

2

1 2

'

2'2

1 2

221 21 2 1 2

1 2

1 2
22 2

1 2 1 2

1

2 2

1 ( )

4
( ) ( )

zEvanescent

z r
r

z

z

z

z

z z z

jk d

LHM j k d

jk d
z z

j k dz zz z z z

z z
jk d

z z
j k d

z z z z
k k k jq

qd

tt eT
r e

k k e
k kk k k k e
k k

k k e
k k k k e

e

μ
μ

=+
=−

−

−

−

−

−

−

= = =−
+

=
−

−
=

+− − −
−

−
=

− − +

=

                 (2.14) 

The result shows that the evanescent components of the incident wave in air grow 
exponentially in the LHM slab, while they exponentially decay in RHM slab 

2

12 1
12

2

2

2

2

1 2

'

2'2

1 2

221 21 2 1 2

1 2

1 2
22 2

1 2 1 2

1
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4
( ) ( )
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z r
r

z

z

z

z

z z z

jk d

RHM j k d

jk d
z z

j k dz zz z z z

z z
jk d

z z
j k d

z z z z
k k k jq

qd

tt eT
r e

k k e
k kk k k k e
k k

k k e
k k k k e

e

μ
μ

=+
=+

−

−

−

−

−

−

= = =−
−

=
−

=
−+ + −
+

=
+ − −

=

                  (2.15) 

Through a LHM slab with εr =μr=-1(n=-1), all the evanescent components in RHM of the 
incident wave are restored at the image position, which suggests the idea of infinite resolution 
focusing. But if the condition εr =μr=-1 is not satisfied, spherical aberration and mismatch losses 
occur and the “perfect lens” is ruined. The analytical [58]-[62], numerical [63] and experimental 
[64]results demonstrate that a LHM flat lens may outperform conventional lenses, but material 
absorption hugely deteriorate its performance (i.e. resolution), limiting the applications of “flat 
lens” to the near-field zone[65]. For practical applications, such as telescopes and microwave 
communications, far-field radiation needs to be focused, where the LHM lens with a concave 
surface is used. In [66], the aberrations in a general NRI concave lens have been studied, and it is 
found that the lens allows reduction or elimination of more aberrations that that can be achieved 
by only RHM lens. The sensitivity of NRI lens resolution to the material imperfection is studied in 
[67]. 

 

2.1.4 Dispersive LHM 

In all literature available up to date, it has been assumed that negative refractive materials are 
necessarily frequency dispersive. It is well known that the energy density of the electromagnetic 
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wave in a non-dispersive medium (Eq. (22) in [1]): 

 
2 2( )e mW W W E Hε μ= + = +                  (2.16a) 

Apparently this definition is not valid for LHMs otherwise the electric and magnetic energy 
would be negative if the permittivity and permeability were negative. Its modification in a 
dispersive medium have been proposed in [68][69]. Generally the energy density in a lossless 
dispersive medium can be written as (Eq. (23) in [1])   

2 2( ) ( )W E Hεω μω
ω ω

∂ ∂
= +

∂ ∂                   (2.17b) 

By the law of entropy, specifying that the entropy of a system is ever increasing, there must 
be evolution of heat which is converted from the energy W. Therefore we must have W>0, which 
requires the inequalities 

( ) 0,

( ) 0

εω
ω
μω
ω

∂
>

∂
∂

>
∂                             (2.17) 

This shows that simultaneously negative ε and μ are only allowed in dispersive medium 
otherwise they would violate the law of entropy. New definitions of electric and magnetic energy 
densities in lossy dispersive media were proposed in [70] are only valid to lossless media. The 
conservation of energy was proven to be not violated in a lossy LHM with permittivity and 
permeability given in Lorentz model or Drude model. 

 

2.2 Transmission line implementation of LHM 

The transmission line approach to implement LHM was first introduced by a group at 
University of Toronto [17]-[23] in 2002. The approach is based on the mapping of field 
components (i.e., E and H) in the medium to the voltages and currents of the equivalent 
distributed L-C network. It is well known that dielectric properties like permittivity and 
permeability can be modeled using distributed L-C networks. To illustrate how these material 
parameters relate the distributed series impedances and shunt admittances of the network, 2-D 
distributed L–C network is depicted in Fig. 2.3. The network consists of a series per-unit-length 
impedance Z '  in both x, z direction and a shunt per-unit-length admittance Y '  in y direction. The 
telegrapher’s equations of the distributed structure in Fig. 2.3 can be expressed as 
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Fig. 2.3 Unit cell for a 2-D distributed L–C network [17]. 

 

' '

'

2 2
2 2 2 ' '

2 2

;

0; ( )

y y
z x

xz
y

y y
y

v v
i Z i Z
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ii v Y
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γ γ α β

∂ ∂
= − = −

∂ ∂
∂∂

+ = −
∂ ∂
∂ ∂

+ − = = + =
∂ ∂

  

             (2.18) 

while the quasi-static transverse magnetic (TMy) solution in a thin homogeneous isotropic 
medium can be expressed as 

2 2
2

2 2

;

0

y y
x z

x z
y

y y
y

E E
j H j H

z x
H H j E
z x
E E

E
z x

ωμ ωμ

ωε

γ

∂ ∂
= = −

∂ ∂
∂ ∂

− =
∂ ∂
∂ ∂

+ − =
∂ ∂

                      (2.19) 

By mapping ( yE , zH , - xH ) in the field solution to ( yv , xi , zi ) in the circuit solution by means 

of definition of potential difference and Ampere’s law, the corresponding material parameters 
relate the series impedances and shunt admittances in the following manner: 

'
'

'
'

Zj Z
j

Yj Y
j

ωμ μ
ω

ωε ε
ω

= ⇒ =

= ⇒ =

                              (2.20) 

The corresponding complex propagation constant of the wave can also be derived from the 
series impedances and shunt admittances: 

' 'j Z Yγ α β= + =                               (2.21)  

The real and imaginary parts of the complex propagation constant are the attenuation 
constant and the phase propagation constant respectively. In pure lossless RH 

material ' 'Z Yβ ω με= − = .                                 
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For the conventional homogeneous isotropic RHM with positive permittivity ε and 

permeability μ, Eq.(2.20) implies a network of a low-pass topology with series inductor L ' = μ 

(H/m) and shunt capacitor C '  = ε (F/m), or Z=jωL '  and Y = jωC ' , both of which are positive 
quantities. The negative permittivity and permeability [1] in LHM leads to the question whether 

the parameters Z ' and Y ' in the network representation can also be made negative. From the 
impedance perspective, a negative L '  and C '  can be realized by exchanging their inductive and 
capacitive roles, which means the series inductor becomes a series capacitor, and the shunt 
capacitor becomes a shunt inductor. The high-pass transmission line configuration emerges in the 
dual structure, where 

'
'

' 2 '

'
'

' 2 '

1 1 ,

1 1

L
L L

L
L L

ZZ
j C j C

YY
j L j L

μ
ω ω ω

ε
ω ω ω

= ⇒ = = −

= ⇒ = = −

                   (2.22) 

The propagation constant of LH TL can be given as 

' '

' '

1

L L

Z Y
C L

β
ω

= − − = −                        (2.23) 

From the propagation constant, we get the phase velocity and group velocity  

2 ' '

2 ' '

,

1 / ( )

p L L

g L L

v C L

v C L

ω ω
β
ω β ω
β ω

= = −

∂ ∂
= = =
∂ ∂

                 (2.24) 

The different signs in the group velocity and phase velocity suggest the existence of a 
backward wave in the LH TL network. The two-dimensional dual-transmission line network 
demonstrated negative refraction and subwavelength focusing in [19]. The fabricated structure, 
full-wave field simulations illustrating negative refraction and focusing, and the first experimental 
verification of focusing using the transmission line implementation were presented. An antenna 
was fabricated and the existence of a backward wave was experimentally verified [71]. Different 
applications of the LH transmission line were proposed, such as leaky wave antennas [71]-[74], 
power dividers [75]-[77], coupler [78] and so on. The 2D network in Fig. 2.3 was extended to a 
three-dimensional (3D) isotropic transmission-line metamaterial topology for free-space excitation 
based on a physical realization of the symmetrical condensed node of transmission-line matrix 
modeling [79][80]. The negative-refractive-index properties were validated by full-wave 
simulation. 

Because LHMs in our discussion are effectively homogeneous, they can be essentially 
modeled by one-dimensional (1D) transmission lines (TLs), whose propagation direction 
represents any direction in the material. The 1D equivalent circuit for a general transmission line, 
a RH line, and a LH line a CRLH line are depicted in Fig. 2.4. To fabricate the LH TL, the 
inductors and capacitors are inserted intro a real hosting environment, which usually is a RH 
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medium. As the wave propagate in the LH TL, the parasitical RH effect can not be avoided and a 

real LH structure necessarily includes the RH ( '
RL , '

RC ) contributions in addition to the ( '
LL , '

LC ) 

reactance, as explained in [81]. As a consequence, a purely LH structure does not exist.  To 
analyze the real LH TL, a more generalized model,  composite right/left handed (CRLH) 
transmission line, was proposed in 2003 [81]-[82], which revealed the exact natural of practical 
LH TL. It consists of a per-unit-length impedance Z’ (Ω /m) constituted by a per-unit-length 

inductance '
RL (H/m) in series with a times-unit-length capacitance '

LC (F i m) and a 

per-unit-length shunt admittance constituted by a per-unit-length capacitance '
RC  (F/m) in 

parallel with a times-unit-length inductance '
LL  (H im), as shown in Fig. 2.4(d).  

 

 

(a)                                 (b) 

 
(c)                                 (d) 

Fig. 2.4  a unit cell of the equivalent circuit for (a) a general transmission line; (b) a conventional RH TL; (c) 
a LH TL; (d) a CRLH TL 
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' '
'

1( ),

1( ),
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R
L

Z j L
C
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ω
ω

= −

= −

                      (2.25) 

First for convenience one can introduce some variables  

'

' '

'

' '

1 /

1 / ( )

R

R R

L

L L

rad m s
L C

rad m s
L C

ω

ω

=

=
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                  (2.26) 

' /LL zΔ

'2 /LC zΔ '2 /LC zΔ' / 2RL zΔ
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RC zΔ

' / 2RL zΔ
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'2 /LC zΔ '2 /LC zΔ

' / 2RL zΔ

'
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and the series and shunt resonance frequencies  

' '

' '

1 /

1 /

se

R L

sh

L R

rad s
L C

rad s
L C

ω

ω

=

=

   

   

                   (2.27) 

  By inserting Eq. (2.25) into Eq. (2.21) and taking the sign change of the phase velocity for 
LHM into consideration, the complex propagation constant can be expressed in terms of the 

per-unit-length immittances Z ' and Y ' as Eq. (2.21)  

' ' '
2 2

' ' '( ) ( ) ( ) ( )L R R

R L L

C Lj js
C L

ωωγ α β ω
ω ω

= + = + − +              (2.28) 

where the sign function ( )s ω is 

1 min( , )
( )

1 max( , )
se sh

se sh

if LH
s

if RH
ω ω ω

ω
ω ω ω

− <⎧
= ⎨+ >⎩

         range
  

        range 
        (2.29) 

When the angular frequency satisfy min( , ) max( , )se sh se shω ω ω ω ω< <  , the propagation 

constant is purely real, i.e., γ α= , which corresponds a stop band in the frequency range despite 

the fact that the CRLH TL is lossless. The dispersion/attenuation diagram of the CRLH TL is 
plotted in Fig. 2.5 together with the curves corresponding to pure right- and left-handed 
transmission line. 

 
Fig. 2.5 Dispersion/attenuation diagram of the CRLH TL for energy propagation along the +z direction 

( gv
>0). The meaning of the symbols is as follows: RHβ is the phase constant of the RH range of the CRLH TL; 

LHβ  is the phase constant of the LH range of the CRLH TL; PRHβ  is the phase constant of the pure RH TL; 

PLHβ  is the phase constant of the pure LH TL 

 

  At low frequencies, the impedance of '
RL  is much small than that of '

LC , and the admittance 
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of '
RC  is much small than that of '

LL , ' ' ' '1 , 1L LZ j C Y j Lω ω≈ − ≈ − so that the RH contribution is 

negligible and the line is dominantly LH with the hyperbolic dispersion diagram. At high 

frequencies, ' ' ' ',R RZ j L Y j Cω ω≈ ≈ ,  CRLH TL becomes equivalent to a pure RH TL with the 

linear dispersion diagram. At the other frequencies, CRLH TL’s performance is decided by the 
combination of LH and RH contributions.  

As stated above, the gap in the dispersion diagram, corresponding to a stop band, is due to the 
different series and shunt resonance frequencies seω and shω . When these two frequencies are 

equal (i.e., ' '
R LL C = ' '

L RL C ), the CRLH TL is termed as a balanced CRLH TL. In a balanced CRLH 

TL, the stop hand disappears and the characteristic impedance of the CRLH TL  

2'' '

' ' 2

( / ) 1
( / ) 1

seL
c R L

L sh

LZ ZZ Z Z
Y C

ω ω
γ ω ω

−
= = = ⋅ = =

−
               (2.30) 

is independent of frequency, and the CRLH TL therefore can be matched over an infinite 

bandwidth, where RZ  LZ are the characteristic impedances for pure RH TL and pure LH 

TL given as 

' '' '

' ' ' ',     R L
R L

R L

L LZ ZZ Z
Y C Y C

= = = =                   (2.31) 

More detailed information about the important case of balanced and unbalanced CRLH TL 
and the design of the practical applications can be found in [24][51]  

The previous analysis is only valid when the unit cell length is infinitely small. In the 
practical case, we usually insert lumped inductors and capacitors to the hosting transmission line, 
where the length of unit cell can not be regarded as infinitely small any longer. In this case, the TL 
should be regarded as a periodic structure with a finite unit length. To derive the dispersion 
characteristics of such a periodic structure, the transmission matrix method is applied. Detailed 
information about the transmission matrix method is given in the following section of this chapter. 

The transmission line approach above provides a fresh perspective on the operation of LHM. 
Different from the rod/SRR composites approach of [4]-[5], it does not rely on Split ring 
resonators to synthesize the material parameters, thus leading to dramatically increased operating 
bandwidths. Moreover, the unit cells are connected through a transmission-line network and they 
may, therefore, be equipped with lumped elements, which permit them to be compact at 
frequencies where the SRR cannot be compact. The flexibility gained through the use of either 
discrete or printed elements enables the proposed planar metamaterials to be scalable from the 
megahertz to the tens of gigahertz range. In addition, by utilizing varactors instead of capacitors, 
the effective material properties can be dynamically tuned. Therefore, these new metamaterials 
are well suited for RF/microwave device and circuit applications. 
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2.3 Transmission line Theory 

In the reminder of this chapter, we give a brief overview of transmission line theory used in 
this thesis, to provide a background for better understanding the results of the following chapters. 

 

2.3.1 ABCD matrix and S parameters 

The ideal CRLH TL described in section 2.2 is not available from nature, but an effectively 
homogeneous CRLH TL can be realized in the form of a ladder network circuit structure. One of 
the major advantages of ABCD parameters in microwave circuit analysis is its simplicity in 
cascaded circuits, especially the periodic N-cell ladder network, and it is valid if no considerable 
coupling exists between various sections of the circuit. So here we first give a simple introduction 
of the ABCD matrix method. 

 

 

Fig. 2.6 the ABCD matrix for a two port network 

 

The ABCD matrix for the two-port network is presented in Fig. 2.6. It relates the input 
current and voltage to the output current and voltage in the following manner: 

in out

in out

V VA B
I C D I
⎡ ⎤ ⎡ ⎤⎡ ⎤

=⎢ ⎥ ⎢ ⎥⎢ ⎥
⎣ ⎦⎣ ⎦ ⎣ ⎦

                       (2.32) 

It is well known that for a cascade connection of N-cell two-port networks, its ABCD matrix, 
[ANBNCNDN] is equal to the product of the ABCD matrix for the individual cell, [AKBK CK DK]. 

 

1

                      if the cells are identical

N
N N K K

KN N K K

N
K K

K K

A B A B
C D C D

A B
C D

=

⎡ ⎤ ⎡ ⎤
= ∏⎢ ⎥ ⎢ ⎥

⎣ ⎦⎣ ⎦

⎡ ⎤
= ⎢ ⎥
⎣ ⎦

         (2.33) 

The symmetric two-port T network consisting of the series impedance Z and shunt 
admittance Y, which is frequently used in latter chapters, is depicted in Fig. 2.7. Its ABCD matrix 
reads 

in

in

V
I
⎡ ⎤
⎢ ⎥
⎣ ⎦

out

out

V
I
⎡ ⎤
⎢ ⎥
⎣ ⎦
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,

1 / 2 1 0 1 / 2
0 1 1 0 1

1 (1 )
2 4                 

1
2

sysm T

A B Z Z
C D Y

ZY ZYZ

ZYY

⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ⎡ ⎤
=⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥

⎣ ⎦ ⎣ ⎦ ⎣ ⎦ ⎣ ⎦

⎡ ⎤+ +⎢ ⎥
= ⎢ ⎥
⎢ ⎥+⎢ ⎥⎣ ⎦

                    (2.34) 

 

 

Fig. 2.7 Symmetric two-port T network consisting of the series impedance Z and shunt admittance Y 

 

Once the ABCD matrix for the cascade network has been established, the corresponding S 
parameters of the whole network with termination ports impedance Z0 can be derived by using the 
formula [83] 

 

0 011 12

0 021 22 0 0

/ 2( )1
2 //

A B Z CZ D AD BCS S
A B Z CZ DS S A B Z CZ D

+ − − −⎡ ⎤⎡ ⎤
= ⎢ ⎥⎢ ⎥ + − −+ + +⎣ ⎦ ⎣ ⎦

   (2.35) 

 

From the S parameters, we can get the transmission response for the cascade network.  

Consider an arbitrary infinite periodic structure. The input and output variables of the unit 
cell are bound according to Floquet’s theorem with the complex propagation constantγ  in the 

network 

0
0

z
out in

z
out in

V Ve
I Ie

γ

γ

− Δ

− Δ

⎡ ⎤⎡ ⎤ ⎡ ⎤
= ⎢ ⎥⎢ ⎥ ⎢ ⎥

⎣ ⎦ ⎣ ⎦⎣ ⎦
                    (2.36) 

 Substituting Eq. (2.36) into Eq. (2.32) we get 

  0
z

out
z

out

VA e B
IC D e

γ

γ

Δ

Δ

⎡ ⎤ ⎡ ⎤−
=⎢ ⎥ ⎢ ⎥− ⎣ ⎦⎣ ⎦

                  (2.37) 

To get a non-trival solution of the equation, the determinant of the matrix term in Eq. (2.37) 
must be zero, i.e., 

2 ( ) 0z zAD e e A D BCγ γΔ Δ+ − + − =                     (2.38) 

/ 2Z / 2Z

Y
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The dispersion equation of a symmetric (AD-BC=1) and reciprocal network can be derived 
from Eq. (2.38) as 

( )cosh( )
2

A Dzγ +
Δ =                       (2.39) 

The dispersion relation of the periodically L-C loaded transmission line is given as an 
example of the application of ABCD matrix. To realize the transmission line implementation of 
LHM, discrete loading elements CL and LL are inserted into the hosting transmission line 
segments with characteristic impedance Z0 and propagation constant k0[17], as shown in Fig. 2.8.  

 

 

Fig. 2.8 The unit cell of the L-C loaded LH transmission line 

 

The overall ABCD matrix for the unit cell is given by the product of the matrices of three 
elements connected in a cascade as below 

0 0 0 0 0 0

0 0 0 0 0 0

1 (1 )cos( / 2) sin( / 2) cos( / 2) sin( / 2)2 4
sin( / 2) / cos( / 2) sin( / 2) / cos( / 2)1

2
1 1;      

L L

ZY ZYZk z jZ k z k z jZ k zA B
j k z Z k z j k z Z k zC D ZYY

Z Y
j C j Lω ω

⎡ ⎤+ +⎢ ⎥Δ Δ Δ Δ⎡ ⎤ ⎡ ⎤⎡ ⎤
= ⎢ ⎥⎢ ⎥ ⎢ ⎥⎢ ⎥ Δ Δ Δ Δ⎣ ⎦ ⎣ ⎦ ⎣ ⎦⎢ ⎥+⎢ ⎥⎣ ⎦

= =

(2.40) 

The dispersion equation for the L-C loaded LH transmission line is derived as,  

2 0
0 0 0

0

( )cosh( )
2

( )                 = cos( ) cos ( )sin( )
2 2 2

A Dz

k zZY j Zk z YZ k z
Z

γ +
Δ =

Δ
Δ + + + Δ

    (2.41) 

Finally, the practical balanced CRLH-TL, which is frequently used in the latter chapters, is 
analyzed as below by using the ABCD matrix method discussed above. CRLH TL is usually 
implemented by cascading a number of the unit cell shown in Fig. 2.9. 

/ 2LC / 2LC

LL
0 0, / 2Z k zΔ 0 0, / 2Z k zΔ
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Fig. 2.9 A unit cell of CRLH-TL 
 

The characteristic impedance of CRLH TL in the balanced case (i.e., R LL C = L RL C ) is 

L R
c L R

L R

L LZ Z Z
C C

= = = =                             (2.42) 

If the CRLH TL has the same characteristic impedance with termination ports impedance Z0, 
the phase shift of the unit cell can be derived from (2.34) and (2.35), as shown below:  

( ) ( )0
2[ / 1][ 1 ( 4) (1 ]

arctan
(2 )

L
c

ω ω ω χ ω
φ

ω χ

⎛ ⎞− − −⎜ ⎟= −
⎜ ⎟−⎝ ⎠

                    (2.43) 

where 

2
L

R

ω ωχ
ω ω
⎛ ⎞

= −⎜ ⎟⎜ ⎟
⎝ ⎠

                                    (2.44) 

1
R

R RL C
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L

L LL C
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L R

f
L C

ω π ω ω= = = =                 (2.45) 
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Fig. 2.10 Phase response of a unit cell of balanced CRLH TL. (LR=1nH, CR=0.4pF, LL=10nH, CL=4pF) 
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The phase response of the unit cell of balanced CRLH TL is plotted in Fig. 2.10. From this 

figure, we can see that when frequency 0ω ω= , the phase shift 0( ) 0cφ ω ω= = , and therefore 

0 02 fω π=  is defined as the critical frequency or the phase origin of the CRLH TL [51]. 

Meanwhile, when the frequency  

2 2     
2h h R cf πω ω π ω φ≥ = = ⇒ =                    (2.46) 

the unit cell of CRLH TL does not satisfy the homogeneous condition [51] any more and CRLH 
TL can not be regarded as effectively homogeneous 
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Chapter 3 Novel Applications based on 
Meta-Transmission Lines 

 

Some applications are devised on the foundation of the properties of the composite right/left 
handed (CRLH) transmission line (TL) explicated in Chapter 2. The properties include dual-band 
operation, bandwidth enhancement, and zeroth-order resonance. The corresponding applications 
illustrated in this chapter are notch filter, diplexer, differential phase shifters and baluns with 
arbitrary bandwidth, and dual-band rat-race coupler. Furthermore, a low-pass filter is designed 
and fabricated based on an ENG Coplanar Waveguide. 

 

3.1 Notch filter and diplexer using zero-degree CRLH TL 

Filters have played an important role in many RF/microwave applications since the early 
stages of telecommunication. Emerging applications such as wireless communications keep 
challenging the filters with more stringent requirements. Thus, it is of great interest to develop 
filters of more compact size, higher performance, and lower cost.  

A notch filter is an important noise-reduction device commonly used to remove the 
disturbance/cross-talk from an undesired frequency/channel in, for example, satellite 
communications, wireless communications, cable televisions, and military applications. An ideal 
notch filter is a filter that rejects a very narrow frequency band with minimal attenuation on either 
side of the notch. The amplitude response of a notch filter is flat at all frequencies except for the 
stop band on either side of the center frequency. But a conventional notch filter usually suffers 
various technical limitations such as large band-pass loss, slow transitions at the two edges of the 
stop-band, and so on [85][86]. 

 What's a diplexer? A diplexer is a passive device that implements frequency domain 
multiplexing.  It's a three-port network that route signals from a common port to two different 
receivers, dependent on frequency. A diplexer is the simplest form of a multiplexer, which can 
split signals from one common port into many different paths.  

In this section, we first present a new type of notch filter based on short-ended Composite 
Right/Left-handed (CRLH) transmission line. A diplexer at 0.9 GHz and 1.8 GHz is then 
demonstrated by combining such two notch filters with a Y-junction divider. This work is also 
given in PaperⅡ in the publication list of the thesis. 
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3.1.1  Principle 

The design of the proposed notch filter is based on a balanced short-ended CRLH 
transmission line. As shown in Fig. 3.1(a), the short-ended CRLH transmission line, with 
characteristic impedance of the CRLH TL ZCRLH and the propagation constantβ, acts as a shunt 
branch between the input port and output port. 

For the short-ended CRLH lossless TL, the input impedance Zin seen from one end of the 
shunt branch toward the shorted end is given by  

in CRLH tan( )Z jZ n pβ=                           (3.1)  

where n is the number of the unit cells in the balanced CRLH transmission line (we use 3 unit 
cells below in all our simulation and experiments). Different from the symmetric T network in Fig. 
2.9, a unsymmetrical circuit model in Fig. 3.1(b) is used, which consists of a series impedance Z 
constituted by inductor LR in series with a capacitor CL and a shunt admittance Y constituted by a 
capacitor CR in parallel with an inductor LL. 

 

 
(a)                                (b) 

Fig. 3.1 (a) Structure of the proposed notch filter; (b) The lumped LC unit cell for the CRLH TL 

  

The propagation constant of the asymmetric CRLH transmission line is given by 

 R R
L L

1 1cos( ) 1 =1-( )( ) / 2
2

ZYp L C
C L

β ω ω
ω ω

= + − −                  (3.2) 

For the case of a balanced CRLH transmission line (i.e.,LRCL=LLCR)[24], the propagation 

constant β is 0 at critical frequency 0ω  

0 0 4
R L L R L R R L

1 1 12
L C L C L C L C

fω π≡ = = =                   (3.3) 

The characteristic impedance of the balanced CRLH TL is given by 

Z

Y

RL
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LC

RC

p

Port 1 Port 2 

Zin 

β=0@f0 

CRLH 

ZCRLH 
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L R
CRLH

L R

L LZZ
Y C C

= = =                             (3.4) 

Denote the ratio of LL and LR by K (i.e. K= LL/ LR). Then we can obtain the following explicit 

expressions for LL, LR, CL, and CR from the three variables 0ω , ZCRLH and K: 

CRLH CRLH
L L R R

0 CRLH 0 0 CRLH 0

K K 1,    ,     ,      
K K

Z ZL C L C
Z Zω ω ω ω

= = = =        (3.5) 

When the propagation constant β equals 0 at frequency f0, Zin also equals 0 and the shunt 
CRLH stub becomes shorted at f0. The transmission from port 1 to port 2 will become 0, and we 
can achieve a notch filter performance at f0 (thus called notch frequency hereafter). Here we set 
ratio K=10, impedance ZCRLH=200 Ohm, and frequency f0=900 MHz, and use the Agilent ADS 
software to do the simulation. The simulated S21 parameter of the filter is shown in Fig. 3.2.  

 
Fig. 3.2 Simulated transmission response when f0 is set to 900 MHz, ZCRLH=500 Ohm and K=10. 

 

The performance of the notch filter has been analyzed and it is affected by the variables ZCRLH 
and K in the following manners: 

 The bandwidth of the stop band becomes narrower as ZCRLH increases, as Zin is 
proportional to the ZCRLH.  

 The response deteriorates for smaller K, as some undesired pass bands appear.   

Combining two proposed notch filters (at 2 different notch frequencies) with a conventional 
Y-junction divider, we can construct a novel diplexer. The schematic diagram of the device is 
shown in Fig. 3.3(a). The Y-junction between the input and output ports is used to achieve high 
isolation between the two output ports. The two branches of the Y-junction have the same 
characteristic impedances Z0 but different electrical lengths (with one being λ/4 at f1 and the other 
λ/4 at f2). We choose frequencies f1＝900 MHz and f2=1.8 GHz as the operating (central) 
frequencies of the diplexer, with K=10 and ZCRLH=200 Ohm, and the corresponding simulation 
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results for S-parameters are shown in Fig. 3.3(b). From Fig. 3.3(b) one sees that the isolation is 
very good and the insertion loss is very small (virtually zero without considering the material loss) 
at each operating frequency and the pass-band is relatively wide. From the simulation result, we 
can see that this design utilizes stopband performance of the filters to split signals from the 
common input port into two different paths, dependent on frequency, while conventional diplexers 
are usually based on bandpass filters.   

 

 
 (a) 

 

(b)  

Fig. 3.3 (a) Schematic diagram of the novel diplexer and (b) the simulated S-parameters with f1=900 MHz and 
f2=1.8 GHz. 

3.1.2  Experimental measurements 

The diplexer structure shown in Fig. 3.4(a) was constructed on an FR4 substrate with 
dielectric constant εr =4.4 and height h = 1.6mm. The transmission lines in the Y-junction divider 
are designed to have a characteristic impedance of 50 Ohm. The values of the capacitors and 
inductors used in two different notch filters are listed in Table 3.1. 

 

Table 3.1 Values of capacitors and inductors 
 LL CL LR CR 

f1=900 MHz 31.3 nH 9.5pF 3.3nH 1pF 
f2=1.8 GHz 15.6 nH 7.8 pF 1nH 0.5pF 

S12 S13 
S23 

Port 1 

Port 2 

Port 3 

Notch filter for f2 

Notch filter for f1 

Z0 

Z0 

Z0 

λ/4 @ f1 

λ/4 @ f2 
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All lab measurements were carried out on a HP8753C series vector network analyzer. The 
experimental results are shown in Fig. 3.4(b).  

 

 
(a) 

 
       (b) 

Fig. 3.4 (a) The fabricated device of the proposed diplexer. (b) The measured S parameters of the fabricated 
diplexer.    

 

 

3.2 Compact Dual-band Rat-Race Coupler  

The rat-race coupler (also called 180° hybrid ring coupler) is one of the most basic 
microwave components in a wide range of circuit and system applications [83]-[84]. It is a 
four-port device used to either equally split an input signal or to sum two combined signals, as 
shown in Fig. 3.5, and it is commonly used in balanced amplifiers and mixers for achieving 
minimal return loss, as well as spurious signal rejection.  

The conventional single band rat-race coupler consists of three identical branches with a 
length of λ /4 (at the central frequency) and one branch with a length of 3λ /4 (at the central 

frequency), and all the branches have a fixed impedance of 2 Z0 (i.e., 70.7Ω for a 50Ω system). 
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This configuration creates a lossless device with low VSWR, excellent phase and amplitude 
balance, high output isolation and match output impedances. The low loss, airline construction 
also makes the device a perfect choice for combining high power mixed signals.   

 

(a)                    (b) 

 

(c)                            (d) 

Fig. 3.5 The rat-race ring resonator working as (a) 0° (in-phase) Power Combiner, (b) 0° (in-phase) Power 
Divider, (c) 180° Power Combiner and (d) 180° Power Divider 

 

However, due to the inherent nature of the conventional design, it is hard to be used in a 
multiband device, which is required in many of the modern RF systems. Recently, some dual band 
rat-race coupler schemes have been reported using additional stubs [91]-[92], or CRLH TL [93]. 
However, their circuits exhibit the following drawbacks: 

1) Complicated structure: more than one branches are non-microstrip lines, or 

2) Occupying a substrate area much larger than the conventional design (some branch-lines 
are at least half-wavelength long). 

In this section, we first give a generalized formulation of dual-band rat-race couplers with an 
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analysis of odd and even modes. From this formulation, the requirements of impedances and 
electrical length of the branches are derived. As an example for the verification of the model, a 
compact dual-band rat-race coupler is designed utilizing the balanced CRLH TL (CRLH TL can 
provide opposite phase shifts at two different frequencies). In the proposed design, all branch lines 
are only around a quarter-wavelength long evaluated at the mid-frequencies of the two operating 
bands, and no stub is used so that the whole structure is much more compact than the existing 
dual-band rat-race couplers. The simulated results are given in the end. This work is also given in 
Paper Ⅲ in the publication list of the thesis. 

 

3.2.1 Generalized formulation and circuit realization 

The schematic diagram of the general dual-band rat-race coupler structure is shown in Fig. 
3.6. Different from the conventional rat-race coupler, the proposed structure consists of branches 
whose electrical lengths and impedances are determined by f1 and f2 (the central frequencies of the 
lower and upper bands). 

 

 
Fig. 3.6 Schematic diagram for a rat-race coupler structure. 

 

To derive the impedance values and electrical lengths of the branch-lines, we use an odd-even 
mode analysis [83]. For convenience, we defined the variables as below 

1 2 3 4tan ; tan ; cot ; cot
2 2 2 2
a c a c

a c a cB Y B Y B Y B Yθ θ θ θ
= = = − = −                      (3.6) 

The four-port scattering matrix elements of the rat-race coupler should satisfy S13=0, S11=0 
and   |S12|=|S14| [their phases could be of in-phase ( 12 14 0S S∠ −∠ = ° ) or anti-phase 

( 12 14 180S S∠ −∠ = °  )] at two different frequencies f1 and f2.  From these requirements, the 

characteristic impedances and electrical lengths of the branch-lines must satisfy the following 
conditions:  

B1=B4                                (3.7) 

B2=B3                                (3.8) 

Zb, θb 

Zc, θc Za, θa 

Zb, θb 

Z0 Z0 

Z0 Z0 

B-branch: 

B-branch: 

A-branch: C-branch: 

Port 4 Port 3
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2 cscb bP R Y θ− = , assuming B1= B4=P, B2= B3=R          (3.9) 

To derive the solution, we need to define one more variable K, the ratio of the impedances of 
the B-branch and the input port (i.e., K=Zb/Z0). In Table 3.2, we list different possible in-phase 
( 12 14 0S S∠ −∠ = ° ) or anti-phase ( 12 14 180S S∠ −∠ = ° ) solutions according to two different choices of K. 

 

Table 3.2   Solutions to the dual band rat-race coupler 

Case 1: in-phase outputs Case 2: anti-phase outputs 

2 cscb bP R Y θ− = , 
12 14 0S S∠ −∠ = °  

( )
( )

2 2

2 2

cot( 2) 2 / sin

tan( 2) 2 / sin

b b b

b b b

P Y K

R Y K

θ θ

θ θ

⎧ = ± −⎪
⎨
⎪ = − ± −
⎩

 

2 cscb bP R Y θ− = − , 
12 14 180S S∠ −∠ = °  

( )
( )

2 2

2 2

tan( 2) 2 / sin

cot( 2) 2 / sin

b b b

b b b

P Y K

R Y K

θ θ

θ θ

⎧ = − ± −⎪
⎨
⎪ = ± −
⎩

 

2 22 sin bK θ=  2 22cos(2 ) sinb bK θ θ=−  2 22 sin bK θ=  2 22cos(2 ) sinb bK θ θ= −  

(1) 

cot( 2)
tan( 2)

b b

b b

P Y
R Y

θ
θ

=⎧
⎨ = −⎩

 

(2)  

tan( 2)
cot( 2)

b b

b b

P Y
R Y

θ
θ

=⎧
⎨ = −⎩

 

(3) 

( )
( )

tan / 2

cot / 2
b b

b b

P Y

R Y

θ

θ

⎧ = −⎪
⎨

=⎪⎩

(4) 

cot( 2)
tan( 2)
b b

b b

P Y
R Y

θ
θ

= −⎧
⎨ =⎩

 

 
 

3.2.2  Dual-band rat-race coupler: design and simulation 

As an example for circuit realization and verification, we design and simulate a dual-band 
microstrip rat-race coupler operating at 900/2000 MHz. We select a simpler solution, namely, 
solution (2) in Table 3.2 with in-phase outputs. Then the ratio K of the impedances of the 
B-branch and the input port satisfies 

2 22cos(2 ) sinb bK θ θ=−  when frequency f = f1 or f2                 (3.10) 

As the electrical lengths of B-branch (i.e., θb) at two different frequencies f1 and f2 
satisfy 1 2 1 2b b f fθ θ = , we can obtain that θb is equal to 90° at 1.45 GHz (the center of f1 and f2), and 

Zb =52Ω when the impedance of the input port is 50Ω. For the requirements of A-branch and 
C-branch, we choose the following simple one of different possible results from solution (2) of P 
and R,  

   

 

1 2

1

2

; when    or
180  when   

;
180  when 

a b a b

b
c b c

b

Z Z f f f
f f

Z Z
f f

θ θ

θ
θ

θ

= = =

+ ° =⎧
= =⎨ − ° =⎩

                   (3.11) 

This means that A-branch is identical to B-branch, while C-branch has the same impedance as 
B-branch but a phase shift difference of +180° and -180° at f1 and f2, respectively. In our proposed 
coupler, 4 unit cells (shown in Fig. 2.9) of balanced CRLH transmission line [24] analyzed in 
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section 2.3 are utilized in the C-branch to provide the necessary +180° and -180° phase shift at f1 

and f2, respectively. The values of the inductors and capacitors in the unit cell can be derived from 

1

2

;

180 @1( )
180 @

R L
c b

R L

R R
L L

L L Z Z
C C

f
N L C

fL C
φ ω

ω

= = =

+ °⎧
Δ =− − =⎨− °⎩

                        (3.12) 

where the number of the unit cell N=4 in the proposed structure, and CR=2.1pF,  LR=5.9nH, 
CL=2.5pF, and LL=6.5nH. To keep the symmetry of the structure, we insert the CRLH TL in the 
middle of two halves of B-branch, as shown in Fig. 3.7.  

 

 
Fig. 3.7 Proposed dual-band rat-race coupler structure 

 

 Fig. 3.8 gives the overall performance of the proposed coupler simulated at the two central 
frequencies. Return loss and port isolation of better than -30 dB are achieved at the central 
frequencies of both operating bands. Furthermore, both requirements of equal amplitudes and 
balanced phases are well fulfilled (within 0.5 dB and 5 ° ) over a wide frequency range of almost 
50 MHz and 90MHz at the two central frequencies. 

 

 
(a)                            (b) 

Zb, θb 

B-branch: Zb, θb 

Z0 Z0 

Z0 Z0 

C-branch 

B-branch: Zb, θb 

CRLH TL 

Zb, θb/2 

Zb, θb/2 

A-branch: 
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(c)                               (d) 

Fig. 3.8 Simulated performance of the proposed structure.(a) return loss and port isolation; (b) phase 
response;(c) insertion loss (lower band); (d) insertion loss (upper band). 

 

 

3.3 Novel wideband baluns based on CRLH TL 

In the design of mixers, push-pull amplifiers, baluns are used to link a symmetrical (balanced) 
circuit to an asymmetrical (unbalanced) circuit.  Baluns are designed to have a precise 
180-degree phase shift, with minimum loss and equal balanced impedances. The basic 
construction of a balun consists of two 90-degree phasing lines that provide the required 
180-degree split, and this involves the use of λ/4 and λ/2 transmission lines.  

A wideband Wilkinson balun [97], which comprises of one conventional transmission lines 
and one CRLH-TL, is presented in this section. The operating frequency is properly chosen as to 
obtain a maximum bandwidth. The bandwidth is related to number of unit cells comprising 
CRLH-TL. The balun is shown to have a 180°±10° bandwidth of 2.12 GHz centered at 1.5 GHz.  

 

3.3.1 Theory 

Conventional baluns are usually narrow band and hard to be used in multiband applications 
due to the linear dispersive relation of the RH TLs. For example, at the operating frequency ωS, 
the differential phase shift is specified as 90° between the two RH transmission lines. But the 
phase difference increases as the frequency increases, thus leading to a limited bandwidth, as 
shown in Fig. 3.9(a). 
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(a)                                         (b) 

Fig. 3.9 (a) Phase response of two pure RH TL with the operating frequency fs=5 GHz and a phase difference 
of 90o at fs; (b) phase response of pure RH TL and CRLH TL with the operating frequency fs= 5 GHz and a 

differential difference of 90o at fs (LR=0.42nH, CR=0.17pF, LL=6.01nH, CL=2.43pF, N=3) 

 

We deploy two transmission lines, one pure RH TL and one CRLH TL which is constituted 
by a ladder network of the unit cell shown in Fig. 2.9. When the unit cell is electrically small, the 
phase shift of a CRLH TL of N unit cells can be given as  

1( )CRLH R R
L L

N L C
L C

φ ω
ω

= − −               (3.13) 

while the phase shift of the pure RH TL can be given as  

,PRH PRH S
S

ω
φ φ

ω
=                      (3.14) 

where φPRH,S is the phase shift of the pure RH TL at the working frequency ωS. 

As pointed out in section 2.3, the balanced CRLH TL has a non-zero phase origin frequency 
ω0, and above the frequency, the CRLH TL becomes equivalent to a pure RH TL with the linear 
dispersion diagram, which leads that the phase difference between the CRLH TL and pure RH TL 
remain a approximately constant over a wideband, as shown in Fig. 3.9(b).  

To achieve a maximum bandwidth, a very important question is the where to locate the 
working frequency ωS or how large the phase shift of the CRLH TL unit cell at ωS should be. In 
[51], ωS was arbitrarily designated near the phase origin frequency ω0, thus only achieved a 
fractional bandwidth of 21.7%. In fact, wider bandwidth can be achieved when ωS is near 
(ωh+ω0)/2, where ωh is defined in (2.46). As φC=0 at ω0 and φC=90° at ωh, the phase shift of 
CRLH TL φCRLH,S at ωS is approximate 45° (π/4). 

3.3.2 Baluns: design and simulation 

The wideband Wilkinson balun is composed of a Wilkinson power divider [83] followed by 
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two branches, one CRLH TL and one pure RH TL, as shown in Fig. 3.10. 

 
Fig. 3.10 the block diagram of proposed Wilkinson balun using CRLH-TL. 
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 (c) 

Fig. 3.11 Phase difference between the two output ports in the proposed CRLH-TL balun and MM balun[94]  
(b) Isolation and through magnitudes of the CRLH balun. (c) Return loss of the CRLH-TL balun 

 

PRH-TL is a conventional microstrip transmission line while CRLH-TL is composed of a LC 
cascading network. Here, we choose 10 unit cells (in Fig. 2.9) for CRLH TL and the working 
frequency 1.5 GHz. The electrical length of the conventional microstrip transmission line is 3λ/4. 
The parameters for the unit cell of CRLH TL are LR=4.56nH, CR=1.82pF, LL=54.5nH, and 
CL=21.8pF. Fig. 3.11 shows the simulated responses of the balun, while the comparisons of 

bandwidth with [94] are given in Fig. 3.11(a). The proposed balun has a 180 10± bandwidth of 
2.12GHz, centered at 1.5GHz from 0.63GHz to 2.30GHz, or 4.37:1 bandwidth, while the structure 
proposed in [94] has a bandwidth of 1.02 GHz centred at 1.5 GHz, or 2:1 bandwidth. Meanwhile 
the proposed balun also shows shows excellent isolation and small return loss shown in Fig. 
3.11(b) and (c). 

 

3.4 A compact CPW low-pass filter based on ENG TL  

In this section a compact coplanar waveguides (CPW) low-pass filter [94] based on an 
electromagnetic bandgap (EBG) structure is proposed. The EBG structure consists of series 
narrow signal strips and shunt branches constituted by inductive meander lines connected in series 
with interdigital capacitors. When the frequency increases, the EBG structure changes from a 
conventional RH TL to an Epson-negative (ENG) TL in which the transmission is impossible, and 
therefore shows low-pass transmission property. The unit cell of the EBG structure is modeled by 
a lumped L-C circuit, in which the L-C parameters are extracted and confirmed with the 
simulation and measured results. The filter prototypes are fabricated and measured, which exhibit 
low insertion loss in the passband, sharp cutoff and deep attenuation levels on the stopband.   
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(a) 

 

(b) 
Fig. 3.12 (a) The schematic diagram of the filter prototypes with 1 unit of the ENG cell and (b) its equivalent 

circuit 
 

The schematic diagram of the CPW low-pass filter is shown in Fig. 3.12(a) while the 
equivalent circuit for the EnG cell is shown in Fig. 3.12 (b). The filter consists of 1 unit of the 
ENG cell and the dimension of the ENG cell is determined by a longitudinal width (W5) and a 
lateral extended width (W4) on the ground planes. The etching on the signal strip (i.e., W7 in the 
schematic diagram) is to obtain an arbitrary series inductance in the equivalent circuit. To get a 
large shunt inductance, thin meander lines are used to connect the signal strip with the interdigital 
capacitors etched on the both upper/lower ground planes. The ENG cell is symmetrically etched 
on both the signal strip and the ground planes for producing desired capacitance and inductance. 
The parameters in the equivalent circuit, L, Ls and Cs, can be extracted by fitting the lumped 
element parameters for the simulation or measured S-parameter data.  

A low pass filter with the cutoff frequency of 4.0 GHz is designed and fabricated. A 
full-wave EM-simulator based on the Method of Moment is used in the simulation. The filters are 
constructed based on the FR4 substrates (εr= 4.4, thickness of 1.5 mm) with metal layer thickness 
of 0.035 mm, while the signal trip width Ws=2.56 mm, slot width Gs = 0.3 mm and ground width 
Wg=5.0 mm, corresponding to a characteristic impedance Z0 of 50Ω. The length of input/output 

ENG cell 
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waveguides on the two sides of the ENG unit cell is set to 10 mm. The S parameters of the 
low-pass filter with only one ENG cell are shown in Fig. 3.13. The corresponding equivalent 
lumped L-C values are extracted as L = 2.0605nH, Ls =2.0970nH, Cs = 0.3765pF.  

 

 
Fig. 3.13 S parameters of the filter using 1 ENG cell based on the EM-simulator, equivalent circuit mode and 

measurement. (W1 = W2 = W3 = W6 = W7 = 0.2mm, W4 = 2.0mm, W5= 2.84mm, Gi= 0.2 mm, i= 1, 2, ..,5) 

 

 
Fig. 3.14 Simulated and measured S parameters of the CPW low-pass filter using 3 ENG cells   
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To obtain sharp cutoff and deep attenuation level, 3 ENG unit cells are cascaded between 
the 10 mm input/output waveguides. Each cell is spaced by the 1-mm-long waveguide. The 
measured and simulated S-parameters of the proposed filter are shown in Fig. 3.14. The measure 
result shows that the proposed filter has a -3dB passband from 0 to 3.75 GHz. The insertion loss is 
less than -1.0 dB from 0 to 3.55 GHz. The attenuation from 4.5 to 10 GHz is more than -20dB. It 
is consistent with the simulation results. The differences could be mainly due to the substrate 
inaccuracy and packaging factors.   

However, both the measured results in Fig. 3.13 and Fig. 3.14 show the existence of a 
relatively high radiation loss at high frequencies. It can be induced by the leakage of the 
parallel-plate modes created by the CPW ground planes and packaging metal planes and the 
radiation could be eliminated through adding a finite-width lower ground plane or placing via 
holes on the CPW ground planes [96]. 
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Chapter 4 Novel Approaches of Passive 
Meta-Transmission Line Design 

 

In this chapter, several new approaches to realize LH/CRLH TLs are studied. First, a dual 
structure of the standard CRLH TL discussed in section 2.3 is proposed and it shows 
left-handedness at high frequencies, which can be contrary to the standard CRLH TL. Based on 
the intrinsic stopband in its practical implementation and its opposite phase response with CRLH 
TL, a notch filter with sharp transition and a dual-band balun are designed as the applications of 
the newly proposed D-CRLH TL. Then a Lattice-type transmission line (LT-TL) is discussed and 
according to the dispersion analysis it has the same magnitude response with the conventional RH 
TL but with a constant 180° phase shift over the entire frequency band. This property is later 
utilized in the design of a wideband hybrid ring coupler. In the last part, a finger-shorted 
interdigital capacitor is proposed. According to its admittance matrix, the finger-shorted 
interdigital capacitor can be equivalent to a section of pure LH TL, and the parameters in the LH 
TL can be precisely determined by the dimensions of the finger-shorted interdigital capacitor. 
Different from the existing loading L and C into the host transmission line, this provides another 
implementation to realize compact LH TL or CRLH TL. 

 

4.1 Dual Composite Right/Left Handed TL 

We first study a dual structure of the standard CRLH TL (hereafter called dual-CRLH or 
D-CRLH for simplicity)[87]-[90]. A notch filter and a dual band balun are then proposed as 
applications of the D-CRLH TL.  

 

4.1.1  Dual CRLH TL  

The equivalent distributed LC networks of D-CRLH TLs (lossless) is shown in Fig. 4.1.  
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Fig. 4.1 Equivalent circuit model in a distributed LC network of Dual CRLH TL 

 

In such a D-CRLH TL, a per-unit-length inductance L’R is in parallel with a times-unit-length 
capacitance C’L, and a shunt per-unit-length capacitance C’R is in series with a times-unit-length 
inductance L’L. Similar to the analysis of CRLH TL in section 2.2, we can derive the properties of 
D-CRLH TL. The propagation constant of a TL is given by 

j ,Z Yγ α β ′ ′= + =                              (4.1) 

where Z′ and Y′ are the per-unit length impedance and admittance, respectively, defined as 
below 

1 1

1 1,  .
( ) ( )L R L R

Z Y
j C j L j L j Cω ω ω ω− −

′ ′= =
′ ′ ′ ′− −

                 (4.2) 

Therefore, the dispersion relation for a distributed D-CRLH TL is 

1/ 2
1 1( ) ,L L

R R

S C L
L C

β ω ω ω
ω ω

−
⎡ ⎤⎛ ⎞⎛ ⎞

′ ′= − −⎢ ⎥⎜ ⎟⎜ ⎟′ ′⎢ ⎥⎝ ⎠⎝ ⎠⎣ ⎦
                (4.3) 

where  

2

1

1, ,
( )

1, ,
  ω>ω

S ω
<ω<ω

−⎧
= ⎨+⎩

   

   0
 ω1=min(ωse, ωsh),  ω2=max(ωse, ωsh).      (4.4) 

and ωse, ωsh are the frequencies for the series and shunt resonances:  

se sh
R L L R

1 1, .
L C L C

ω ω= =
′ ′ ′ ′

                    (4.5) 

Note that when ω∈(ω1, ω2) one has S(ω)=0 (i.e., β=0; however, α is not zero, and 
consequently impossible for propagation). The dispersion diagram for D-CRLH TLs is given in 
Fig. 4.2, showing that contrary to the properties of a standard CRLH, a D-CRLH has an RH 
frequency response at lower frequencies and an LH frequency response at higher frequencies. 
Furthermore, the term “balanced D-CRLH” is used when the series and shunt resonance 
frequencies are equal, i.e., R L L RL C L C′ ′ ′ ′=  , in which case the stop band vanishes and the 

transition from LH to RH occurs at the transition frequency 

0 se sh .ω ω ω=                             (4.6) 

Z ′

Y ′

RL z′ Δ

L /L z′ Δ

L /C z′ Δ
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(a)                                         (b) 

Fig. 4.2 Dispersion diagram of the distributed D-CRLH TL.(a) Energy propagation along +z and –z directions 
in a unbalanced D-CRLH TL; (b) Comparison of the propagation constant in balanced and unbalanced D-CRLH 

TL for energy propagation along +z direction 

 

It is noteworthy that in the Fig. 4.2(a) the attenuation constant approach to the infinite on the 
two edges of the stopband, which does not exist in standard CRLH TL and we utilize the property 
in the following notch filter design.  

For the D-CRLH TL, its characteristic impedance can be given as 

2
R L R

c 2
R R L

( 1) .
( 1)

L L CZZ
Y C L C

ω
ω

′ ′ ′′ −
= =

′ ′ ′ ′ −
                           (4.7) 

In the balanced case, the characteristic impedance c L L R R( / / )Z L C L C′ ′ ′ ′= =  is frequency 

independent, and thus can be matched over a wide band [as the case of CRLH TL in section 2.2]. 

In practical case, the effectively uniform D-CRLH TL can be constructed by periodically 
cascading the LC unit cell, as shown in Fig. 4.3 . The dispersion relation for a lumped D-CRLH 
TL can be derived through ABCD matrix as 

1( ) arccos(1 /2),ZY
p

β ω = +                          (4.8) 

where p is the physical length of the unit cell, and the series impedance (Z) and shunt 
admittance (Y) of the LC unit cell are given by  

1 1
L R L R

1 1,   .
j j( ) j j( )

Z Y
C L L Cω ω ω ω− −= =

− −
                (4.9) 
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Fig. 4.3 The lumped LC unit cell for a dual CRLH TL 

 

The dispersion diagrams of a lumped CRLH TL (dashed line) and a lumped D-CRLH TL 
(solid line) for the balanced case, are given in Fig. 4.4, showing that in a lumped D-CRLH TL the 
stopband always exists even when the two resonant frequencies are balanced (this is different 
from the balanced case of distributed D-CRLH TL discussed above). This stopband is utilized to 
achieve a notch filter [87].  

  

Fig. 4.4 Dispersion diagram for the balanced case of a D-CRLH TL and a standard CRLH TL (LR=LL=0.01 
nH, CR=CL=100 pF) 

 

4.1.2  Notch filter design  

In our design, the notch filter consists of a section of D-CRLH TL constituted by finite 
number of unit cells shown in Fig. 4.3 . The central frequency of the notch filter and the 3-dB 
bandwidth are set as 900MHz and 20MHz, respectively. We calculate all the parameters (LR, LL, 
CL, CR) in Fig. 4.3 for the D-CRLH TL as LR=0.0192nH, LL=1.988µH, CL=1.593nF, and 
CR=0.0161pF. Here we use the Advanced Design System (ADS) to calculate parameter S21 for the 
notch filter and the results are shown in Fig. 4.5. 
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From Fig. 4.5(a) one sees that transitions at the two edges is very sharp, the notch depth 
increases (from 19.2dB to 68.1dB) as the total number of the unit cells increases (from 20 to 60), 
and the passband loss is very small (less than 0.045 dB).  

Fig. 4.5(b) shows a comparison of S21 between a conventional CRLH line of 40 unit cells 
shown in Fig. 3.1(b) (with LR=1.988µH, L’=0.0192nH, CL=0.0161pF, and CR=1.593nF after a 
similar optimal design) and the D-CRLH line. One sees that the loss in the passband is huge as the 
frequency moving away from the two edges of the stopband for a conventional CRLH line while 
the passband loss remains very small for our novel notch filter. The novel notch filter has many 
advantages over conventional notch filters in e.g. the width of the stop band, the sharpness of the 
transition, and the cost. 

 

 
(a) 

   
(b) 

Fig. 4.5 (a) Simulated S21-parameter (in dB) for the novel notch filter as the total number of unit cells 
increases. (b) Comparison of S21 between a CRLH transmission line of 40 unit cells and the D-CRLH 

transmission line. 
 

4.1.3 Dual-band balun based on D-CRLH and CRLH TL  

As we can see from Fig. 4.4, D-CRLH has a phase response opposite to that of a standard 
CRLH，with an LH region at higher frequencies (above the stopband) and an RH region at lower 
frequencies (below the stopband). Utilizing the opposite phase shifting property of a D-CRLH and 
a CRLH, we design here a dual-band balun as shown in Fig. 4.6.  
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The two central frequencies of the dual-band balun are ω1 and ω2 (e.g. 2.4 GHz and 5 GHz). 
At ω1 and ω2, the top branch is designed to have a phase shift of +90° (+λ/4) and −90° (−λ/4), 
respectively, while the bottom branch has a phase shift of −90° and +90°, respectively. To match 
the input and output impedances with a λ/4 TL, the characteristic impedance of the D-CRLH and 
CRLH should satisfy 

c 0 L2 ,Z Z R=                        (4.10) 

where Z0 and RL are the impedances of the input and output ports (both are 50 Ω in our case), 
respectively. The specific values of LL, LR, CL and CR for the balanced D-CRLH and the balanced 
CRLH are given in Table 3.3, from which we can see the values of (LL, CL) are interchanged with 
that of (LR, CR) between D-CRLH and CRLH TL. 

 
Table 3.3 Parameters used in the proposed dual-band balun 

 LR 
(nH) 

LL 
(nH) 

CR 
(pF) 

CL 
(pF) 

D-CRLH 2.43 4.33 0.49 0.87
CRLH 4.33 2.43 0.87 0.49

 
(a) 

 

(b)                                            (c) 

Fig. 4.6 (a) Schematic diagram of the proposed dual-band balun; (b) Phase responses and (c) magnitude 
response at the two outputs of the proposed dual-band balun 
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Fig. 4.6(b) and (c) show the simulated S parameters of the proposed balun, which reveals very 
good performances at 2.4 GHz and 5.0GHz. The insertion loss (S12| and |S13|) is -3.03±0.05dB at 
both frequencies (-3 dB is the theoretical limit) and the input return loss |S11| is well 
below-100dB from 1 to 8 GHz (not shown in Fig. 4.6 (c)). The solid curve of in Fig. 4.6 (b) shows 
that the difference between phases ϕ[S (1, 3)] and ϕ[S (1, 2)] remains +180° (below the transition 
frequency) or −180° (above the transition frequency) over a wide band (over 3 GHz).  

 

4.2 Left Handed Transmission Line of Low Pass 

In this section, we propose a new model of LH transmission line. It has a low pass property as 
the conventional right-handed transmission line, but a 180°-phase shift difference for all 
frequencies. This work is also given in PaperⅤ in the publication list of the thesis. 

 

4.2.1 Lattice-type transmission line 

In the proposed transmission line, we make use of the lattice structure shown in Fig. 4.7(a). 
By calculating the impedance between terminals 1 and 2 with terminals 3 and 4 open (=Zoc) and 
terminals 3 and 4 shorted (=Zsc) it will be seen that the lattice section of Fig. 4.7(a) is equivalent to 
the T section of Fig. 4.7(b), as in each case these impedances have the same values as follow: 

 Zoc = (Za + Zb)/2; Zsc = 2ZaZb/(Za+Zb)  (4.11) 

In this way a lattice network can be translated in to its equivalent ladder network in Fig. 
4.7(b) 

 
(a)                        (b) 

Fig. 4.7 (a) Schematic diagram of a lattice section and (b) its equivalent circuit 

 

The proposed NRI transmission line consists of 4 series inductances in each unit cell and a 
lattice of capacitors and wires corresponding to that Za is a capacitance (i.e. Za = jωC) and Zb a 
wire (i.e. Zb = 0) in Fig. 4.7(a), and thus it is called lattice-type transmission line (LT-TL). See Fig. 
4.8(a). The unit cell is a two-terminal-pair (i.e. four-terminal) network which possesses balanced 
symmetry and its equivalent circuit can be presented in the form of an unbalanced circuit of 
3-terminal network [98] (shown in Fig. 4.8 (b)). 
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(a)            (b) 

Fig. 4.8 (a) the unit cell of LT-TL; (b) its equivalent circuit 

 

From the ABCD matrix of the equivalent circuit we can derive the dispersion relationship for 
such an infinitely periodic structure is  

2cosh 1 (2 )(2 ) 1
2 2

ser parZ YA Drd L Cω+
= = + = −                     (4.12) 

where r jβ α= + is the propagation constant for the periodic structure, and the series 

impedance Zser and shunt admittance Ypar are given by 

2

2(4 )serZ j L
C

ω
ω

= − , 2parY j Cω= −                          (4.13) 

From the transmission line theory, a conventional (right-handed) transmission line (RH-TL) 
can be equivalent to an LC circuit. The unit cell of RH-TL with balanced symmetry or four 
terminals [coplanar strip line (CPS) for example] and its equivalent circuit are shown in Fig. 4.9. 

 

             
(a)                                     (b) 

Fig. 4.9 (a) the unit cell of a RH-TL with balanced symmetry; (b) its equivalent circuit 

 

The dispersion relation of the RH-TL can be written as 

2cosh 1 (2 )(2 )rd L Cω= −                       (4.14) 

Comparing the dispersion relations of LT-TL and RH-TL, we can find that they look the same 
except the different sign, which means that a 180° phase difference exists between them. The 
LT-TL gives the same magnitude response, i.e. a low-pass property (a left-handed passband 
between 0 and cutoff frequency ωC) as the RH-TL.   

To avoid the reflection at the end of the structure and achieve a perfect match to the LC 
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network of the proposed structure, we should consider the ratio of voltages and currents in the 
network. As the network is periodic, the ratio is constant at any nth point of the structure. This 
constant is called the Bloch impedance ZB, which can be obtained from the following expression 
(for the positively traveling waves): 

BZ = 2(1 (4 1)) (1 cosh )L LLC rd
C C

ω− − = −           (4.15) 

If the frequency of interest lies in the range where cosh 1rd , the characteristic impedance 

can be simplified as BZ L C≈ . 

4.2.2 A wideband rat-race coupler design 

A band-broadened hybrid ring of rat-race type is shown in Fig. 4.10 as an application of the 
present LT-TL. It is composed of three C-TL sections and one LT-TL section with characteristic 

impedance of 2  Z0, where Z0 is the impedance of the termination ports, i.e., 50Ω.The values of 
L and C are 1nH and 0.4pF in the C-TL sections in Fig. 4.9, and 1nH and 0.2pF in the LT-TL 
section in Fig. 4.8. 

 
Fig. 4.10  A band-broadened hybrid ring 

 

Fig. 4.11 shows the simulated frequency characteristics of the scattering parameters for the 
proposed hybrid ring and the conventional hybrid ring. Due to the frequency-independent 
180°-phase-shift between the C-TL section and LT-TL section, the isolations between port 1 and 
port 3 (i.e. S13), port 2 and port 4 (i.e. S24) are much less than -100 dB over the whole frequency 
band and thus are not shown in this figure. This property does not exist in a conventional rat-race 
coupler or any other hybrid coupler [84]. From Fig. 4.11 (b) we can see that the powers 
distributed to port 2 and port 4 are the same and vary slowly with the frequency. From 4.8 GHz to 
7.3 GHz, S12 and S14 lie in the range of (-3.1dB, -3dB), exhibiting a 42% bandwidth ratio with the 
central frequency of 6 GHz, which is much larger than that of the conventional rat-race coupler 
(typically around 15%).  
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 (a)                          (b) 

Fig. 4.11 Comparison of the band-broadened rat-race coupler and a conventional rat-race coupler [84] (a) the 
reflection coefficient S11; (b) the coupling coefficients S12 and S14 

  

4.3 Left-Handed Transmission Line with Finger-Shorted 
Interdigital Capacitor 

In this section, a finger-shorted interdigital capacitor is proposed and its analytical model is 
derived. From the analytical model, we can see that the FSIDC itself alone, whose equivalent 
circuit is exactly the Series-C/shunt-L high-pass prototype, can be used to build the LH TL. 
Meanwhile, the undesired resonances of the IDCs, due to the multiconductor structure, are 
removed when the FSIDCs are used for significantly extending the frequency range. This work is 
also given in PaperⅧ in the publication list of the thesis. 

 

4.3.1 Finger-shorted interdigital capacitor 

The structure of a simple printed IDC and finger-shorted interdigital capacitor are shown in 
Fig. 4.12 (a). In FSIDC, the fingers of the IDC are connected to the ground plane below by vias. A 
transmission line equivalent of interdigitated directional coupler composed of an array of k 
parallel-coupled TEM lines is shown in Fig. 4.12 (b).  
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(a)                           (b) 

Fig. 4.12  (a) Finger-shorted Interdigital Capacitor; (b) interdigitated directional coupler [99] 

 

The total number of lines K is assumed to be even, and the physical dimensions of each line 
and the spacing between the lines are identical. When losses and coupling between nonadjacent 
lines are neglected, the current and voltage relation for such a four port network can be written as 
follows [99]: 

cot cot csc csc
cot cot csc csc

csc csc cot cot
csc csc cot cot

A A

B B

C C

D D

I VjM jN jN jM
I VjN jM jM jN
I VjN jM jM jN

jM jN jN jMI V

θ θ θ θ
θ θ θ θ
θ θ θ θ
θ θ θ θ

⎡ ⎤ ⎡ ⎤− −⎡ ⎤
⎢ ⎥ ⎢ ⎥⎢ ⎥− −⎢ ⎥ ⎢ ⎥⎢ ⎥=
⎢ ⎥ ⎢ ⎥⎢ ⎥− −
⎢ ⎥ ⎢ ⎥⎢ ⎥

− −⎢ ⎥ ⎢ ⎥⎣ ⎦⎣ ⎦ ⎣ ⎦

            (4.16) 

where θ  is the electrical length of the fingers and 

2

12
11 12

11

( 1) , ( 1)
2 2

YK KM Y N K Y
Y

= + − = −  , 11 12( ) / 2, ( ) / 2oe oo oe ooY Y Y Y Y Y= + = −     (4.17) 

The admittances Yoe and Yoo are the even- and odd-mode admittances of a pair of adjacent 
fingers of the coupler [102]. When voltages in ports B and D are zero (because they are shorted), 
the resulting two-port circuit is a FSDIC and its admittance matrix is  

 

11 12

21 22

cot csc
csc cot

Y Y jM jN
Y Y jN jM

θ θ
θ θ

−⎡ ⎤ ⎡ ⎤
=⎢ ⎥ ⎢ ⎥−⎣ ⎦⎣ ⎦

                     (4.18) 

 
 

: the via connected to the ground 
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(a)                          (b) 

Fig. 4.13 (a) π type two-port circuit and (b) equivalent circuit of FSIDC 

 

It is easy to demonstrate that N<0, M>0 and M2>N2 [99]. The π equivalent circuit of the 
admittance matrix is shown in Fig. 4.13(a), where the series impedance ZS and shunt admittance 
YP can be derived from the admittance matrix as below 

11

1 1 1
cotS

L

Z j
Y M j Cθ ω

= − = − = , 

 11 12
cos 12( ) 2 ( )
sinP

L

M NY Y Y j
j L

θ
θ ω
−

= + = − =                 (4.19) 

When fingers are electrically short at frequencies where θ<<1, cosM Nθ − >0, ZS and Yp 
correspond to an equivalent capacitance CL, and an equivalent inductance LL, respectively, as can 
be seen in Fig. 4.13 (b). They can be calculated as  

cot
L

MC θ
ω

= ,  sin
2( cos )LL

M N
θ
θ ω

=
−

                (4.20) 

We can see that Fig. 4.13b is exactly the series-C/shunt-L prototype discussed in section 2.2, 
and we can come to a conclusion that the FSIDC alone can form a LH TL. Furthermore, the 
characteristic impedance and the propagation constant of the LH TL based on FSIDCs are given 
by 

0
1;L

L L L

LZ l
C j L C

γ
ω

= Δ =                           (4.21) 

where Δl is the length of the unit cell. 

  The first zero of Yp is at frequency where cosM Nθ − =0, i.e. 

2 2

8 2 2

2 ( 1)( )
arccos( ) arccos( )

3 10 ( 1)( ) 2
C eff oe oo

C
oe oo oe oo

f l K Y YN
M K Y Y Y Y

π ε
θ θ

− −
= = = =

• − + +
    (4.22) 

where l is the length of the fingers and the effective relative permittivity can be computed 
from the corresponding values of the even and odd modes of a pair of adjacent fingers of the 
coupler [100] [101]  
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2
effe effo

eff

ε ε
ε

+
=                          (4.23) 

Above this frequency, the shunt admittance YP corresponds to an equivalent capacitor instead 
of inductance and the equivalent circuit of FSIDC in Fig. 4.13 (b) is not valid.  

The admittance matrix can be easily converted to ABCD matrix as below [84] 

22 21 21

11 22 12 21 21 11 21

/ 1/
( ) / /

FSIDC FSIDC

FSIDC FSIDC

A B Y Y Y
C D Y Y Y Y Y Y Y

− −⎡ ⎤ ⎡ ⎤
=⎢ ⎥ ⎢ ⎥− − −⎣ ⎦⎣ ⎦

            (4.24) 

By left multiplying and right multiplying the ABCD matrix for the FSIDC with the ABCD 
matrix for the microstrip line (whose length is Wt and width is K w+ (K-1) g, as indicated in Fig. 
4.12 (a)) connecting the FSIDC, we can get the ABCD matrix for the whole unit cell in Fig. 2(a) 
and derive its S parameters using (2.35). 

4.3.2 Model validation 

The FSIDC and its analytical model have been validated with numerical simulation using a 
full-wave EM solver. The prototype is designed on a Tacnoic CER-10 substrate with relative 
permittivity 10 and thickness of 0.508mm. It has 6 fingers, l=8mm and w=0.2mm wide with gaps 
g=0.2mm, b=0.1mm. The microstrip line connected with FSIDC is 1mm long. The corresponding 
CL and LL are shown in Fig. 4.14.while the computed S-parameters are shown in Fig. 4.15. LL 
shows a zero at fc in Fig. 4.14, where the transmission line stops being left-handed and the stop 
band shows up. Due to the existence of the connecting microstrip line on both sides of the FSIDC, 
fc will shift to a lower frequency, which can be seen in Fig. 4.15. The simulated S-parameters are 
computed with the model described above (“Analytical model” in Fig. 4.15), and IE3D 
(“Full-wave EM simulation” in Fig. 4.15). Fig. 4.15 shows a very good agreement between the 
proposed analytical model and the full-wave analysis.  

 
(a)                                 (b) 

 Fig. 4.14 (a) Shunt capacitor CL and (b) series inductor LL  
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Fig. 4.15 Computed S-parameters of the 6-finger FSIDC prototype 
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Chapter 5 Novel Approaches of Active 
Left-Handed Transmission Line Design 

 

Active components were introduced into the metamaterial design [103]-[105] almost the 
same time when the idea of metamaterial TL came out. These active elements may then be used to 
compensate for the effects of passive-circuit losses on insertion loss, bring nonlinearity into the 
design, or provide potential adjustability.  

Simultaneously negative permittivity and permeability brings the dispersion and LH material 
must be dispersive, which is shown in section 2.1.4. In section 2.2, the LH transmission line and 
its implementation are discussed. In such an approach the equivalent material parameters are 
highly dispersive (though negative) as one has 2 '1/ Cμ ω= −  and 2 '1/ Lε ω= − [17]. In this section 

we propose a new class of transmission lines of negative refractive index (NRI) by utilizing the 
operation of negative impedance converters (NICs) [106]. Unlike the existing LH TL discussed in 
section 2.2, the equivalent material parameters of the proposed NRI TL are non-dispersive (under 
an ideal condition), and thus can lead to many interesting applications. This work is given in 
PaperⅠof the publication list in the thesis. 

 

5.1 Theory  

5.1.1 Distributed NRI Transmission Lines  

 In this section, we propose the negative-impedance-converted (NIC) [106] LC TL, that is 
the per-unit-length series impedance Z and per-unit-length shunt admittance Y satisfy, 

'' ''

'' ''

( / )
( / )

j Z j L L H m
j Y j C C F m
ωμ ω μ

ωε ω ε

= = − ⇒ = −

= = − ⇒ = −
                (5.1) 

where ''(- )L and ''(- )C are the negative per-unit-length series inductance and shunt 

capacitance of the distributed TL, respectively. In this case, both the permeability and permittivity 
of the equivalent material are negative and do not vary with frequency (such a property can be 
used to design some novel broadband devices). Like an electromagnetic wave in a free space, the 
corresponding propagation constant of the new NRI TL is proportional to the frequency (instead 
of (1/ )ω  for the conventional LH TL as in Eq. (2.23)), i.e. 

'' ''ZY LCβ ω= − − = −                         (5.2) 
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(a)            (b) 

Fig. 5.1 Unit cells in (a) a distributed RH TL; (b) a distributed NIC TL 

 

5.1.2 Transmission Line loaded with Lumped NIC-LC  

Here we consider a practical design of a host transmission line (Z0, k) periodically loaded 
with discrete lumped elements, i.e., NIC inductors and capacitors, as shown in Fig. 5.2, and p is 
the period.  

 

 
Fig. 5.2. Unit cell in a transmission line loaded with NIC LC 

 

By applying same procedure explained in section 2.3, we obtain the following dispersion 
relation 

2 '' '' '' ''
2

0 0

sincos cos cos ( )
2 2 2
L C kp L C kpp kp

Z Y
ω ω ωβ = − + +       (5.3) 

It is clear from Eq. (5.3) that when the period of the structure is infinitesimally small, i.e. 
coskp=1, and sinkp=0, the effects of the host transmission line disappear. Furthermore, we can 
apply Taylor approximation cos(βp) ≈ 1− (βp)2/2 to Eq.(5.3) and obtain 

'' ''p L Cβ ω= −                           (5.4) 

which implies that the phase response of the new transmission line loaded with NIC LC can 
be complimentary to that of a conventional transmission line over the entire frequency band. 

'' / 2L− '' / 2L−
Z/2 Z/2 

Y ''C−C

/2L /2L
Z/2 Z/2 

Y 

''C−

'' / 2L− '' / 2L−0, /2Z kp0, /2Z kp
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5.2 Negative-impedance-converted L and C 

From the above analysis, the series negative inductor and shunt negative capacitor are 
required in the realization of the non-dispersive LH TL. Negative impedance converter is a 
famous application of the differential amplifier, and negative shunt impedance can be achieved by 
introducing a phase shift of 180° (inversion) between the voltage and the current of the input 
signal [107]. But as far as the author knows, there is still no literature discussing the feasibility of 
series negative impedance or a negative series impedance converter. So first the design of a 
negative series impedance converter is given. 

Fig. 5.3 shows an ideal differential operational amplifier with differential input and 
differential output and its equivalent circuit [107], where 

Vout = Vd×Gain = (V+ - V-)×Gain                (5.5) 

 

 
Fig. 5.3 Differential operational amplifier and its equivalent circuit 

 

 
Fig. 5.4 Negative series impedance converter and its equivalent circuit 

 

By using the differential operational amplifier, we can realize negative series impedance. Fig. 
5.4 shows the negative series impedance converter and its equivalent circuit. From the equivalent 
circuit, we can obtain the following relations between currents (I1 and I2) and voltages (V1 and V2),  
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1 2 1 2

1 2 2
1 1 2

2
2

2 2

( ) (2 )
(2 )

/ 2 ( )

out

out

Gain
out

I I I I
V V V Gain GainV V I Z
V V I Z V V Gain
V V V V I Z

+ −

+

>>
−

⎧=⎧ =⎪⎪ ⎪= − × +⎪ ⎪⇒ = +⎨ ⎨= = + + −⎪ ⎪
⎪ ⎪= +⎩ = + −⎪⎩ 

               (5.6) 

Eq. (5.6) gives the ABCD matrix of the circuit and also shows that the circuit is equivalent to 
a negative series impedance converter when 2Gain >> , as shown in Fig. 5.5(a).  

Similarly, we give the negative shunt impedance can be realized by using the circuit shown in 
Fig. 5.5 (b). 

 

  
(a) 

 

(b) 

Fig. 5.5 Negative impedance converters and the equivalent circuits for (a) series impedance and (b) shunt 
impedance 

 

If we replace the impedance Z in Fig. 5.5 (a) or (b) with a capacitor (C), an inductor (L) or a 
resistance (R), we can obtain the corresponding negative capacitor, negative inductor or negative 
resistance. By periodically connecting the negative series inductor (replacing Z in Fig. 5.5 (a) with 
L) and negative shunt capacitor (replacing Z in Fig. 5.5 (b) with C), we can realize a transmission 
line loaded with active NIC LC as shown in Fig. 5.6. 
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Fig. 5.6. Unit cell of transmission line loaded with NIC LC 

 

 

5.3 A broadband power divider 

A broadband 1:4 series power divider using zero-degree transmission lines was proposed in 
[108] have proposed. Each zero-degree transmission line consists of a conventional NRI structure 
and a conventional transmission line section (see Fig. 5.7(a)). As an application example of our 
NIC TLs, we replace the conventional NRI structure with our NIC TL (see Fig. 5.7 (b)) to obtain a 
much broader band performance (due to the non-dispersive characteristic of the NIC TL). 

 

(a)                                (b) 

Fig. 5.7 Schematic diagram of a series power divider based on (a) conventional NRI TLs and (b) our NIC TLs    

 

The dividers are implemented on a substrate with εr=2.2 and height h = 0.787 mm at a design 
frequency f0=1.92 GHz. All our simulations are carried out with the Agilent-ADS microwave 
simulator using the models of lumped elements and non-ideal microstrip lines. The series divider 
employs four nonradiating 0º phase-shifting lines, each of which consists of a conventional TL 
section [with length of 9.77 mm, at the end of each phase-shifting line] and two unit cells of TL 
section (with a characteristic impedance of 70.71 Ω, width 1.39 mm and length 4.48 mm) loaded 
with NRI LC (to cancel the phase of the conventional TL section).  To transform from the 
required load impedance of 200Ω to test equipment impedance 50Ω, one can use a broadband 
impedance transformer (BIT) consisting of two quarter-wavelength TLs with parameters [108]: 
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Z01 = 79.06 Ω, WTL1 = 0.21mm, dTL1 = 29.92 mm, and Z02 = 158.11 Ω, WTL2 = 1.16 mm, and dTL2 
= 29.07 mm. 

The only difference between the conventional-NRI TL series power divider and our NIC TL 
series power divider are the loading elements. In the conventional one, capacitors C0=2.2pF and 
inductors L0 = 11nH were employed, while in the proposed one we use NIC-inductors and 
NIC-capacitors instead and the values of the capacitors and inductors used in the NIC-capacitors 
and NIC-inductors are L=1/ (2πf0)2C0=3.125nH and C = 1/ (2πf0) 2L0=0.625pF. The gain of the 
differential operational amplifiers applied in the NIC-capacitors and NIC-inductors is 30dB.         

The return losses of the two different power dividers are shown in Fig. 5.8, where we can see 
that the NIC TL divider exhibits a 10 dB return loss bandwidth of 1.7 GHz from 1.1–2.8 GHz, 
while the conventional NRI TL divider has a of 0.8 GHz from 1. 6–2.4 GHz, which corresponds 
to a 110% increase in bandwidth. Fig. 5.9 shows there is approximately equal power split to all 
the four output ports (p2, p3, p4, and p5) at f0= 1.92 GHz for both the conventional and proposed 
dividers. Moreover, the NIC TL power delivered to each of the four output ports remains nearly 
constant over a much larger bandwidth in the proposed divider as compared with the conventional 
NRI TL divider. Such a significant improvement is mainly due to the non-dispersive characteristic 
of our NIC TL. Fig. 5.10 demonstrates the phase difference between the four output ports of the 
NIC TL divider. 

 
Fig. 5.8 Simulated return losses of the dividers based on the conventional NRI TL (dashed line) and NIC TL 

(solid line). 
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   (a)               (b) 

   

 (c)                    (d) 

Fig. 5.9 Simulated performances at the 4 output ports of the dividers based on the conventional NRI TL 
(dashed line) and NIC TL (solid line). (a) S21, (b) S31, (c) S41, and (d) S51. 

 

 
Fig. 5.10 Simulated phase differences between four output ports of the dividers based on NIC TL. 

 
 

5.4 Discussion and conclusion 

In [109], a negative series capacitor, in which the negative series impedance converter circuit 
is different from Fig. 5.4, is applied in the active inclusion to realize a single negative material (i.e. 
negative permittivity). In our approach, an equivalent double-negative material is realized where 
negative series inductors are used to be equivalent to negative permeability and negative shunt 
capacitors equivalent to negative permittivity. Due to the inherent conditional stability of the NIC, 
the proposed design of NRI transmission line can be only conditionally stable, which is in 
agreement with [110]. 

To experimentally realize above design, the most difficult part is to find the appropriate 
differential amplifier with high gain at such a high frequency (over 1 GHz). We tried to fabricate 

φ(S31)- φ(S21) 

φ(S41)- φ(S21) 

φ(S51)- φ(S21) 
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the power divider in Fig. 5.7 with the layout shown in Fig. 5.11, but the result was not satisfying 
and not shown in the thesis. The inaccessibility of the proper differential power amplifier limits 
the application of the design.  

 

(a) 

 

(b) 

Fig. 5.11 Experimental lay out of the power divider (a) top view; (b) bottom view 
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Chapter 6 Analysis of SRR-Loaded 
Transmission Line 

 

 In the first experimental realization of LHM [4][5], the material was constructed of rods and 
split-ring resonators, however, it was difficult to analyze. The complicated geometry and behavior 
required sophisticated techniques to model and was difficult to adjust to get desired parameters. A 
more intuitive interpretation was required. Due to the small dimensions of the inclusions 
compared to the operating wavelength, a quasistatic approach was used and the interaction of the 
electromagnetic field with the inclusions is easily modeled through a resonant circuit, made by an 
inductance and a capacitance. The materials were modeled as arrays of lumped circuit elements. 
The split-ring resonator was broken into a circuit consisting of resistors, capacitors, and inductors 
[113] and a helpful circuit model of SRRs was presented in [114] for the concentric and the 
broadside-coupled geometries while the same formulation was extended to the synthesis of the 
complementary SRRs (CSRRs) in [9]. This enabled the materials to be analyzed as a circuit, 
which was a familiar problem with simple results. Also, it became easier to discern how behavior 
would change with changes in the elements, such as different modifications of the SRR geometry 
presented in [115]. Furthermore, based on the equivalent circuit model [9], which was later 
revised in [116], SRRs and CSRRs (properly combined with shunt metallic wires or series gaps) 
have been successfully applied to the design of novel planar microwave circuit and 
devices[117]-[119]. 

In this chapter, a new circuit model for the CSRR loaded microstrip line is proposed and 
analyzed. A dual band split ring resonator is then proposed and applied in the design of an 
ultra-wideband slot antenna with dual notch bands. The results are also presented in Paper Ⅳ 
and Ⅶ in the publication list of the thesis, respectively. 

 

6.1 Equivalent circuit of CSRR loaded transmission line 

 

6.1.1 Theory  

The unit cell of the CSRR loaded transmission lines with CSRRs etched in the ground plane 
is shown in Fig. 6.1(a). Due to the small electrical dimensions of CSRRs at resonance, the unit 
cell is described by means of lumped-element equivalent circuits. As indicated in [9], CSRRs are 
mainly excited by the electric field induced by the line, so we can derive its equivalent-circuit 
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model shown in Fig. 6.1(b), where L and C are the per-unit-cell inductance and capacitance of the 
host transmission line, while CSRRs are modeled as a resonant tank (with inductance LC and 
capacitance CC) electrically coupled to the line through CM.  

The equivalent impedance of the shunt branch can be simplified to the circuit in Fig. 6.2 
[111]-[112], where 

' ' 2 2
2 2 ;         C

C C C M
M

C
L C L C

C
ω

ω
= = ;                    (1) 

 

        
 (a)                          (b) 

 Fig. 6.1 (a) Topology of the CSRR loaded transmission line. Gray area represents the metallization and (b) 
its equivalent circuit. 

 

 

(a)      

 

(b) 

Fig. 6.2 Simplified equivalent circuit for the unit cell of the CSRR loaded microstrip line (a) without 
capacitive gaps and (b) with capacitive gaps 
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When a capacitive gap is present on the upper conductor of the transmission line, its equivalent 
circuit is shown in Fig. 6.2(b). Here it is noteworthy that the parameters (inductance LCG and 
capacitance CCG) in the resonant tank representing the CSRR are different from that in Fig. 6.2(a). 
This is due to the fact that the electromagnetically environment of CSRR is changed due to the 
existence of the capacitive gap and the CSRR parameters ( ,C CL C ) vary since these parameters are 

influenced by the geometry of the upper metallic layer (strips and capacitive gaps).  

From the circuit of Fig. 6.2, we can have the transmission matrix for a unit cell, 

 
1 (2 )

1
S P S S P

P S P

Z Y Z Z YA B
Y Z YC D

+ +⎛ ⎞⎛ ⎞
= ⎜ ⎟⎜ ⎟ +⎝ ⎠ ⎝ ⎠

     (6.1) 

The dispersion relation of CSRRs loaded transmission lines can be easily obtained as follows: 

cos( ) 1
2 S P

A Dl Z Yβ +
= = +

2 2
2 '

2 2

1
1 ( )

1
S

C
C

L C C
ω ω

ω
ω ω

−
= − +

−
        (6.2) 

where ' '2 1C C C Cf L Cω π= = is the angular resonant frequency of the CSRR, and 

' '2 1 ( )S S C C Cf L CC C Cω π= = +i  is the angular resonant frequency of the whole shunt impedance.  

Eq. (6.2) indicates the presence of a frequency gap in the vicinity of fC, delimited by fC (lower 
limit) and fS (upper limit), where the total shunt impedance is inductive. In the frequency interval, 
the structure behaves as a one-dimensional effective medium with negative permittivity. 
Therefore, propagating modes are excluded in this frequency band. The two characteristic 
frequencies fC and fS can be identified as below: the frequency that nulls the shunt admittance 
(transmission zero frequencies, fC) and the frequency that null the shunt impedance (fS). fS can be 
determined by the intersection between the S11 curve and the unit normalized resistance circle as 
the shunt path to the ground is opened at fS, and the real part of the input resistance seen from the 
ports is that of the opposite port (50 Ω) ( similar to that reported in [120]). Thus we can obtain 

' ',C CL C from the two characteristic frequencies, which can be experimentally determined or 

obtained through full wave electromagnetic simulation. 

To verify the equivalent circuit model, a two-unit prototype device has been designed, and 
simulated. The substrate employed is Taconic CER-10 substrate (Epson = 10, thickness = 
1.27mm).The upper plane conductor strip has a width of 1.2mm, which is corresponding to a 
characteristic impedance of 50Ω . The resonant frequency of the CSRRs has been set to be the 
same as [10], which is around 2.7 GHz. The physical dimensions in our case are d = s = 0.3mm, 
rext= 3mm (see Fig. 6.1). The width of the slit at each ring has been taken equal to 0.3 mm, and the 
period of the CSRR array P is 9mm. The total length of the region occupied by CSRRs is 18 mm. 
The reference planes of the input and the output ports are chosen to lie at the edges of the two 
units of CSRRs.  

In the equivalent circuit model of the unit cell of the CSRR loaded transmission line the 
per-unit-cell inductance and capacitance of the host transmission line, L and C in Fig. 6.2 are 
4.23nH and 1.69pF, respectively, which equals the per-unit-cell inductance and capacitance of the 
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host transmission line, while '

CL  and '

CC  to model CSRRs in Fig. 6.2 are (3.2e12/ω 2) H and 

(ω 2/9.3e32) F, respectively.  
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Fig. 6.3  The experimental result and simulation result from the equivalent circuit model of the CSRR loaded 

transmission line 

 

The experimental result and simulation result from the equivalent circuit model are shown in 
Fig. 6.3. Very good agreement over a large frequency range is obtained between them. A deep 
rejection band is obtained around the design frequency, with sharp cutoffs, maximum rejection of 
-40 dB, and low return losses. Below the rejection frequency band a flat and perfect matched 
passband is present with very low insertion losses less than -0.3 dB and nearly linear phase 
variation (the same as [9] not shown).   

6.1.2  CSRR loaded transmission lines with different periodic length 

To further verify the validness of the equivalent circuit model in Fig. 6.2, we simulated the 
transmission response of the CSRR loaded transmission line with different periodic length, in 
which the per-unit-cell inductance and capacitance of the host transmission line in the equivalent 
circuit model are different. Two units are applied and the periodic length is varied from 7mm to 
11mm. The experimental results are given in Fig. 6.4, which show that with different periodic 
length, the rejection band is not changed. The frequency of the transmission dip depends only on 
the resonant frequency of the CSRR, which is consistent with the equivalent circuit model. The 
experimental (Fig. 6.4 (a)) and simulated results (Fig. 6.5) of the reflection response (S11) also 
show a good agreement. 
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(b) 

Fig. 6.4 Experimental result of CSRR loaded transmission line with different periodic length (a) S12; (b) S11 
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Fig. 6.5 Simulated result of the equivalent circuit model of the CSRR loaded transmission line with different 

periodic length  
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6.2 Complementary Meander Line Split Ring Resonator  

 

The models of a dual band SRR, meander line SRR (MLSRR) and its complementary part 
(C-MLSRR), and their equivalent circuits are presented in this section. Transmission line loaded 
with C-MLSRR shows dual-band rejection, due to the presence of negative permittivity, in the 
vicinity of the two resonate frequencies of C-MLSRR, and it can be changed to be a left-handed 
transmission line after introducing an effective negative permeability to the transmission line by 
etching capacitive gap in the conductor strip.  

The multiple split ring resonators (MSRRs)[121] were proposed to minimize the SRR’s 
dimension to the order of λ0/30- λ0/40. The miniature prototypes of C-MLSRR and 
complementary MSRR loaded transmission lines are designed and given. The compactness of 
MLSRR is shown through comparisons between the results of C-MLSRR and multi SRR loaded 
transmission line. C-MLSRR is applied in rejecting unnecessary frequencies in the ultra wideband 
antenna.  

 

6.2.1  Complementary Meander line Split ring resonator  

Fig. 6.6(a) and (b) show the basic topology of the MLSRR and the complementary screen of 
the MLSRR. The MLSRR consists of a meander line which connects a split with width s. Since 
the inclusions are much smaller than the operating wavelength, a quasistatic approach may be 
used and the interaction of the electromagnetic field with the inclusions can be easily modeled 
through an equivalent circuit, as also shown in Fig. 6.6. In the equivalent circuit of MLSRR, CS 
stands for the capacitance at the split, where LS is the inductance of the lines connected with the 
split. Due to the electrical coupling between the meander lines, the meander line is modeled as a 
shunt connected inductance LM and capacitance CM in the equivalent circuit.  
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(b) 

 

(c) 

Fig. 6.6 Geometry of (a) MLSRR and (b) C-MLSRR, and their equivalent circuit models; (c) Topology of the 
complementary MSRR. Gray area represents the metallization. 

 

If the effects of the metal thickness and losses, as well as those of the dielectric substrate are 
neglected, a perfectly dual behavior is expected for the complementary screen of the MLSRR [9]. 
The equivalent circuit model for the C-MLSRR is also shown in Fig. 6.6 (b). We can see that the 
C-MLSRR has two different resonant frequencies: 
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MLSRRs and C-MLSRRs have much smaller electrical dimensions compared to the regular 
SRRs[5]. To demonstrate the compactness of the proposed structure, we compare the resonance 
frequencies of C-MLSRR and complementary MSRR shown in Fig. 6.6(c). As a natural extension 
of the SRR, MSRR with multiple rings can be effectively used to tune the resonant frequency 
towards lower values [121], and its complementary with 6 split rings is depicted in Fig. 6.6 (c), 
which has the same size as C-MLSRR. 

 

6.2.2 Microstrip line loaded with C-MLSRR  
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The microstrip line loaded with C-MLSRR on the back substrate side is shown in Fig. 6.7. 
The microstrip line is implemented on a Taconic RF35 substrate with dielectric constant εr=3.5, 
loss tangent tanδ=0.0018, and thickness h=0.76 mm with the substrate size L×H=25×20 mm. The 
width of the upper conductor strip is 1.8mm of the 50Ω microstrip line. The design parameters of 
the C-MLSRR are d=c=0.2mm, s=1.8mm, h=6.2mm, w=6.2mm, and m=5.3mm.  

      
(a)                                   (b) 

Fig. 6.7 Layout of a C-MLSRR loaded microstrip line (a) without series gap and (b) with series gap 
(g=0.2mm) 

 

 
Fig. 6.8 Equivalent circuit of C-MLSRR loaded microstrip line without series capacitive gap 

Due to the small electrical dimensions of C-MLSRR at resonance, the structure is described 
in terms of lumped-element equivalent circuits and the proposed equivalent-circuit model for 
C-MLSRR loaded microstrip line without series capacitive gap is shown in Fig. 6.8. L and C are 
the per-section inductance and capacitance of the host transmission line, while the C-MLSRR is 
electrically coupled with the microstrip line through CM. From the circuit of Fig. 6.8, the 
dispersion relation of C-MLSRR periodically loaded transmission lines can be easily obtained as 
follows: 
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where β is the propagation constant for Bloch waves and l is the period of the structure. Eq. 
(6.4) indicates the presence of two frequency gaps in the vicinity of the two different resonant 
frequencies, i.e., f1 and f2, where the total shunt impedance YP is highly inductive. These 
stopbands are due to the presence of negative values for effective ε [9][10].  
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To achieve a left-handed transmission line we can add capacitive gaps on the top inductor 
strip of the transmission line [9] as shown in Fig. 6.7(b). These gaps can provide a negative 
effective permeability up to a frequency that can be tailored by properly choosing the gap 
dimensions. If this frequency is set above f1 and f2, the stopbands will switch to passbands in the 
vicinity of f1 and f2.  

For demonstrating the electrical compactness of the proposed C-MLSRR, the transmission 
line loaded with complementary MSRR is also fabrication and measured. The complementary 
MSRR shown in Fig. 6.6(c) is etched on the back substrate side and its dimensions are: 
d=c=0.2mm, t=0.2mm, h=6.2mm, and w=6.2mm. 

 
(a)                              (b) 

Fig. 6.9 Transmission response of (a) C-MLSRR loaded transmission line and (b) complementary MSRR 
loaded transmission line  

 

 The measured transmission responses of transmission line loaded with the C-MLSRR and 
the complementary MSRR are shown in Fig. 6.9. We can see from Fig. 6.9 (a) that two rejection 
bands (return loss > 10dB) are 1.97 GHz~2.15 GHz, and 4.54 GHz~4.56 GHz for C-MLSRR 
loaded transmission line without series gap. The size of C-MLSRR is 0.05λ0 ×0.05λ0 at the first 
stopband centre frequency 2.06 GHz and 0.1λ0 ×0.1λ0 at the second stopband centre frequency 
4.55 GHz. When a series gap (with gap width g=0.2mm) is added on the C-MLSRR loaded 
microstrip line as shown in Fig. 6.7(b), two transmission peaks appear at 1.92 GHz and 4.45 GHz. 
This is consistent with the foregoing analysis. Meanwhile, as shown in Fig. 6.9 (b), the 
transmission lines loaded with the complementary MSRR without series gap and with series gap 
show one rejection band (2.3~2.65 GHz, centered at 2.47 GHz,) and one pass band (centered at 
2.45 GHz,), respectively. This verifies the compactness of the C-MLSRR, and moreover, even 
smaller sub-wavelength inclusions for the required miniaturization goals can be achieved by using 
higher-permittivity substrate. 

 

6.2.3  Compact ultra-wideband slot antenna with dual notch 
frequency bands  
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A compact ultra-wideband slot antenna with dual notch frequency bands is proposed and 
designed as an application of the proposed C-MLSRR. The prototype of the UWB antenna on a 
1.52-mm-thick substrate (εr =3.5) is the same as the one proposed in [122], in which a circular 
patch of radius RI= 9 mm is embedded inside a circular slot of radius RO=13 mm with the center 
offset r=3.5mm. Coplanar waveguide (CPW) feed with characteristic impedance ZO =50 Ω is 
composed of a signal conductor with width 2.2 mm and two gaps with width 0.2 mm on each side. 
According to the simulated parametric study of the voltage standing wave ratio (VSWR), the 
frequency band of the slot antenna is from 2.4 to 11.2 GHz. The parameters of the C-MLSRR 
etched on the inner circular patch of the antenna are: h=6.2mm, w=3.6mm, d=c=0.2mm, 
m=2.6mm, the increment of the meander line slot p=0.4mm. The measured VSWR shown in Fig. 
6.10(b) verify that this antenna worked in a very wide bandwidth (from 2.4 to 10.1 GHz) while 
eliminating two notch frequency bands centered at 3.45 GHz and 8.15 GHz. 
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(a)                            (b) 

Fig. 6.10 (a) Geometry of the proposed antenna etched with one C-MLSRR and (b) VSWR of the fabricated 
antenna. 
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Chapter 7  Conclusions and Future Work 

 

In summary, this thesis focuses on investigating different potential applications of meta-TL, 
particularly CRLH TL, and analyzing the new realization principles of meta-TL, mostly LH TL, 
and new phenomenon and applications of them. 

 Based on the unique phase response of the CRLH transmission line, such as dual-band 
operation, bandwidth enhancement, nonlinear dependence of the frequency, and the existence of 
critical frequency with zero phase velocity, some novel applications of the now-existing CRLH 
transmission line were given, including broadband phase shifter/balun, diplexer, and dual band 
coupler. Meanwhile, a low pass filter was also proposed and designed based on an ENG Coplanar 
Waveguide (CPW). 

Passive and active principles to realize the left-handed transmission line and composite 
right/left handed transmission line were investigated. In the passive approach, dual composite 
right/left handed transmission line (D-CRLH TL), lattice type transmission line (LT-TL), and 
left-handed transmission line based on finger shorted interdigital capacitors (FSIDC) were 
presented. In the active approach, transmission line loaded with the 
negative-impedance-converted inductors and capacitors was illustrated as the first non-dispersive 
LH transmission line.  

Finally some study of transmission lines loaded with complementary split ring resonators and 
the design of a dual band split ring resonator were given. A new equivalent circuit for the 
transmission lines loaded with complementary split ring resonators was presented and the 
dual-band split ring resonator was applied in rejecting unwanted frequencies in UWB antenna. 

 

The future work will include: 

1. Expansion of the application area of the newly proposed approaches for realizing LH TL. 
In the experimental realization of the lattice type transmission line and the finger-shorted 
interdigital capacitor structure presented in Chapter 4, unwanted parasitic effects need taking into 
consideration. More generalized models are required in the future analysis. Their potential 
applications can be expanded into not only the guided-wave applications but also radiated-wave 
applications, based on their unusual properties. These applications can also be extended from 
microstrip line to different kinds of transmission lines, such as coplanar waveguides, waveguides, 
coplanar striplines and so on. 

2. Investigation of the possible realization of the active LH TL presented in this thesis, or 
more precisely, the negative series/shunt impedance converter in high frequencies.  

3. Investigation of the possibilities that the transmission line network of metamaterial is used 
as a bulky material, which can be utilized in the design of wideband invisibility cloaks and 
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wideband absorbers. Compared to the resonant approach (i.e., SRR), the biggest advantage of the 
transmission line approach lies in its wideband performance.  
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Appendix  

List of abbreviations 
 

1D One Dimensional 

2D Two Dimensional 

3D Three Dimensional 

CRLH Composite Right/Left Handed 

CSRR Complementary Split Ring Resonator 

D-CRLH Dual Composite Right/Left Handed 

DNM Double Negative Material 

ENG Epson-negative 

FSIDC Finger-Shorted InterDigital Capacitor 

IDC InterDigital Capacitor 

LH Left-Handed 

LHM Left-Handed Material 

MLSRR Meander Line Split Ring Resonator 

MNG Mu-negative 

MSRR Multiple Split Ring Resonator 

NRI Negative Refractive Index 

RH Right-Handed 

RHM Right-Handed Material 

SNG Single NeGative 

SRR Split Ring Resonator 

TE Transverse Electric 

TL Transmission Line 

TM Transverse Magnetic 
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