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Abstract: A new approach was introduced to analyze composite right/left-handed transmission lines (CRLH TLs). The Bloch
impedance and the dispersion relations are directly obtained from the S parameters of the unit cells. The LH and RH frequency
bands are then identified by the real parts of the Bloch impedance and the phase delay of the unit cells. The new approach has some
advantages over the LC parameters extraction method introduced by Caloz et al.(2004). Based on the new approach, a novel
resonator is designed using CRLH TLs. The simulation and experimental results accorded well with the theoretical analysis. The

novel resonator may have potential applications in filters with high harmonic suppression and compact structures.
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INTRODUCTION

Left-handed materials (LHMs) are characterized
by simultaneously negative permittivity and perme-
ability. It was first investigated theoretically by Ve-
selago (1968). The experimental realization of LHM
with resonance structures was demonstrated by Smith
et al.(2000). Since then, LHM has gained significant
interest and started to be integrated into novel mi-
crowave and optical applications. The transmis-
sion-line (TL) approach was recently proposed to
realize LHMs (Eleftheriades et al., 2002). LH-TL is
the dual of the conventional RH-TL in which the
inductance and capacitance have been interchanged.
All practical LH structures include RH parasitic ef-
fects, and are therefore composite right/left-handed
(CRLH) in reality (Sanada et al., 2004). The parasitic
RH property can be expressed by inserting series
inductance and shunt capacitance into the unit cell.
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CRLH can be realized by microstrip circuits which
can be conveniently implemented in microwave cir-
cuits and antennas. A useful approach to analyze
microstrip-based CRLH is the LC parameters extrac-
tion approach first introduced by Caloz et al.(2004).
This paper presents a new approach developed to
analyze the characteristics of CRLH. The Bloch im-
pedance and the dispersion relations are directly ob-
tained from the S parameters of the unit cells. The
new approach has some advantages over the LC pa-
rameters extraction method. The new approach was
applied to design a novel resonator. The simulation
and experimental results accorded well with the
theoretical analysis.

CRLH TL

The CRLH TL is configured as a periodic net-
work of the unit cell (shown in Fig.1). Lp and Cp
represent the shunt inductance and series capacitance.
Similarly, Lr and Cr represent the series inductance
and shunt capacitance. Expressing the unit cell in
terms of a four-port ABCD matrix and solving the eigen-
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Fig.1 Unit cell of CRLH TL

value problem with the Bloch-Floquet periodic
boundary conditions, we can obtain the dispersion
relation:
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where £ is the wave number. This dispersion relation
is the keystone of CRLH structures. The group ve-
locity v,=dw/df can be calculated from Eq.(1). In the
frequency band where the group velocity is negative
for positive f, the wave has anti-parallel group and
phase velocities and therefore CRLH support back-
ward waves (LH waves) but support forward waves in
the frequency band where the group velocity is posi-
tive for positive . One good use of CRLH TL is
microstrip implementation, which potentially pro-
vides better performances at high frequency. The unit
cell of the microstrip CRLH TL proposed by Caloz et
al.(2004) consists of a series interdigital capacitor and
a shorted stub inductor as shown in Fig.2.
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To ground —p=

Fig.2 Microstrip implementation of CRLH TL

With the LC parameter extraction approach

(Caloz et al., 2004), the unit cell can be mapped to the
model of Fig.1. Then the characteristics of the CRLH
in different frequency bands can be analyzed based on

Eq.(1).

A NEW APPROACH TO ANALYZE CRLH TL

In this section, a new approach will be intro-
duced for analyzing the CRLH TL characteristics.
First, the S parameters of the unit cell are obtained by
full-wave simulation or experimental measurement.
Since the CRLH TL is in the form of a periodic net-
work of unit cells, Bloch-Floquet theorem can be used
to obtain the eigen modes directly from the S pa-
rameters of the unit cell (Fig.3).
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Fig.3 (a) The S parameters of the unit cell (normalized
to the port impedance Z); (b) The eigenmode of the
CRLHTL

Two important factors related to the eigen modes
are the Bloch impedance Zp and the wave number f.
The Bloch impedance Zp represents the ratio of the
voltage and the current in the eigen modes,

ZB: VB/ IB. (2)

Hence the power of the eigen modes can be repre-
sented by

1 L1
PB=§Re(VBIB )=5Re(ZB)|IB|2 . 3)

This means the sign of Re(Zp) is related to the direc-
tion of the energy flow in eigen modes. On the other
hand, the real part of §§ represents the phase propaga-
tion. Therefore the LH and RH frequency bands can
be identified by the sign of Re(f)Re(Zp). In the fre-
quency band where Re(f)Re(Zp)<0, the directions of
energy flow and wave propagation are anti-parallel.
This means the eigen modes are backward waves and
the frequency bands are LH bands. In contrast, the RH
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band is identified by Re(#)Re(Z5)>0. This new ap-
proach has some advantages over the LC parameters
extraction approach.

(1) The new approach is suitable for unit cells
with arbitrary structures. The LC parameters extrac-
tion approach is only suitable for unit cells with LC
components.

(2) In the new approach, Zg and S are directly
obtained from the S parameters of the unit cell. It
naturally takes the dispersion of the microstrip com-
ponents into account and the results may be accurate
over a wide frequency band.

(3) Under lossy case, Eq.(1) no longer works. In
the new approach, LH and RH bands can still be
identified by the sign of Re(f)Re(Zp).

If the structure of the unit cell is symmetrical, the
Bloch impedance and the wave number can be ana-
Iytically expressed by the S parameters below:
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For symmetrical unit cells, if we renormalized the S
parameters in terms of the Bloch impedance, we can
obtain
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It is seen that the unit cell is equivalent to a segment
of a TL with characteristic impedance Zg and phase

delay pd. If the CRLH TL is open-ended, its input
impedance is

Z, = =JZycot(pd), (7
while the input impedance of the shorted CRLH TL is

Z, = iZytan(Bd). ®)
DESIGN OF A NOVEL RESONATOR BASED ON
CRLH TLS

With a little modification, the microstrip-based
unit cell becomes symmetrical. Fig.4a shows the new
structure and its dimensions. It consists of two series

interdigital capacitors embedded with an inductor and
was fabricated in a substrate with thickness d=1.5 mm
and relative permittivity £~2.65. Using the new ap-
proach described in the above section, the Bloch im-
pedance Zg and phase delay fd were obtained and
plotted in Figs.4b and 4c¢, showing that the LH band
exists between 3.2~4.2 GHz.
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Fig.4 The symmetrical unit cell structure. (a) Structure;
(b) Bloch impedance; (c) Phase delay

In LH band, Zg is negative and f is positive. If
pd<mn/2, the open-ended CRLH TL is equivalent to an
inductance. This is different from the conventional
TLs. These unusual properties can be applied to de-



88 Li et al. /J Zhejiang Univ SCIENCE A 2006 7(1):85-88

sign a novel resonator whose topology is shown in

Fig.5.
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Fig.5 The topology of the novel resonator with open
ended TL

The upper part is open-ended LH TL equivalent
to an inductance and the lower part is open-ended RH
TL equivalent to a capacitance. Two tapered micro-
strips are used to match the feed lines at the two ports.
The total structure serves as a parallel connected LC
resonator. The novel resonator was fabricated in
substrate with thickness #=1.5 mm and relative per-
mittivity =2.65. Its photograph is shown in Fig.6. It
is measured with Agilent 8722E network analyzer
and the result is plotted in Fig.7.

Fig.6 Photograph of the novel resonator with open
ended TL
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Fig.7 Measured Sy; of the novel resonator with open
ended TL

The resonant frequency is 3.89 GHz and lies in
the LH frequency band of the CRLH TL. Theoreti-
cally speaking, the resonance frequency is not de-
pendent on the total length of the resonators, but on
the ratio of the length of the LH and RH parts. This
property is similar to the resonator introduced by
Engheta (2002). Since the CRLH TL is dispersive, the
novel resonator is generally not resonant in the har-
monic frequencies. It may have potential applications
in compact filters with high harmonic suppression.

CONCLUSION

In this work, a new approach was developed for
analyzing the characteristics of CRLH. The Bloch
impedance Zg and the wave number £ are directly
obtained from the S parameters of the unit cells. The
LH and RH frequency bands are identified by the sign
of Re(f)Re(Zg). The new approach has some advan-
tages over the LC parameters extraction method and
was used to design a novel resonator. The simulation
and experimental results accorded well with the
theoretical analysis. The novel resonator may have
potential applications in compact filters with high
harmonic suppression.
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