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Abstract: A dual structure of composite right/left handed (CRLH) transmission line (TL) is analyzed in which an inductance LR
is in parallel with a capacitance CL and a shunt capacitance CR is in series with an inductance LL. Both the distributed and lumped
cases are considered. The dispersion diagram and transmission properties of the dual CRLH TL are given and compared with those
of a standard CRLH TL. Contrary to the frequency response of a standard CRLH TL, a dual CRLH TL has a left-handed (negative
phase shift) band at higher frequencies and a right-handed (positive phase shift) band at lower frequencies. A novel dual-band
balun is presented as an application.
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INTRODUCTION
An artificial dielectric medium that exhibits simultaneously negative electric permittivity and
magnetic permeability, also known as a left-handed
(LH) material, was first envisaged by Veselago, who
theoretically predicted that such a medium would
exhibit a negative refractive index (NRI) (Veselago,
1968). An artificial NRI medium exhibiting backward-wave propagation characteristics (and therefore
a negative refractive index) was first realized experimentally in (Shelby et al., 2001) using a volumetric structure with thin wire strips and split-ring
resonators. A planar NRI medium was later 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 (Iyer and Eleftheriades, 2002; Eleftheriades et al., 2002; Caloz and Itoh, 2004). A more
‡

Corresponding author
Project supported by the National Basic Research Program (973) of
China (No. 2004CB719802), and the Science and Technology Department of Zhejiang Province (No. 2005C31004), China
*

general configuration—composite right/left handed
(CRLH) TL meta-structure, which includes both
right-handed (RH) and LH effects, was proposed and
discussed in (Lai et al., 2004).
In this letter, we study a dual structure (hereafter
called dual-CRLH or D-CRLH for simplicity) of the
standard CRLH TL. In such a D-CRLH TL, an inductance LR is in parallel with a capacitance CL, and a
shunt capacitance CR is in series with an inductance LL.
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. Based on the opposite phase shifting
property of a CRLH and a D-CRLH, a novel
dual-band balun is designed in this letter.

THEORY
Distributed LC network of D-CRLH
Uniform CRLH and D-CRLH TLs (lossless) are
equivalent to the distributed LC networks shown in
Figs.1a and 1b, respectively. The frequencies for the
series and shunt resonances of the D-CRLH TL are:
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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.2 showing that in the
balanced case the stop band vanishes and the transition from LH to RH occurs at the transition frequency
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Fig.1 Equivalent circuit model in a distributed LC
network. (a) Standard CRLH TL; (b) Dual CRLH TL
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In the balanced case (Lai et al., 2004), the series
and shunt resonance frequencies are equal, i.e.,
LR′ CL′ = LL′ CR′ .

The propagation constant of a TL is given by

γ = α + jβ = Z ′Y ′ ,

(2)

1
1
, Y′ =
.
−1
jωCL′ − j(ω LR′ )
jω LL′ − j(ωCR′ )−1

(3)

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


β = S (ω )  ωCL′ −


1 
1
 ω LL′ −
′
ω LR 
ωCR′



 

−1/ 2

For a D-CRLH TL, the characteristic impedance
is
LR′ (ω 2 LL′ CR′ − 1)
Z′
.
=
Y′
CR′ (ω 2 LR′ CL′ − 1)

ance ( Z c = LL′ / CL′ = LR′ / CR′ ) is frequency independent, and thus can be matched over a wide band
[as the case of CRLH TL in (Lai et al., 2004)].
Lumped LC network of D-CRLH
An effectively uniform D-CRLH TL can be
constructed by periodically cascading the LC unit cell,
as shown in Fig.3.
The dispersion relation for a lumped D-CRLH
TL is

β (ω ) =
(5)

(7)

In the balanced case, the characteristic imped-

, (4)

where
ω>ω2 ,
 −1,
S (ω) = 
0<ω<ω1 ,
 +1,
ω1=min(ωse, ωsh), ω2=max(ωse, ωsh).

Fig.2 Dispersion diagram of the distributed D-CRLH TL

Zc =

where Z′ and Y′ are the per-unit length impedance and
admittance, respectively. In D-CRLH TL, Z′ and Y′
are defined as
Z′ =

β

1
arc cos(1 + ZY/2),
p

(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
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AN APPLICANTION: A DUAL-BAND BALUN

LR

Utilizing the opposite phase shifting property of
a D-CRLH and a CRLH, we design here a dual-band
balun as shown in Fig.5.
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−

Fig.3 The lumped LC unit cell for a dual CRLH TL

Z=

1
1
, Y=
. (9)
−1
jω CL − j(ω LR )
jω LL − j(ω CR ) −1

For the balanced case, the dispersion diagrams of
a lumped CRLH TL (dashed line) and a lumped
D-CRLH TL (solid line) are given in Fig.4 showing
that in a lumped D-CRLH TL a 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 was utilized to achieve a notch filter in our
previous work (Li et al., 2006). Furthermore,
D-CRLH has a phase shifting property opposite to
that of a standard CRLH，with an LH (negative phase
shift) region at higher frequencies and an RH (positive phase shift) region at lower frequencies (below
the stopband).
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Fig.5 The proposed dual-band balun

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,
and the bottom branch 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 [see Eq.(7)] and CRLH should satisfy
Z c = 2Z 0 RL ,

(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 1.
Table 1 Parameters used in the proposed dual-band
balun

4
3 ω0

D-CRLH
CRLH

2

LR (nH)
2.43
4.33

LL (nH)
4.33
2.43

CR (pF)
0.49
0.87

CL (pF)
0.87
0.49

1
−π/p

−π/(2p)

0

π/(2p)

π/p

β (rad/m)

Fig.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)

Fig.6 shows the simulated S parameters of the
proposed balun. The solid curve of Fig.6 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).
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Fig.6 Phase responses at the two outputs of the proposed dual-band balun

CONCLUSION
A dual structure of CRLH transmission line,
which consists of an inductance LR in parallel with a
capacitance CL and a shunt capacitance CR in series
with an inductance LL, has been analyzed. Unlike the
standard CRLH transmission line, the D-CRLH
transmission line has an RH frequency response at
lower frequencies and an LH frequency response at
higher frequencies. The lumped D-CRLH has a
stopband (non-zero even for the balanced case)
around the RH-LH transition frequency. As an application of this D-CRLH TL, a novel dual-band
balun is presented.
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