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Abstract:    A wideband composite right/left handed transmission line (CRLH TL) in conjunction with its corresponding equiva- 
lent circuit model is studied based on a cascaded complementary single split ring resonator (CCSSRR). The characterization is 
performed by theory analysis, circuit simulation, and full-wave electromagnetic (EM) simulation. The negative refractive index 
(NRI) and backward wave propagation performance of the CRLH TL are demonstrated. For application, a bandpass filter (BPF) 
with enhanced out-of-band selectivity and harmonic suppression operating at the wireless local area network (WLAN) band is 
designed, fabricated, and measured by combining the CRLH TL with a complementary electric inductive-capacitive resonator 
(CELC). Three CELC cells with wideband stopband performance in the conductor strip and ground plane, respectively, are util-
ized in terms of single negative permeability. The design concept has been verified by the measurement data. 
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1  Introduction 
 

Since the complementary split ring resonators 
(CSRRs) were initially proposed by Falcone et al. 
(2004), the resonant-type composite right/left handed 
transmission line (CRLH TL) has emerged and at-
tracted extensive attention in the field of metamate-
rials (MTMs). To date, it has led to a completely new 
concept and brought extensive applications in mi-
crowave filters, couplers, and antennas (García- 
García et al., 2005; Bonache et al., 2006; Niu, 2010; 
Xu et al., 2011c). Although these filters feature 
compactness, improved selectivity, and even har-
monic suppression out of band, the left handed (LH) 
band is essentially narrow and deserves further re-
search and improvement. The electric inductive- 
capacitive resonator (ELC) (Schurig et al., 2006) and 

its complementary counterpart (CELC) (Hand et al., 
2008) have been demonstrated as an electric resonator 
and a magnetic resonator, respectively, in bulk MTMs. 
Concerning the microstrip CELC in the ground plane 
(Lu et al., 2008), single negative permeability is ex-
pected according to the Babinet principle and in turn 
the resultant signal inhibition characteristic can be 
adopted for harmonic suppression. 

As to the previous low-pass filters with ultra 
wideband stopband characteristic (Mandal et al., 
2006; Xu et al., 2011b), a chain of cells with different 
dimensions are preferably selected. Each cell pro-
vides a transmission zero contributing to out-of-band 
suppression over a specified frequency range. Al-
though the design concept is straightforward and 
simple, the collection of multiple cells may increase 
the area of microwave circuits, which certainly con-
flicts with the recent trend of highly integrated circuit. 
Concerning the harmonic suppression of the bandpass 
filter (BPF), the aforementioned concept can be cer-
tainly utilized for this issue. A survey of literature 
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indicates that other technologies were also available, 
e.g., coupled BPF using fractal geometry (Kim et al., 
2005; Chen and Wang, 2009), BPF with far out-of- 
band suppression below or above the passband by 
introducing transmission zeros (Tsai et al., 2003; 
Amari and Rosenberg, 2004). Although these BPFs 
have comparable out-of-band suppression, the syn-
thesis of those transmission zeros is somewhat com-
plicated, making the alternative, improved, and sim-
plified design a pressing task. 

In this paper, we perform a complementary study 
on the wideband CRLH TL based on a cascaded 
complementary single split ring resonator (CCSSRR) 
recently proposed by Xu et al. (2011a), followed by a 
novel BPF design through combining the CRLH TL 
with CELC. The BPF advances in terms of high 
performances including deep rejection in the har-
monic, low in-band insertion loss, and steep rejection 
skirt in the transition band. The sub-wavelength di-
mensions and particular behavior are the main merits 
of CCSSRR and CELC. 

 
 

2  Layout, equivalent circuit model, and 
analysis of CRLH TL 
 

Fig. 1 plots the topology of the CRLH TL in-
corporating different cells in the propagation direc-
tion and the corresponding equivalent T-circuit model 
(irrespective of losses for easy analysis). As can be 
seen, a novel CRLH TL consists of a square CCSSRR 
(in white) etched in the ground plane (in light grey) 
and a series capacitive gap above the CCSSRR on the 
signal strip (in dark grey) for proper electric excita-
tion. The CCSSRR is formed from a fundamental 
complementary single split ring resonator (CSSRR) 
with a center pole dividing the particle into two iden-
tical smaller CSSRRs and two splits symmetrically 
located in the center top side of each smaller CSSRR. 
Each CRLH cell is spaced by a w=4 mm access line. 
Notice that the conventional CRLH TL using a 
CSSRR can be referred to Xu et al. (2011b) and thus 
it is not reproduced here for brevity. For characteri-
zation, the CRLH TL with physical parameters 
g1=g2=0.2 mm, g3=0.3 mm, w3=6 mm is designed on 
the F4B-2 (North Electronic Engineering Research 
Institute, Xi’an, China) substrate with a thickness of 
0.8 mm and a dielectric constant of 2.65. 

 
 
 
 
 

 
 

 
 
 
 
 
 
 
  

 
 

 
 

Since the electric response of a novel CCSSRR is 
composed of two parts, namely, the primary excitation 
induced by the fundamental CSSRR with two splits 
and the second excitation by two identical smaller 
CSSRRs formed by the center pole and single split, 
two shunt branches should be adopted in the circuit 
model to represent these resultant effects (Xu et al., 
2011a). In Fig. 1c, Ls models the line inductance, Cg 
models the gap capacitance, and C1 represents the 
coupling effect between the conductor strip and the 
fundamental CSSRR which is described by means of a 
parallel resonant tank (Lp1 and Cp1). Similarly, C2 
models the electric coupling between the line and 
small CSSRR which is characterized by means of a 
resonant tank (Lp2 and Cp2). The two shunt branches in 
the circuit model distinguish the CRLH TL from any 
previous counterparts using CSSRR and CSRRs 
whose circuit models feature only one shunt branch.  

Here, we begin with the research from circuit 
theory analysis. Given a CRLH TL with an N-cell 
ladder network, the transmission characteristic can be 
conveniently calculated using the [ABCD] matrix 
method (Caloz and Itoh, 2006). For one-cell CRLH 
TL, the [ABCD] matrix for the two-port network 
associated with the input and output voltage and 
current is formulated as follows: 

 

outin

in out

.
VV A B

C DI I

    
     
    

                    (1) 

 

(a) 

(b) (c) 

Fig. 1  Topology and the corresponding equivalent 
T-circuit model of the CRLH TL  
(a) Three cells in the propagation direction; (b) Dimensional
illustration of one cell; (c) Circuit model 
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Note that the ABCD parameters can be easily trans-
ferred to scattering (S) parameters. Therefore, the 
transmission characteristic of the N-cell CRLH TL 
can be immediately obtained by cascading N two-port 
networks: 
 

outin

in out

,N N

N N

VV A B
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    
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                 (2) 

where  

1

.
kN

N N

kN N

A B A B

C D C D

   
   

  
                (3) 

 
Although the CRLH cells are identical (isotropic) 

and periodically cascaded in the current particular 
case for computation and fabrication convenience, it 
is not necessary to require this periodic and isotropic 
configuration. The [ABCD] matrix of the one-cell 
two-port network is related with the series impedance 
Z and total shunt admittance Y (two shunt branches) 
as follows: 
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where Z is associated with circuit elements, and  
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The calculation of Y is somewhat sophisticated and 
can be attained as 
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From Eq. (3), we conclude that the transmission 

characteristic of the N-cell CRLH TL is determined 
solely by that of the fundamental CRLH cell. Due to 
the two shunt branches in the circuit model, two 
transmission zeros are expected to be (Xu et al., 
2011a) 

z1 z1

p1 1 p1

1
2π ,

( )
f

L C C
  


              (7) 

z2 z2

p2 2 p2

1
2π .

( )
f

L C C
  


             (8) 

 
Fig. 2 depicts the schematic of the CRLH TL 

constructed by periodically cascading a collection of 
unit-cell ladder networks. Since the CRLH TL is 
infinite and periodic, the input impedance Zin should 
be the same at an arbitrary node. Therefore, we di-
rectly obtain the following equation:  

 

in 1 2
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1 2 1 2 in
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The real part of Zin, Re(Zin), takes poles when 
Z(Y1+Y2)=0, and takes zero when Z(Y1+Y2)=−4. In the 
lossless case, Z is purely imaginary. Consequently, 
the above two cases represent the changes in sign of 
Re(Zin), and in turn correspond to the cutoff frequen-
cies (Caloz and Itoh, 2006). The upper limit of the LH 
band (ωp) and the lower limit of the right handed (RH) 
band (ωse) are achieved by forcing Y and Z to be null 
(namely, the requirement in the first case), which 
yields 

 
2 2 2
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2
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The CRLH TL is rigorously balanced only when 

ωp=ωse. The lower limit of the LH band L
LH( )  and 

the upper limit of the RH band H
RH( ),  namely two 

cutoff frequencies, can be obtained by solving the 

Fig. 2  Input impedance of CRLH TL with an infinite 
periodic ladder network 
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equation in the second case. The solving process is 
sophisticated and tedious; therefore, the analytic ex-
pressions of cutoff frequencies are not provided. 
However, they can be ambiguously identified from 
the transmission characteristic of a CRLH TL with a 

large number of cells. Note that the L
LH  and H

RH  of 

CRLH TL are not the transmission zeros (attenuation 
poles) that the two shunt branches provide. In general 

form, they fulfill the requirement of z1 ≤ L
LH <ωp≤ 

ωse<
H
RH ≤ z2 . 

For characterization, CRLH TLs depicted in 
Fig. 1 are investigated by means of moment-of- 
method (MOM) based planar electromagnetic (EM) 
simulation through Ansoft Designer together with 
electrical simulation through circuit simulated engine 
Ansoft Serenade. During the lumped parameters ex-
traction process (electrical simulation), S-parameters 
of the circuit model are driven to match the EM sim-
ulated ones. Fig. 3 illustrates the EM simulated full- 
wave and electrically simulated S-parameters of the 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CRLH TL which has different cells in the propagation 
direction. It is unambiguous that these results are in 
desirable agreement in both cases, which has verified 
not only the rationality of the presented circuit model 
but also the extracted circuit elements.  

After a further inspection, three most important 
aspects should be highlighted. Firstly, the novel 
CRLH TL obviously exhibits two transmission zeros 
around 3.7 and 6.5 GHz in the lower and upper edges 
of the transmission band, respectively. Secondly, the 
−10 dB impedance bandwidth of the CRLH TL 
ranging from 5.1 to 6.1 GHz has been significantly 
broadened with respect to 0.2 GHz of the conven-
tional CSSRR-loaded CRLH TL with the same 
physical parameters. Thirdly, the lower and upper 
band skirt suppression and selectivity are enhanced 
significantly with the increase of the number of cells 
in both cases. Very accurate cutoff frequencies can be 
absolutely identified, especially when N=3 in the 
former case and N=10 in the latter case. The cutoff 

frequencies L
LHf =4.77 GHz and H

RHf =6.26 GHz in 

the former case are quantitatively very similar to 
L

LHf =4.83 GHz and H
RHf =6.38 GHz in the latter case. 

The extracted circuit elements are listed as 
Ls=3.86 nH, Cg=0.20 pF, C1=1.96 pF, C2=0.82 pF, 
Cp1=0.20 pF, Lp1=0.85 nH, Cp2=7.66 pF, Lp2=0.07 nH. 
By inserting these lumped elements into Eqs. (7) and 
(8), two attenuation poles are obtained as 3.70 and 
6.53 GHz, which are qualitatively very similar to 
those obtained from EM simulation. Consequently, 
we conclude that C1, Cp1, and Lp1 are responsible for 
the lower transmission zero while C2, Cp2, and Lp2 for 
the upper transmission zero. Note that the funda-
mental CSSRR for lower transmission zero is not 
intuitive and we have verified it from individual 
analysis of the fundamental CSSRR (i.e., by exclud-
ing the center pole from CCSSRR). As expected, the 
lower transmission zero obtained from this structure 
is 3.55 GHz, which is almost identical to that of 
CCSSRR. Note that perfect coincidence is impossible 
due to the effects of the center pole.  

Since the negative permittivity of CSSRR and 
resultant LH characteristic of the CRLH TL have 
been successfully validated by the effective material 
parameters, they are not reproduced for brevity. Here, 
of particular interest is that we concentrate on the 
composite balanced LH and RH band characteristic. 
In this regard, Fig. 4 depicts the curve of refractive 

(a) 

(b) 

Fig. 3  S-parameters of CRLH TLs which have different 
cells in the propagation direction obtained from EM 
full-wave simulation (a) and circuit simulation (b) 
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index n and propagation constant β of one-cell CRLH 
TL from simulated S-parameters by using the im-
proved retrieval method (Xu et al., 2011b). A very 
obvious negative refractive index and backward wave 
propagation can be obtained. It also indicates that the 
essential LH band which allows signal to transmit 
freely is in the scope of 4.90–5.65 GHz. In this range, 
the imaginary part of the refractive index, which ac-
counts for electric and magnetic loss, is approxi-
mately zero. Above 5.65 GHz, a narrow RH band 
continues. Therefore, an exciting characteristic is that 
the balanced passband consists of not only an LH 
contribution but also an RH one. 

 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 

3  Bandpass filter application 
 

Based on the established circuit model and 
analysis of novel CRLH TL, it is easy for us to utilize 
the unique behavior of two transmission zeros to 
engineer a BPF. Note that the operating frequencies 
of CRLH TL (composite LH and RH bands) can be 
adjusted up and down to any arbitrarily specified band 
by scaling the dimensions of the CRLH cell. Despite 
this, the upper stopband bandwidth of the novel 
CRLH TL is still narrow and too insufficient for 
harmonic suppression above the passband. A multi- 
cell CRLH TL is able to enhance the lower and upper 
skirt selectivities; however, a collection of these cells 
may facilitate a large circuit area. In this regard, we 
consider using several CELC cells and locating their 
wide stopband above the edge of the RH band of the 
CRLH TL to address these problems. 

It has been well established that the rejection 

level and stopband bandwidth increase with the 
number of particles adopted (Mandal et al., 2006; Xu 
et al., 2011b). In the current design, three CELC cells 
and one CRLH cell are considered. Double-layer 
CELC pattern is utilized to facilitate the integrated 
circuit, which is a tradeoff between miniaturization 
and good upper band skirt performance. The two 
alternative types of CELC allow additional flexibility 
in BPF design. Topology of the eventually designed 
BPF is shown in Fig. 5. It has been well established 
that the stopband of CELC in the ground emerges, 
attributing to single negative permeability in the vi-
cinity of magnetic resonance (Lu et al., 2008). The 
transmission zero can be controlled by a distance 
length L and a pole height h. 

 
 
 
 
 
 
 
 

 
 
 
 
 
 

Here, we concentrate on the study of a novel 
CELC in the conductor strip for comprehensive un-
derstanding of the performances and mechanisms. 
For characterization, the F4B-2 substrate with a 
thickness of 0.8 mm and a dielectric constant of 2.65 
is applied for design including the forthcoming BPF. 
The optimized physical parameters of three CELC 
cells are L=14.4 mm, h=5.5 mm, and g4=0.3 mm. 
Fig. 6 shows the simulated full-wave S-parameters 
and retrieved constitutive EM parameters obtained 
from n and effective impedance z (Xu et al., 2011b). 
According to Fig. 6a, a very wide stopband with two 
additional transmission zeros is achieved. By refer-
ring to Fig. 6b, we conclude that magnetic resonance 
is responsible for the first transmission zero while 
electric resonance for the second one. The wide 
stopband is engineered due to the merging of the two 
resonances. If h were selected to be a little larger, a 
passband would have emerged between them. 

Fig. 5  Topology of the proposed BPF using a CCSSRR-
loaded CRLH cell and CELC 
The CRLH cell is embedded in the center, whereas three 
CELC cells are located in both ends with two of them in the 
conductor strip and the leftover one (below) in the ground 
plane. The structure parameters of three CELC cells are kept 
identical 
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Fig. 4  Refractive index and propagation constant of the 
one-cell CRLH TL 
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To provide controllability over these attenuation 
poles and guidelines for generic design, we have 
performed extensive simulations providing structure 
parameter analysis. For brevity these results are not 
provided. Here we review our efforts and draw di-
rectly the useful conclusion. The value of g4 has little 
influence on these two transmission zeros. The in-
creased L shifts both transmission zeros downwards, 
and narrows the stopband bandwidth because the 
upper transmission zero shrinks even faster than the 
lower fundamental one. The increase of h makes both 
transmission zeros shift upward. However, the 
strength effect of the lower transmission zero is much 
weaker than that of the upper one, and thus the stop-
band bandwidth is enhanced.  

For verification, the proposed BPF operating at 
2.45 GHz has been fabricated and measured (through 
an Anritsu ME7808A vector network analyzer). 
Fig. 7 insets the fabricated prototype of the engi-
neered BPF. It is compact with an occupied area of 
39.4 mm×22 mm. Detailed dimensions of CCSSRR 
are optimized as g1=g2=g3=0.3 mm, w3=12.8 mm. 

Fig. 7 also shows the simulated and measured S-  
parameters of the fabricated BPF. Very reasonable 
agreement is observed in the whole frequency band of 
interest. The measured −10 dB impedance bandwidth 
ranges from 2.28 to 2.70 GHz, in which the insertion 
loss is lower than 1.2 dB. Two transmission zeros 
located in the lower and upper edge bands have in-
creased the practical selectivity to up to 38.6 and 56.6 
dB/GHz, respectively. In the upper out-of-band skirt, 
the signal inhibition is lower than 35 dB at the first 
harmonic 4.9 GHz, while the total suppression is 
lower than 14 dB. Therefore, the engineered filter 
advances in harmonic suppression, compact footprint, 
and a great degree of design flexibility with respect to 
previously reported ones. The key factor to these 
advantages is the dual shunt branch circuit of the 
proposed MTM TL, which significantly reduces the 
number of cells. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

4  Conclusions 
 

A CRLH TL and its corresponding equivalent 
circuit model are studied. The CRLH TL features 
wide passband and an additional upper transmission 
zero. The cutoff frequencies have been well identified 
from theory, full-wave EM simulation, and circuit 
simulation. Novel CELC in the conductor strip has 
been exploited for the first time for the stopband per-
formances which are attributing to the merged lower 
magnetic and upper electric resonances. Therefore, it 
is of practical interest in the design of controllable 
magnetic or electric resonators. By combining the 
CRLH TL with CELC, a BPF with good upper band 
skirt performance has been validated. 

Fig. 7  Simulated and measured S-parameters of the fabri-
cated BPF 
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Fig. 6  Results of the proposed CELC in the conductor strip
(a) S-parameters; (b) Effective permeability and permittivity
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