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Abstract: The pure left-handed transmission line (PLH TL) for a broad left-handed (LH) band is presented. It consists
of a defected ground structure (DGS) and a wire bonded inter-digital capacitor (WBIDC). The bridged connection of
vias to ground makes the components of inductance and capacitance effectively negative. These negative
components exclude a parasitic right-handed branch so that the transmission line has only a pure left-handed
branch. The equivalent circuit of a bridge type is provided to analyse the structure. The dispersion and
S-parameter characteristics of the PLH TL are analysed by circuit analysis, Bloch – Floquet theory, and full-wave
simulation. The measured results of dispersion curves and frequency behaviours have good agreements with
those of theory and simulation. An optimised PLH TL with wide LH fractional bandwidth of 140% is also designed.

1

Introduction

Over the past decade, various metamaterials with exotic
material constants have evolved with novel electromagnetic
concepts such as backward wave propagation, negative
index refraction and inﬁnite wavelength wave propagation
[1, 2]. In particular, planar meta-structured transmission
lines (MTLs) are broadly applied to various radio frequency
(RF) devices such as ﬁlters, couplers, antennas, resonators,
power dividers and baluns because of low loss, convenience
of theoretical analysis and simplicity of the fabrication [3].
However, most of MTLs have a spurious right-handed
(RH) branch because of an inherent series inductance and
shunt capacitance, resulting in a limited left-handed (LH)
band [4 – 6]. If a spurious RH branch were removed, a
broader LH band would be obtained. This pure lefthanded transmission line (PLH TL) could be easily applied
to a wide band RF application.
The main purposes of this paper are to implement the
PLH TL using distributed structures, to design the PLH
TL with a broad LH bandwidth and to show the design
ﬂexibility of the PLH TL. A PLH TL without RH band
is ﬁrst realised using a defected ground structure (DGS)
with a wire bonded inter-digital capacitor (WBIDC). The
cross connection of vias gives rise to the negative values of
inductance and capacitance. These negative components
can make the effective negative epsilon in the reduced
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Brillouin zone (BZ) [7]. It is noted that the reduced BZ is
deﬁned by 0 , bd , p, where bd of p corresponds to half
a guided wavelength on one-dimensional (1-D) structure.
The PLH TL has no RH branch which would appear in
the dispersion curves of conventional MTLs. Thus, the
PLH TL only has a LH band in the BZ. To achieve the
broad PLH band and remove the spurious modes that are a
major drawback of inter-digital capacitor (IDC) [8, 9], a
WBIDC is employed. Using circuit analysis, full-wave
simulation and measurement, the properties of the PLH
TL will be analysed. To design a PLH TL with a wide
LH bandwidth, parameter studies are performed using an
equivalent circuit.

2 Structure and exact equivalent
circuit of proposed PLH TL
Fig. 1 shows the proposed PLH TL structure. The unit cell
consists of a DGS with WBIDC, vias and a conventional
microstrip signal line. In Fig. 1b, to broaden the LH band
and remove spurious modes of an IDC, a WBIDC is
employed because the IDC, a multi-conductor structure,
has spurious modes in relatively lower frequency range
[8, 9]. To realise the PLH TL, the position of via is very
important in design of the unit cell. It is a key point that
the signal line is connected to the end of each ﬁnger of the
WBIDC in the ground plane by vias as shown in Fig. 1.
That is, in Fig. 1a, the via near port 1 of the signal line is
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ground as shown in Fig. 2b using r-parameters [11]. The
r-parameters are expressed as follows

r11 ¼ r22 ¼

v2 Lt1 Ld
¼ Z1 k Z2
jv(Lt1 þ Ld  v2 Cd Lt1 Ld )

(1a)

r12 ¼ r21 ¼

v2 Lt1 Ld
¼ Z1 k Z2
jv(Lt1 þ Ld  v2 Cd Lt1 Ld )

(1b)

where Z1 ¼ jvLt1 and
Z2 ¼
Figure 1 Structure of PLH TL
a Top view
b Bottom view
(a ¼ b ¼ 5 mm, w ¼ 1.1 mm, fg ¼ 0.1 mm, fw ¼ 0.5 mm,
r ¼ 0.3 mm, p ¼ 0.1 mm, the number of ﬁnger pairs ¼ 6, unit
cell length (d ) ¼ 5.2 mm)

connected to the ground plane which links to port 2 in
Fig. 1b and vice versa.

jvLd
1  v 2 Cd L d

Here, r12 (r21) is obtained by relation of V1 and I2 when the
port 1 is open (I1 ¼ 0). In this case, the direction of the
current of I2 is opposite to the voltage of V1 as shown in
Fig. 2d. Therefore the resulting impedance is represented
by parallel value of Z1 and Z2 with negative sign as (1b).
Therefore the impedance (Z ) and admittance (Y ) are
expressed as the following
Z ¼ r11  r12 ¼ r22  r21 ¼ 2 

Consequently, from a viewpoint of signal ﬂow, the circuit
model of a unit cell is exactly represented by a 4-(or balanced)
terminal network with cross-connected circuit as shown in
Fig. 2a. Fig. 2 shows the equivalent circuits of the unit cell
of the proposed PLH TL. A WBIDC overcomes the
drawback of the IDC by interconnecting the ends of the
ﬁngers. That is, the WBIDC, which has almost the same
value of capacitance with that of the IDC, operates as a
capacitor over the wide range of frequency since these
bonding wires prevent the spurious modes of the IDC [8].
Also, the DGS is realised by etching a defected pattern on
the ground plane of 1-D TLs as shown in Fig. 1b. The
DGS is equivalently modelled as a parallel resonant circuit
as shown in Fig. 2a [10]. In Fig. 2, the capacitance (Cd)
and inductance (Ld) of the parallel resonance circuit
because of DGS depend on the number of inter-digital
ﬁngers and/or their gap width and the etched rectangular
size, respectively. The inductance (Lt1) is determined by
the length of the signal line between vias. Also, the
capacitance (Ct) and inductance (Lt) of the host TL are
parasitic elements of the proposed PLH TL.
To explain how to obtain the negative value of L and C in
Fig. 1b, the cross-connected part of the original circuit model
in Fig. 2a is simply represented as the circuit in Fig. 2c
constituted by Z1 and Z2 . Then, the cross-connected
circuit can be changed directly to the bridged circuit as
shown in Fig. 2d by the rearrangement of the circuit. The
bridged circuit can be converted directly to p-equivalent
circuit with the reversed direction of V2 and I2 at port 2 as
shown in Fig. 2e. Therefore the cross-connected part in
Fig. 2a can be converted directly to T-equivalent circuit
with impedance (Z) and admittance (Y ) and common
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(2)

¼

2v2 Lt1 Ld
jv(v2 Cd Lt1 Ld  Lt1  Ld )

Y ¼ 1=r12 ¼ 
¼

Z1 Z2
Z1 þ Z2
(3a)

Z1 þ Z2
jv(v2 Cd Lt1 Ld  Lt1  Ld )
¼
Z1 Z2
v2 Lt1 Ld

jv(v2 (  Cd )(  Lt1 )(  Ld )  (  Lt1 )  (  Ld ))
(3b)
v2 (  Lt1 )(  Ld )

It is noted that the negative value of admittance results from
the reversed current direction, which is due to the cross
connection of the structure, with respect to the voltage.
From (3b), it is also known that the admittance value (Y )
has the most important information. That is, the
admittance value (Y ) corresponding to effective epsilon has
the negative values of parallel composition of Z1 and Z2 .
To have the parallel composition of Z1 and Z2 to be the
negative value, there is only one choice that all elements of
the admittance must have negative values in (3b).
Consequently, the modiﬁed equivalent circuit with
common ground can be represented as Fig. 2b. Also, the
modiﬁed equivalent circuit can be reduced to simple
T-equivalent circuit by successive applications of T –P
transformations [11] as shown in Fig. 2f. Thus, a total
impedance and admittance are as follows
ZT ¼ 2Zt

and

YT ¼ Yt

(4)

Then, the effective permeability and permittivity values are
obtained from meff ¼ ZT(v)/jvd and 1eff ¼ YT(v)/jvd [1].
By applying the periodic boundary condition related with
Bloch – Floquet theorem to the equivalent circuit, the
793
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Figure 2 Equivalent circuits
a
b
c
d
e
f

Original four-terminal network
Modiﬁed three-terminal network with common ground
Cross-connected part
Bridged circuit
p-Equivalent circuit with the reverse direction of V2 and I2
T and ladder-equivalent circuit of the unit cell

propagation constant ( g) is represented as follows [12]

g(v) ¼ a(v) þ jb(v)

(5)

where a(v) ¼ 1=d cosh1 [1 þ (ZT YT =2)] and b(v) ¼ 1=d
cos1 [1 þ (ZT YT =2)].
The a and b are attenuation and phase constants for Bloch
waves and d is the periodicity of the structure. The circuit
parameters of Figs. 2a and b can be extracted by circuit
simulation (Ansoft’s Designer) and full-wave simulation
(Ansoft’s HFSS). The extracted circuit parameters are
Ld ¼ 4.57 nH, Cd ¼ 8.20 pF, Ct ¼ 0.24 pF, Lt ¼ 0.28 nH
and Lt1 ¼ 1.36 nH, respectively.
794
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It is important to note that the negative elements such as
2Cd , 2Lt1 and 2Ld in Fig. 2b appear in the modiﬁed
equivalent circuit. These negative elements can be induced
from the cross-connected circuit as shown in Fig. 2a. Owing
to these negative elements, the imaginary part of YT
corresponding to an effective epsilon monotonically decreases
with negative sign as the frequency increases, as will be shown
in Fig. 3a. Consequently, there is no RH band and the PLH
TL over a whole frequency can be theoretically realised.
To intuitively expect the properties of a PLH TL and give
a design guideline of a PLH TL, a parameter study of a PLH
TL has been executed by the equivalent circuit and circuit
simulator. The role of the RH elements of the PLH TL is
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Im(Y ) is much larger than that of vCt and, thus, the
extremely small value of vCt is operated as an open circuit.
Fig. 3a shows that the Im(YT) corresponding to an 1eff
monotonically decreases with negative sign as the frequency
increases above cutoff frequency of f1 (1.67 GHz) whereas
that of a CRLH TL increases [1 – 3] as the frequency
increases. Thus, the TL cannot have the effectively positive
1 above the cutoff frequency of f1 because of the negative
elements of 2Cd , 2Lt1 , and 2Ld . Fig. 3b shows the
Im(ZT) corresponding to a meff . The Im(ZT) is
approximately obtained by superposition of Im(2Z ) and
Im(jv4Lt) as shown in Fig. 3b. It is directly known that Lt
determines the cutoff frequency of f2 . That is, the range of
the negative m is determined by Lt in BZ. Consequently, the
LH band is from f1 to f2 without RH band in BZ because
the effective 1 monotonically decreases with negative sign.
In addition, these RH parasitic elements of Ct and Lt shift
lower frequency cutoff of fc (1.72 GHz) to f1 (1.67 GHz) as
shown in Fig. 3. The component of Lt1 affects the cutoff
frequencies of f1 and f2 in Fig. 3. As the component of Lt1
increases, the cutoff frequencies of f1 and f2 downshift
whereas the frequency range between f1 and f2 increases. It
leads to broaden the LH bandwidth. Consequently, the
components of Lt and Lt1 determine the LH band and the
component of Ct has little effect on the LH band.
The cutoff frequency of fc is easily calculated by the
condition of Y ¼ 0 (or Z ¼ 1) and is given as
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Lt1 þ Ld
vc ¼
Cd Ld Lt1
Figure 3 Imaginary parts
a Admittance
b Impedance
(Circuit simulation result using Ansoft’s Designer)

investigated in detail. In the equivalent circuit of Fig. 2, the
RH elements of the host TL are Ct , Lt and Lt1 as parasitic
elements whereas the cross connection of vias between the
signal line and ground and the elements of Cd and Ld are
to realise a PLH TL.
Fig. 3 shows the imaginary parts of admittance and
impedance, corresponding to 1eff and meff , respectively. In
Fig. 3, the values of Im(ZT, YT), Im(2Z, Y ) and Im(jv4Lt ,
jv2Ct) of Fig. 2 are compared. Although the exact values
of Im(YT) and Im(ZT) are obtained by successive
calculation using T– P transformations, the 1eff and meff
can be obtained approximately as follows
Im(YT )=d Im(Y )=d
’
and
v
v
Im(ZT )=d Im(jv4Lt þ 2Z)=d
¼
’
v
v

1eff ¼

meff

(6)

The reason for the above approximation is that the value of
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(7)

Also, it is noted that the cutoff frequencies of f1 and f2 are
easily calculated by (5) with condition of b ¼ 0 or p.
Below the cutoff frequency of f1 , the absolute values of
1 þ ZT YT =2 are larger than one. Thus, in the region, the
propagation constant of g has only attenuation constant of
a. Then, a wave does not propagate but is attenuated along
the line. Therefore this region is corresponding to a
rejection band [13], although the material constants have
both positive values. Above the high frequency cutoff of f2 ,
it is a rejection band since the effective permeability is
positive and the effective permittivity is negative.
To be compared with a LH bandwidth of CRLH TL, the
LH bandwidth of a PLH TL is calculated by varying
the values of the circuit elements (Lt1 , Ct , Lt). Fig. 4 shows
the calculated fractional LH bandwidth when only one value
of the component increases from 0.1 to 10 (pF or nH) with
the other components ﬁxed. As an example, the solid line is
the calculated fractional LH bandwidth where the value of
Lt1 increases from 0.1 to 10 nH and the other components
are ﬁxed (Ld ¼ 4.57 nH, Cd ¼ 8.20 pF, Ct ¼ 0.24 pF,
Lt ¼ 0.28 nH). In Fig. 4, it is found that the fractional LH
bandwidth increases in proportion to the inductance values
of Lt1 and in inverse proportion to the inductance value of
Lt . It is also shown that the fractional bandwidth is
795
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Figure 4 Fractional LH bandwidth versus Lt1 , Ct , and Lt
(circuit simulation result using Ansoft’s Designer)
independent of the capacitances values of Ct . Consequently,
the bandwidth of the PLH TL can be easily adjusted by
only inductive component since it is independent on
capacitive component. On the other hand, to obtain a broad
fractional LH bandwidth of the CRLH TL, the values of
RH elements (CR , LR) should be smaller than those of the
LH elements (CL , LL) [2, 3]. In reality, once the unit length
of d is determined (or ﬁxed), it is impossible that the values
of RH elements (CR , LR) simultaneously decrease for the
broad LH bandwidth of the CRLH TL, where
CR ¼ CR0 d and LR ¼ L0R d . Since the product of CR0 (F/m)
and L0R (H/m) is equal to 1=v2p , where vp is the phase
velocity of a host TL without LH components. For
example, if the width of host TL is wide for lager CR0 , the
value of L0R becomes small and vice versa. Therefore the
proposed PLH TL has more ﬂexibility to design the broad
fractional LH bandwidth than the CRLH TL. Using the
parameter study, the PLH TL with wide fractional LH
bandwidth will be implemented in the next section.

3

Simulation and experiment

3.1 Fabrication
Figs. 5a and b show the top and bottom views of the
fabricated two-stage PLH TL with a WBIDC. The input
and output ports are fabricated using a 50 V coaxial
connector. The width of the signal line is set to be
0.6 mm, corresponding to a 50 V line. The width and
length of the feed line are optimised as 1.9 and 10.8 mm
for impedance matching at 2.5 GHz, respectively. To have
a broad PLH bandwidth and eliminate spurious resonances
of an IDC, the proposed structure has a DGS with
WBIDC. Through the parameter study using the
equivalent circuit, the proposed structure is newly optimised
to have a wide LH bandwidth. Figs. 5c and d show the top
and bottom views of the optimised two-stage PLH TL
with wide LH bandwidth. To increase the inductance
values of Lt1 , the signal line is replaced with a meander
line. The width of connecting part to the feed line is
796
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Figure 5 Fabricated two-stage PLH TL
a and b PLH with the WBIDC
c and d Optimised PLH TL with wide LH bandwidth
(Rogers RO3010 substrate: h ¼ .64 mm, 1r ¼ 10.2)

broader to obtain lower inductance value of Lt . Thus, the
width of the meander line and the connected part are set to
be 0.2 and 2.3 mm, respectively.

3.2 S-parameters
Fig. 6 shows the measured S-parameters for two-stage PLH
TLs. The PLH TL with the IDC has the ﬁrst and second
spurious mode at 2.41 and 3.61 GHz, whereas the PLH TL
with the WBIDC has the ﬁrst spurious mode at 4.2 GHz as
shown in Fig. 6. Consequently, the PLH TL with WBIDC
has broad LH bandwidth and is not affected by the spurious
modes in LH band. (Simulated S-parameter data of PLH
TLs are omitted to prevent from confusion.) The fractional
bandwidth of PLH TL with IDC is 67% (1.119 –
2.26 GHz) whereas that of PLH TL with WBIDC is 83%
(1.299 – 3.26 GHz). Also, the fractional bandwidth of the
TL with wide bandwidth is 140% (0.624 – 3.51 GHz).
Actually, the RH band does not exist, as it is expected,
within BZ except for spurious mode by the IDC.

3.3 Dispersion curves
Fig. 7 shows the dispersion curves of the PLH TLs by
theorem, full-wave simulation and measurement. The
measurement results are in excellent agreement with those
IET Microw. Antennas Propag., 2010, Vol. 4, Iss. 6, pp. 792– 798
doi: 10.1049/iet-map.2009.0084

Authorized licensed use limited to: HONGIK UNIVERSITY. Downloaded on June 21,2010 at 01:44:24 UTC from IEEE Xplore. Restrictions apply.

www.ietdl.org
PLH TL could be successfully applied to the RF devices
for broadband application and such as shifters, 1808 hybrid
ring, ﬁlters and baluns.

4

Conclusion

The PLH TL with a broad LH bandwidth, consisting of the
DGS and WBIDC, is presented. The cross connection of
vias to the ground makes the components of inductance
and capacitance be effectively negative. These negative
components get rid of the parasitic RH branch. Thus, the
PLH TL can be designed. The properties of the PLH TL
are analysed by the derived equivalent circuit, Bloch–
Floquet theory, full-wave simulation and measurement.
The results show good agreements. An optimised PLH TL
with the wide LH fractional bandwidth of 140% is also
demonstrated.

5

Figure 6 S-parameters of PLH TLs
a PLH TL with the IDC (solid line)
b PLH TL with the WBIDC (dash line)
c Optimised PLH TL with wide LH bandwidth (dash-dot line)
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