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Abstract — This paper presents a new version of a copla-
nar waveguide that transmits a left-handed wave. The
equivalent circuit of the line unit cell has been derived from
the shape of the layout. The values of its elements were de-
termined by fitting the dispersion characteristic of the
equivalent circuit to the dispersion characteristic of the first
left-handed mode of the line calculated by the CST Micro-
wave Studio. This dispersion characteristic was checked by
an experiment. The measured frequency dependences of S;;
and §,; fit well the data predicted by simulation. The line is
uniplanar and does not contain any lumped elements or vias.

I. INTRODUCTION

In recent years left-handed (LH) media or metamaterials
that show both negative permittivity and negative perme-
ability have been practically realized [1-3]. In general,
they can be designed in a planar form as transmission
lines [2] or in a volume form [1, 3]. The planar form uses
suitable inclusions in a hosting line to achieve the left-
handed properties, while the volume form usually utilizes
a system of split ring resonators and thin straight wires
periodically placed in the hosting material. The unique
properties of these materials may have practical applica-
tions, e.g., as antennas, phase shifters, hybrid ring cou-
plers, ideal lenses, single mode waveguides, zeroth order
resonators, perfect magnetic layers, frequency selective
surfaces, etc. Planar metamaterials can be used in micro-
wave circuits [4]. Inclusions as lumped elements imply
more complex fabrication, and for this reason planar struc-
tures have mostly received considerable attention [5, 6, 7].

This paper presents the design of a uniplanar left-
handed coplanar waveguide (LHCPW). The structure does
not contain any lumped elements. Its layout is a modifica-
tion of the line described in [5], but is more compact. The
line presented here is applied in microwave circuits,
whereas the structure in [5] was aimed for the design of a
leaky wave antenna. Our line does not utilize a resonant
principle as does the line in [7], therefore it is not narrow-
band. The presented LHCPW was designed, manufactured
and measured. The propagation of a LH wave (or a back-
ward wave) is shown in a frequency band the width of
which depends on the line proportions. Higher order LH
modes can also propagate along the LHCPW. The scatter-
ing parameters of the structure were calculated by the CST
Microwave Studio (MwS) and then compared with the
measured values. The measured and the calculated pa-
rameters fit well. The simple equivalent circuit of the unit

cell of the LHCPW has been derived from the shape of the
layout. The values of its elements were found by fitting the
dispersion characteristic of one cell calculated analytically to
the characteristic calculated by the MwS.

II. LEFT-HANDED CPW

The layout of one cell of the LHCPW follows the idea of
an ideal LH transmission line [2]. A purely left-handed
transmission line cannot be fabricated. A practical left-
handed transmission line also contains a series inductance
due to the current traveling along the line, and a shunt ca-
pacitance resulting from the separation of the metal trace
from the ground plane. These elements represent the hosting
line. The layout of our unit cell is shown in Fig. 1a. The se-
ries capacitor is represented by an interdigital capacitor and
the parallel inductor by the input impedance of the short-
circuited CPW stubs connected to the ground metallization.
These elements are frequency dependent. By periodically
translating the unit cell we get the layout of the LHCPW
shown in Fig. 1b. The ROGERS RO4003C substrate with
permittivity 3.38, 0.813 mm in thickness and metallization
0.035 mm in thickness was used.
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Fig. 1 Unit cell (a) and the final layout (b) of the LHCPW.

The dispersion characteristics of modes propagating along
the LHCPW drawn in Fig. 1b calculated by MwS are plotted
in Fig. 2. The calculation was done according to [8]. Firstly,
a unit cell of the transmission line was defined and termi-
nated by planes with periodic boundary conditions on both
input and output ports with a variable phase shift between
these ports. MwS then calculated the resonant frequencies of
the cell in dependence on this phase shift. The phase constant
of the wave is determined from the known phase shift be-
tween the input and output ports, and thus the dependence of



the resonant frequency on the phase constant (inverse dis-
persion characteristic) is determined [8]. Each branch of
the dispersion characteristic in Fig. 2 defines one pass
band of the LHCPW. In the first and third pass band the
LH mode propagates, the phase constant decreases and the
wavelength increases with frequency. In the second and
fourth pass band the right-handed mode propagates, and
the phase constant increases with frequency. In this paper,
we focus only on the first LH mode.

The frequency dependence of the modulus of the scat-
tering parameter S,; is plotted in Fig. 3, and the un-
wrapped phase of S,; is plotted in Fig. 4. The measured
values fit well the values computed by MwS. The first
left-handed mode propagates from 5.1 to 6.4 GHz, as seen
in Fig. 2, but the practical transmission band is narrower,
from about 5.4 to 6.2 GHz. The usable frequency band is
about 13% of the central frequency. The peak of the fre-
quency characteristic, in Fig. 3 at 7.2 GHz, corresponds to
the propagation of the second, i.e., right-handed, mode.
The pass-bands of the third and fourth mode are not
shown in Figs. 3 and 4.

Fig. 5 shows the measured dispersion characteristic in
the first LH pass band. It agrees well with the calculated
characteristics. The phase constant was obtained from the
measured wavelength of the standing wave created by the
open-circuited termination of the line.
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Fig. 2 Dispersion characteristics of the four lowest modes on the
LHCPW defined in the text.
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Fig. 3 Measured and calculated modulus of S,; of the manufac-
tured LHCPW.
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Fig. 4 Measured and calculated phase of S,; of the manufactured
LHCPW.
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Fig. 5 Comparison of the dispersion characteristics of the fabri-
cated line calculated by the CST Microwave Studio, calculated from
the equivalent circuit, Fig. 7, (4) and measured.
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Fig. 6 Simple lumped-element equivalent circuit of one cell of the
LHCPW.

III. EQUIVALENT CIRCUIT OF THE LHCPW

The equivalent circuit of the LHCPW is shown in Fig. 6,
where also one half of the cell layout is depicted. This circuit
contains 4 unknowns (2 inductors and 2 capacitors) and is
able to approximate the dispersion characteristic of the first
left-handed mode very accurately. It consists of Lz, C ele-
ments representing the hosting CPW with the characteristic
impedance



Z,=+L,/C, (1)

and the propagation constant

k=a\L,C, | @)

where (') denotes the value taken per unit length. The im-
pedance Z;, represents the input impedance of a short-
circuited CPW with finite-extent ground planes of length
D, which is given by the relation

Z, = jZOe tan (ﬂOD) 3)

where Z, is the characteristic impedance of the even
mode of the CPW with finite-extent ground planes [9],
and f is the phase constant of this line. In our case, the
stub length is D=7 mm and Z,,=74.3 Q and Z;, shows the
inductive behaviour.

An ideal left-handed transmission line consists only of
series capacitor C; and the parallel inductor formed by the
impedance Z;,. Parasitic series inductor L, and parallel
capacitor C, have been added to the model of the LHCPW
layout to make it more realistic. This circuit satisfactorily
models the interdigital capacitor and the parallel short-
circuited CPW stubs. The effect of coupling between
neighbouring cells is not taken into account. The equiva-
lent circuit is proposed to model only the dispersion char-
acteristic of the first left-handed mode.

The dispersion characteristic is derived using the modi-
fied equivalent circuit shown in Fig. 7. The ABCD matrix
of the unit cell, Fig. 7, is calculated. Then the dispersion
characteristic is obtained by applying Floquet’s theorem in
the form

cos(fd) = %(2+Yp (Z,+Z, ))cos(kd')+

. 4)
v (z,+2,+7, (22 +2,2,))sin(kd"),
27,
where
_ L/C, )
oL +1/(joC) +1/(jeC,)’
-1/(@*CC .
o @C,G) +joL,, (6)

“SeL +1/(jeC,) +1/(jaC,)

,_ L/C,
" aL, +1/(jaC) +1/(jaC, )

+jZ,, tan (ﬁOD)J .(7)

The circuit elements Z;, Z;; and Y, are obtained by the
star-delta transformation of elements L,, C;, C, and by
some additional circuit rearrangements.

The values of the lumped elements from Fig. 6 were de-
termined by fitting the dispersion characteristic defined by
(4) to the dispersion characteristic from Fig. 2 calculated
by the MwS. The resulting values are L;=99 nH,
C;=0.091 pF, L,=7.25 nH and C,=0.34 pF.

Fig. 7 Modified equivalent circuit of the unit cell of the LHCPW
used in the calculation of the dispersion characteristic.

A comparison of the dispersion characteristic calculated by
MwS, the characteristic calculated using (4), and the meas-
ured characteristic is shown in Fig. 5. The equivalent circuit
is quite simple, but it very accurately represents the LHCPW
in the frequency band of the first LH mode propagation. At
higher frequencies the proportions of the circuit become
comparable with the wavelength, and the equivalent circuit
gradually losses validity with frequency.
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Fig. 8 Values L, - (a), C; - (b), and C, - (c) calculated for different
D, s, and w. 1 — s=0.125 mm, w=0.5mm, 2 — 5s=0.125 mm,
w=0.1 mm, 3 — s=0.25 mm, w=0.25 mm, 4 — s=0.4 mm, w=0.1 mm,
5 —5=0.125 mm, w=0.275 mm.



To make the equivalent circuit more useful we calcu-
lated, with the help of the MwsS, the dispersion character-
istic of the lowest LH mode propagating on the LHCPW
for the number of combinations of the values of the short-
circuited stub length D, central conductor width s and slot
width w, Fig. 6. Each dispersion characteristic was ap-
proximated by function (4) and thus L,, L,, C|, and C,
were obtained. These values are plotted in Fig. 8. Induc-
tance L;=99 nH is almost constant for all chosen combina-
tions. Changing particular dimensions of the LHCPW
layout we change the frequency band of the first LH mode
dispersion characteristic. This band is defined in Fig. 5 by
lower frequency f; and by upper frequency f. These fre-
quencies are plotted in Fig. 9 as functions of short-
circuited stub length D, central conductor width s and slot
width w, Fig. 6. The frequency band of the LHCPW de-
fined by the transmission characteristic of S,; is, however,
narrower, Fig. 3.
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Fig. 9 The lower frequency (a) and the upper frequency (b) of
the LHCPW dispersion characteristic calculated for different D,
s, and w. 1 — s=0.125 mm, w=0.5 mm, 2 — s=0.125 mm,
w=0.1mm, 3 - s=0.25mm, w=0.25mm, 4 — s5=0.4 mm,
w=0.1 mm, 5 —5=0.125 mm, w=0.275 mm.

V. CONCLUSION

A new version of the left-handed coplanar waveguide
was designed, fabricated and measured. The line has a
fully uniplanar structure without lumped elements and
vias. The basic left-handed mode propagates in a fre-
quency band about 0.8 GHz in width. The dispersion
characteristic calculated by the CST Microwave Studio
predicts the pass bands of the left-handed and right-
handed modes, which correspond well with the character-

istic calculated from the equivalent circuit and the measured
transmission characteristic. The simple lumped-element
equivalent circuit of the LHCPW valid in the pass band of
the lowest LH mode was set up by fitting its dispersion char-
acteristic to the dispersion characteristic of the first left-
handed mode calculated by the CST Microwave Studio. The
elements of this circuit were determined for the number of
LHCPW structure geometries.
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