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Abstract

A dual Composite Right-/Left-Handed Transmission Line
implementation that presents multiband behaviour is pro-
posed in this contribution. The artificial transmission line
is implemented by loading a host microstrip line with al-
ternate rectangular stubs and slots. The required series
and shunt immittances are respectively provided by the
slot and the stub. Because of the distributed nature of
these immittances, the resulting phase response presents
theoretically-infinite Right-Handed and Left-Handed alter-
nate bands, thus being appropriate for multiband applica-
tions. The design methodology is described with the help
of a proposed transmission line-based equivalent circuit and
highlights the simplicity for balanced condition. Full wave
simulated results of the dispersion characteristics and fre-
quency response of a unit-cell and a three-cell structure are
presented.

1. Introduction

Although metamaterials have been studied theoretically
since the appearance of Veselago’s paper [1] and first imple-
mented at microwave frequencies by Pendry [2] and Smith
[3], their lossy and resonant behaviour limited their practi-
cal application in microwave components until 2002. Then,
three different research groups developed the Transmission
Line (TL) approach of metamaterials [4, 5, 6]. This new
approach allowed countless applications in microwave en-
gineering to arise. Most of them are based on the so-called
Composite Right-/Left-Handed Transmission Line (CRLH
TL), which behaves as an LH (Left-Handed) medium at
low frequencies and as RH (Right-Handed) at higher fre-
quencies under certain assumptions. After the introduction
of the CRLH TL, artificial TLs with different topologies
were proposed, such as the ‘dual’ [7] or the ‘extended’ [8].
Even a derivation of artificial TLs of arbitrary order was
presented in [9]. In this way, a specific dispersion diagram
can be synthesized by simply cascading the necessary unit-
cells.

Several implementations of artificial TLs with high or-
der in planar technology can be found in the literature. Re-
cently, a planar dual CRLH TL based on the use of De-
fected Ground Structure (DGS) with an inter-digital gap
was demonstrated [10]. An alternative to this structure was
presented by the authors in [11], which makes use of al-

ternate dumbbell-shaped DGSs and stubs for building a tri-
band artificial TL and has the advantage of a simple design
for the balanced case. However, its important stop band
and its lack of matching over the rest of the studied band-
width have limited its possible applications. In this contri-
bution we present a variant of the aforementioned structure,
which uses alternate rectangular stubs and slots for provid-
ing the required shunt and series immittances, respectively.
The proposed unit-cell presents an improved frequency be-
haviour, with reduced stop bands. Moreover, the analysis
of the structure and design methodology are provided here
in terms of the distributed immittances, instead of lumped
elements, thus extending its validity and being more accu-
rate.

This contribution is organized as follows. Section 2 de-
scribes the geometry of the proposed unit-cell and its equiv-
alent circuit using TLs. Section 3 deals with the design
methodology for achieving a balanced CRLH TL. In Sec-
tion 4, the results for a design example of unit-cell and for
the corresponding three-cell CRLH TL are shown. Finally,
Section 5 summarizes the main conclusions.

2. Unit-Cell Geometry And Equivalent
Circuit

The proposed unit-cell is shown in Fig. 1. It consists of
a host microstrip TL loaded with a rectangular stub and a
rectangular slot etched on its ground plane. In the figure,
wy stands for the width of the host microstrip line; wys
and [y, for the stub width and length, respectively, and wg
and lg represent the slot width and length, respectively. In
addition, p stands for the unit-cell length.

A slot etched on the ground plane of a microstrip line
behaves as a series impedance. This impedance can be ap-
proximated to that presented by the corresponding slotline
terminated in short circuit. Likewise, a stub behaves as a
shunt admittance which is equivalent to that presented by
the corresponding microstrip line terminated by an open
circuit. Therefore, the slot and stub equivalent impedances
can be written as follows:
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Figure 1: Unit-cell geometry.

where Zg and Zj; are the characteristic impedances and
0s/2 and 6, /2, the electrical lengths of the corresponding
slotline and microstrip TLs. For a given substrate, these pa-
rameters depend on the microstrip (wj;) and slotline (wg)
widths [12]. The resultant impedances in (1a) and (1b) are
the result of the parallel connection of two slotlines termi-
nated in short circuit and two microstrip lines terminated
in open circuit. The physical lengths of these transmission
lines would be 1/2(ly; — wy ) for the stub and 1/2lg for
the slot, since the stub is measured from the edge of the
host microstrip line and the slot from the middle. However,
the short and open circuits effects lengthen the slotline and
microstrip line, respectively [12]. Therefore, the equivalent
lengths will be slightly greater than the physical ones.

A straightforward equivalent circuit for the proposed
unit-cell is shown in Fig. 2, where Zy and 6 stand for the
characteristic impedance and electrical length of the host
microstrip line, respectively. In this equivalent circuit, the
mutual coupling effects between the stub and the slot and
the host microstrip interconnection section between them
have been neglected.

3. Design

By ignoring the host microstrip sections, the series
impedance of the unit-cell corresponds to (1a) and the shunt
admittance, to the inverse of (1b). In order to achieve a ‘bal-
anced condition’ (i.e., no stop bands around the zeros of the
phase response [4]) they must present exactly the same crit-
ical frequencies (poles and zeros). In this way, two condi-
tions must be fulfilled for the balanced case:

Os =0n (2a)
Ty — % ZnZs. (2b)

It can be assumed that the widths of the stub and slot
are the practically only geometric variables that determine
the characteristic parameters of the equivalent microstrip
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Figure 2: Equivalent circuit of the proposed unit-cell of Fig.
1.(b) is a simplified version of (a). Zgjot and Zgz,p are de-
fined in (1a) and (1b), and Zg, Z,;, 05 and 0),, in the text
below them.

and slotline, respectively. This means that, once the widths
of the elements are chosen, the parameters Zy;, err, Zs
and g are already determined, where €, and g are the
effective permittivities corresponding to the stub and the
slot, respectively. Then, the lengths of the elements can
be adjusted to make them present the sames poles and ze-
ros. Therefore, the design process can be reduced to a few
steps:

e Choose a pair of element widths wj; and wg to ob-
tain the desired Zp according to (2b) or, alterna-
tively, adjust the width of the host transmission line
wp to satisfy (2b).

e Choose the slot length to make it resonate at the de-
sired frequency.

e Adjust the stub length, taking into account the dif-
ferent effective permittivities of the slot and stub, to
satisfy (2a).

A unit-cell example on ARLON 1000 substrate with
€, = 10 and h=50mil has been designed. We have cho-
sen this substrate in order to reduce as much as possible
the radiation losses of the slot, which can be achieved with
thick substrates with high permittivity. For this substrate it
is possible to obtain the required characteristic impedance
of the host TL for the balance condition as a function of
the stub and slot widths, in accordance with (2b). This is
shown in Fig. 3 for the ARLON 1000 substrate at 4 GHz.
Although a 502-characteristic impedance can be achieved
using reasonable widths on this substrate, we have preferred
to choose equal slot and stub widths, since for 502 the
slot width has to be higher, thus introducing more radiation
losses. Therefore, we have chosen wg = wjy; = 0.3 mm,
for which the required characteristic impedance of the host
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Figure 3: Required characteristic impedance of the host
transmission line at 4 GHz as a function of the slot and stub
widths, according to (2b).

TL is 392, approximately. Therefore, we have adjusted
the host TL width to present 39 €2, that is wy = 1.95 mm.
Next, the slot length has been set to 30 mm in order to get
the first resonance below 3 GHz (f,1=2.4 GHz) and to ob-
tain several LH-RH transitions in a reasonable bandwidth.
Then, the stub length has been adjusted to fulfill (2a). To do
that, we use the effective permittivities of the corresponding
slotline and microstrip TL to theoretically make an approx-
imation of the required stub physical length. However, an
optimization step is needed because of the aforementioned
short and end effects, which are not considered in the pro-
posed equivalent circuit in Fig. 2. The resultant stub length
is 27.25 mm. The geometric parameters of the design are
summarized in Table 1.

[ Host microstrip Stub Slot
Width 1.95 mm 0.30mm | 0.30mm
Length - 27.25mm | 30.00 mm
Zi, Ly, Zs 39.0Q 8540 71.4Q

Table 1: Summary of the design geometric parameters and
characteristic impedances @ 4 GHz.

4. Results

The design example, described in Section 3 has been anal-
ysed by means of full-wave electromagnetic simulation.
Fig. 4 shows the S-Parameters of the unit-cell. It can be ob-
served that good matching (better than 10dB) is achieved
over the whole band, with the exception of some small stop
bands located at the resonance frequencies of the slot/stub.
Because of the different frequency dispersion of the equiv-
alent circuit parameters of the slot and stub (characteris-
tic impedance and effective permittivity of the correspond-
ing slotline and microstrip TL), the possibility of achieving
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Figure 4: S-Parameters of the unit-cell design example.

good matching in the whole band is limited. This effect is
more pronounced at the resonance frequencies, where the
equivalent slot and stub impedances in (1a) and (1b) present
a zero and a pole, respectively.

Fig. 5 shows the phase factor (i.e., the phase of S2; pro-
vided the unit-cell is loaded by its image impedance) of a
unit-cell for different cell lengths p. The curve for p = 0
represents the phase factor of the intrinsic unit-cell, that is,
the phase that the slot-strip introduces without including the
phase that comes from the sections of the microstrip feed-
ing TL that separate adjacent cells. A multiband behaviour
can be seen, with several RH-LH and LH-RH transitions,
with good balance achievement, since practically no stop
bands appear when the phase factor takes the null value. It
is worth mentioning that the multiband behaviour refers to
the appearance of pass-bands centred at arbitrary frequen-
cies (not necessarily multiples of a certain frequency). This
is thanks to the intrinsic unit-cell that modifies the linear
phase response of the host microstrip line by introducing
non-linear frequency behaviour. Moreover, it can be ob-
served, that as p increases, the phase factor curve is shifted
to the left, thus introducing more phase at the same fre-
quency and losing its non-linearity. This is the effect of
the feeding microstrip sections, since for higher lengths the
microstrip sections are longer and they contribute to the
total phase response to a greater extent. Therefore, the
cell length should not be so high that the linear phase re-
sponse of the host microstrip line disguises the non-linear
behaviour of the intrinsic cell.

In order to study the potential of the unit-cell to build a
CRLH TL, we have analyzed a three-cell structure. In Fig.
6, the resultant Sy, for different cell lengths is depicted.
It can be observed that the reflection coefficient strongly
depends on the cell length (on the distances between ad-
jacent slot/stub elements), giving rise to a matching wors-
ening when the cells get closer, which can be attributed to
coupling effects.

Keeping a compromise between the linearity effect and
the worsening of the matching, we have selected p =
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Figure 5: Phase factor for different cell lengths p.
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Figure 6: |S11] of the three-cell structure with different cell
lengths.

5.5mm. For this case, Fig. 7 shows the S-Parameters of
the resultant three-cell structure. Although, as expected,
the behaviour has worsened with respect to that of the unit-
cell, three broad pass-bands are obtained, which, accord-
ing to the corresponding curve (the green one) in Fig. 5,
contain both LH and RH behaviour. For example, good
matching has been achieved for f = 3.4 GHz, at which a
transition from LH to RH occurs, with |S11|=-14dB and
|S12]|=-2.4dB or for f = 9.8 GHz, a transition from RH to
LH, with |S11|=-10.5dB and |S;2|=-1.8 dB.

Finally, in order to check whether the phase factor of a
single cell can predict the behaviour of an artificial TL made
up of several cells, Fig. 8 shows a comparison between the
phase factors of the single cell and the three-cell structure.
For the sake of comparison, the phase response of the three-
cell structure has been divided by the number of cells. Very
good agreement is obtained up to 11 GHz. From this fre-
quency, the two curves take different behaviours, which in-
dicates that the TL approach is not valid anymore, since the
cell length is in the same order of magnitude as the wave-

59

Frequency [GHz]

Figure 7: S-Parameters of the three-cell structure with
p=5.5mm.
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Figure 8: Phase factor of the unit-cell compared to the
phase response of the three-cell structure (divided by three),
for p = 5.5 mm.

length.

5. Conclusions

A CRLH TL implementation has been proposed, which
makes use of alternate rectangular stubs and slots to pro-
vide the required immittances. Since these immittances are
distributed, multiband behaviour has been achieved. An
equivalent circuit using TLs has been proposed to model
the structure behaviour over a broad bandwidth. With the
help of this equivalent circuit, the design methodology has
been stated. The design simplicity to fulfill the balanced
condition has been highlighted.

In order to check the design methodology, simulated
results of a unit-cell and a three-cell structure have been
analysed. The resultant phase response have confirmed the
design methodology, since balanced multiband behaviour
has been achieved. Moreover, the structure presents good
matching over some broad frequency bands making it quite



appropriate for flexible multiband applications. Since the
unit-cell is based on the use of slots, this structure can be
a good choice for antenna applications, such as leaky-wave
antennas.
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