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By taking advantage of the unique and unusual properties of the recent composite right/left-handed metamaterial
transmission line, we have designed a shunt mode resonant antenna with a multi-band operation, and a series mode zero
order resonant antenna, which is frequency independent. The antennas are well matched to the external network by using
compact matching circuits. The resulting radiation characteristics make these antennas suitable for short-range wireless

communications systems.
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1. Introduction

Left-handed metamaterials (LH MTM) are defined as
artificial, effectively —homogeneous electromagnetic
structures not readily available in nature, with unusual
properties such as backward wave propagation, negative
refractive index, positive, negative and zero order
resonances [1].

The Composite Right-/Left-Handed Transmission Line
(CRLH TL) is a practical implementation of a LH MTM,
which also includes unavoidable right-handed (RH) effects.
The cell size of the CRLH TL should be at least smaller
than a quarter of wavelength to ensure that the TL is an
effective homogeneous structure. If the CRLH TL is
terminated with an open-end or a short-end, it becomes a
resonator. It can achieve multiple resonances which can be
exploited in the design of multi-band [2], [3] and
miniaturized antennas [4], [5] suitable for modern wireless
communication systems. CRLH TLs have been also used to
build microwave devices with improved performances such
as leaky-wave antennas [6], directional couplers [7], power
dividers [8], diplexers [9], negative group delay circuits [10]
and so on.

The open-ended (shunt mode) resonant antenna has a
very high input impedance. Therefore, its matching to a
common microwave system is an important issue that must
be solved. In this case, the matching in the close vicinity of
the resonant frequencies will be achieved by using a
compact series inductor. On the other hand, in the vicinity
of the zero order resonant frequency, the short-circuited
(series mode) resonant antenna has a very low and slowly
varying input impedance. This type of antenna can be
matched to the external network by using conventional
matching circuits such as the parallel stub or the impedance
transformer [11]. The problem with these circuits is that
their sizes depend of frequency and can be quite large as

compared to the zero order resonant antenna (ZORA). As it
will be shown in the following sections, by using the filter
theory we will derive a miniaturized, frequency
independent circuit which assures good matching results.

2. The shunt mode CRLH resonant antenna

Fig. 1 presents the proposed CRLH TL composed of
five identical cells and terminated by an open-end. The
operating wave is a standing wave and the radiation
produced is based on the resonance mechanism. The
structure is designed in microstrip technology, the
metallization being cooper of 17 pum thickness and the
dielectric layer being Rogers RTS5880, with dielectric
constant er =2.2 and 1.574 mm thickness. Each cell is
composed of an interdigital capacitor which provides the
series LH capacitance CL and a short-circuited stub which
provides the parallel LH inductance LL. When
characterizing the cell, the effects of parasitic RH elements
(LR and CR) must be taken into account. This is shown in
Fig. 1, where the cell’s equivalent circuit is also presented.
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Fig. 1. The proposed shunt mode structure and the cell’s
equivalent circuit

For regular open-ended RH resonators, the resonances
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are achieved when the physical length of the structure is
equal to a multiple of half a wavelength or when the
electrical length (Bm) is a multiple of . This is expressed

by (1).
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where / is the length of the structure.

For the RH structure, its phase constant (B) is positive
and linear and therefore the resonance frequencies are
positive and in harmonic ratios. In the case of CRLH
structure, its phase constant can be determined with (2) and,
as shown in Fig. 2, it can be positive, negative or even equal
to zero. By sampling the CRLH structure’s dispersion
diagram with mn/l (m={0, £1, £2,...} we obtain the
positive order, the negative order resonances and also a zero
order resonance. The structure can be considered
effectively homogeneous only for the first N—1 positive and
negative resonance frequencies, N being the number of
constitutive cells.

_ _ unwrapped
B=-¢ (SZI)/Z’ Q)

where @ "*/(S,,) is the unwrapped transmission phase
of the CRLH structure, obtained using electromagnetic
simulations based of method of moments [12].
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Fig. 2. Sampled CRLH structure’s dispersion diagram.
The grid lines indicate the resonant frequencies as in
Table I.

The resonance frequencies of the structure from Fig. 1
are presented in Table I. They are not in harmonic ratios and
have been designed by exploiting the dispersion diagram
which can be tailored by modifying the cell’s LC elements.
The zero order resonance (m = 0) is of great interest due to
the fact that it corresponds to the transition frequency where
f =0 and therefore its frequency does not depend on the
physical length of the resonator. This means that the zero
order resonance has a huge potential for antenna
miniaturization.

Table 1. Resonance frequencies

Order Frequency (GHz)
m=-4 0.74
m=[13 0.84
m=[12 1.04
m=[]1 14

m=0 2.1
m=+1 3.2
m=+2 4.4
m=+3 4.7
m = +4 5
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Fig. 3. Magnitude of reflection coefficient and real part of
input impedance.

Fig. 3 shows the magnitude of the reflection coefficient
of the CRLH structure from Fig. 1, excited at one of its ends.
At the resonant frequencies the input impedance of the
CRLH structure is very high, leading to a mismatch
problem and consequently to a low efficiency.
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Fig. 4. Input impedance versus frequency for the zero
order resonance

As shown in Fig. 4, in the close vicinity of the zero
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order resonance (fy=2.1 GHz), the real part of the input
impedance drops fast to the 50 Q value and therefore the
matching problem can be solved if the reactive part is
cancelled. This can be done by adding a series inductor as
shown in Fig. 5, designed with (3) [13] for a specific
inductance. This inductance should also compensate the
series capacitance that appears from the meander
configuration of the inductor.

Fig. 5. CRLH resonant antenna with matching circuit
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where ¢ is the length and w is the width of the strip inductor.

As shown in Fig. 6, by using the series inductor, the
matching is significantly improved at the zero order
resonance fo=2.1 GHz, but also in the vicinity of the first
negative (f;) and of the first positive (fi;) resonant
frequency.
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Fig. 6. Magnitude of reflection coefficient.

Fig. 7 presents the surface current density for the zero
order resonance. It shows high and constant values inside
the short-circuited inductors and very low values in the
interdigital capacitors. Due to this constant distribution the
field will be in-phase, with equal amplitude, in all points
along the structure’s length, as shown in Fig. 8.
Consequently the equivalent magnetic current density [14],
determined with (4), will create a loop, as shown in
Fig. 9 (a).

|

Fig. 7. Simulated surface current density for f;. The values
are in A/m and the cold colours correspond to low values.
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where " is the unit normal to the edge and £ is the electric
field. This magnetic loop corresponds to an ideal electric
dipole and produces a monopole radiation pattern [15], as
demonstrated in Fig. 10.
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Fig. 8. Electric field distribution along the length of the
CRLH resonant antenna obtained using electromagnetic
simulations [16] at: (a) f=2.1 GHz, (b) f*.;=1.46 GHz, (c)

£1=3.12 GHz.
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Fig. 9. Equivalent magnetic current density for: (a)
fo=2.1 GHz, (b) f*.;=1.46 GHz and f*.;=3.12 GHz.
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Fig. 10. Simulated radiation gain pattern at fy= 2.1 GHz
for: (a) different elevation angles and azimuth angle
@ =0° (b) different elevation angles and azimuth angle
@ = 90°, (c) different azimuth angles and elevation angle

6 =90°.

In the case of ;=146 GHzand f,;=3.12 GHz
resonance frequencies, in the points situated at the two ends
of the resonator the electric field is 180° out of phase,
corresponding to the distribution of a classical microstrip
antenna operated at its first resonance frequency. Therefore,
the equivalent magnetic current density along the length of
the structure will cancel and only the two edges
corresponding to the structure’s width will be responsible
for the radiation, producing a broadside radiation pattern, as
shown in Fig. 11 and 12.

(a) (b)

(c)
radiation ~ gain
f1=146 GHz for:(a) different elevation angles and
azimuth angle @ = 0°, (b) different elevation angles and
azimuth angle ¢ = 90°, (c) different azimuth angles and
elevation angle 0 = 90°

Fig. 11.  Simulated pattern  at

3. The series mode CRLH resonant antenna

Fig. 13 presents the proposed CRLH TL composed of
four identical cells and terminated with a short-circuit. As
shown in Fig. 14, at the zero order resonant frequency the
input impedance of structure is very low, leading to a strong
mismatch.

Fig. 13. The proposed series mode structure

In this case, the matching problem can be solved by
integrating in the CRLH structure some elements designed
on the basis of filter theory. At the zero order frequency, the
short-circuited CRLH TL acts as a series mode resonator
[1] and therefore by adding impedance K-inverters a first
order band-pass filter topology can be obtained, as shown in
Fig. 15.

()
Fig. 12.  Simulated radiation gain pattern at
fi1=3.12 GHz for: (a) different elevation angles and
azimuth angle @ = 0°, (b) different elevation angles and
azimuth angle ¢ = 90°, (c) different azimuth angles and
elevation angle 6 = 90°.
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Z0=50Q
00="2

Fig. 15. Circuit model for first order band-pass filter.

When designing the band-pass filter from a low-pass
prototype, the following design relation is applied [17]:

Xcrn _ 8081
ZY
Saw , ®)
where xcgyy 1S the resonator’s reactance slope parameter, gy
and g; are the low-pass prototype parameters and fgy is the
fractional bandwidth of the band-pass filter.

Good matching to a common external network
characterized by any impedance constant Z, can be
achieved if the inverter’s inductance is obtained by using
(6) which was derived from (5).

L = 1 XcrenZoS sw
01 = 1
27#0 gOgl . (6)

Similarly L;, can be obtained , but its value will be
zero, since the CRLH line is short-circuited.

Fig. 16 shows the geometry of the proposed CRLH
series mode ZORA, matched to the external network by
using the K, ; impedance inverter.
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/Ko effect
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CRLH series mode ZORA

Fig. 16. CRLH series mode ZORA with four cells.

For this specific geometry the calculated reactance
slope parameter is Xcriy = 72.88 Q and its zero order
frequency is f=2.1 GHz. From (6), by specifying
Zo=50Q, fgw=4.28% and gy=1, g;=1.0178, where the
latter two values are the parameters of a normalized first
order Chebyshev filter with a ripple of 1 dB, we obtain the
inverter’s inductance Ly ; = 0.93 nH.

While the parallel inductance value Lo is achieved by
adding a short-circuited stub, the negative value series
inductance —L; is realized in practice by resorption, i.e. by
properly decreasing the series inductance of the first
interdigital capacitor. The impedance inverter’s effect is
obtained by only adding a small-sized, frequency

independent circuit.

As shown in Fig. 17, the matching is significantly
improved at the frequency of 2.18 GHz, where the return
loss reaches —31.85 dB. At this frequency the antenna
presents a broadside radiation pattern, as shown in Fig. 18,
and has all its dimensions (including the matching circuit)
independent of the operating frequency.

Table II presents the maximum obtained gain values
for the proposed antennas at the resonant frequencies.

Table II. Simulated gain

Type Frequency qu1mum
gain (dB)
open-ended fo=2.1 GHz -10.4 dB
open-ended ".,=1.46 GHz -8.3dB
open-ended ., =3.12 GHz -0.4 dB
short-circuited fy=2.18 GHz 0.1dB
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Fig. 17. Simulated |S;;| for the CRLH ZORA with and without
matching circuit

Fig. 18. Simulated radiation gain pattern for the antenna
shown in Fig. 16 at f,=2.18 GHz for: (a) different
elevation angles and azimuth angle ¢ = 0°, (b) different
elevation angles and azimuth angle ¢ = 90°, (c) different
azimuth angles and elevation angle 6 = 90°
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5. Conclusions

Metamaterial CRLH TLs present new and unique
properties that can be used in designing microwave devices
with improved performances. Two such devices have been
proposed and analyzed: the shunt mode resonant antenna
and the series mode resonant antenna.

Due to the CRLH TL’s dispersion diagram, the
proposed antennas show multiple resonances. The
resonance frequencies are not in harmonic ratios as in the
case of regular resonators and they can be controlled by
tailoring the dispersion diagram. The zero order resonance
is of great interest due to the fact that it does not depend on
the physical length of the resonator, allowing the design of
miniaturized antennas.

In the case of the shunt mode resonant antenna, the
matching problem has been solved by using a compact
series inductor which cancelled the reactive part of the
input impedance, in the vicinity of the resonant frequencies.
Multiple operating bands have been achieved.

In the case of the series mode resonant antenna, the
matching was obtained by integrating some classical filter
theory elements in the design of the CRLH TL, achieving a
miniaturized antenna with all its dimensions independent of
the operating frequency.

The radiation characteristics have been also
investigated. As expected, it shows different radiation
patterns for the two modes and for the different resonant
frequencies, in accordance with the electric field
distributions. Having a relative low gain, the proposed
antennas are suitable for short-range wireless
communication systems.
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