RADIOENGINEERING, VOL. 18, NO. 1, APRIL 2009

Radiation Efficiency Improvement
of Zeroth-Order Resonator Antenna

David VRBA, Milan POLIVKA

Dept. of Electromagnetic Field, Czech Technical University, Technicka 2, 166 27 Praha, Czech Republic

vrbadl@fel.cvut.cz, polivka@fel.cvut.cz

Abstract. The radiation as well as antenna efficiency of

very thin profile zeroth-order resonator (ZOR) antenna,
implemented in negative phase velocity (NPV) microstrip
transmission line (TL) structure, has been solved by the
method of moment simulator IE3D. The radiation is inves-
tigated using individual portions of the ZOR antenna that
shows significant values of the surface current density.
Dominantly radiating parts have been identified, geometri-
cally emphasized by means of the increase in the antenna
height over the ground plane from 1/105 to 1/8 Ay. The
measured parameters of the improved antenna prototype
have been enhanced so they reached the following values
(compared to original ones): gain 5.0 dBi (-3.0 dBi), an-
tenna efficiency 97.7 % (9.5 %).
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1. Introduction

The zeroth-order resonator (ZOR) implemented in
a negative phase velocity (NPV), or also called composite
right-left hand (CRLH) transmission line (TL), has been
developed by several researchers and used to design elec-
trically small antennas. The radiation and antenna effi-
ciency have been, so far, rarely under investigation [1], [2],
[3]. Relatively low values (ranging up to approx. 50 %) are
reported [4]. In further design, the only antenna gain with-
out a corresponding value of directivity and/or efficiency is
provided [5].

Extremely low values of radiation efficiency do not
enable the ZOR structures to work efficiently as an an-
tenna. Therefore the question is whether the structure be-
haves rather as a lossy transmission line or as an antenna.
As a result, the methods and techniques enabling to inves-
tigate the antenna and radiation efficiency of the antenna
should be subjects of interest.

This paper presents the investigation of antenna and
radiation efficiency of ZOR antenna implemented in a very
thin NPV microstrip TL. In the paper, the numerical simu-

lation method of moment software IE3D [6] was used. The
radiation is investigated from individual parts of the an-
tenna structure (enabled in IE3D version §). Dominantly
radiating parts have been identified and geometrically
emphasized by means of the increase in the height of the
structure over the ground plane. The antenna efficiency of
the improved (thick-substrate) ZOR antenna has been
measured and compared with those of the original antenna
(i.e. very thin-substrate antenna).

2. Negative Phase Velocity Phenomena

The concept of NPV phenomenon has been first com-
prehensively introduced by Veselago in 1968 [7]. In the
aforementioned publication, he speculated on the existence
of materials with a simultaneously negative permittivity (g)
and permeability (1). He named these materials left-handed
(LH) as E, H, and k vectors of electromagnetic wave form
a left-handed triad in case the wave propagates through
such environment. He predicted unique electromagnetic
properties of such materials as the reversal of Snell’s law,
the Doppler effect, and the Vavilov-Cerenkov effect. Al-
though a possible implementation of NPV TL [8] appeared
even before the Veselago work was published, it remained
hidden for electromagnetic community for further three
decades. The first experimental verification of NPV phe-
nomena was performed by a research group at University
of California, San Diego (UCSD) only in 2001 [9]. The LH
material used in the above-mentioned verification consisted
of metal split ring resonators (SRR) and a mesh of thin
metal wires (MW). Later on, the concept of LHM was
implemented in the planar transmission line (TL) technol-
ogy [10], [11] via lumped capacitors and inductors periodi-
cally incorporated into the TL. This approach is considered
more practical for series realizations.

2.1 Negative Phase Velocity in Transmission
Line Implementation

NPV TL implemented in planar technology consists
of TL with artificially inserted series capacitors Cp and
shunt inductors L; (with subscript L, denoting its left-
handed properties). The equivalent circuit of the TL ele-
ment can be then represented by four-lumped elements (as
it is shown in Fig. 1).
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Fig. 1. Infinitesimal element of NPV TL a) and its equivalent

circuit b) formed by inherent series inductor Ly and
shunt capacitor Cy. artificially inserted series capaci-
tors Cp and shunt inductor L.

The propagation constant of a TL is given by the re-
lation y = ¢ + jp =+zy , where Z and Y stand for per-unit

length impedance and per-unit length admittance, respec-
tively. In the particular case of the CRLH TL, Z and Y are
defined as follows
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The dispersion relation for homogenous CRLH is
then
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In so-called balanced case [10], where

L,C, = L,C, )
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the phase velocity S reduces to

B=Pp+PB =o\LpCp ——F——= (©)
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Therefore, the electrical length or better phase shift
6 = pl of the NPV TL of the length / can be either positive
or negative, depending on the values of the equivalent
circuit elements and the frequency range. The resonant
length is then /= |m|4/2 and the corresponding phase shift
0,,= B, = Qu/A)(mA/2) = mz, with m = 0, £1, +2, £3, .. £ o0
It means that the resonance index m is symmetrically de-
fined around m = 0. For given values of lumped elements

of the equivalent circuit phase, the constant § equals to
zero at the transition frequency w, and is negative bellow
wy. Fig. 2, indicates the unbalanced case where propaga-
tion gap over f; ranges between 5.8 and 9.3 GHz.
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Fig. 2. Dispersion relation of NVP TL (Cr=0.52pF,

=1.8nH, C.=0.15pF, L.=1.45nH), unbalanced
case with propagation gap within frequency band from
5.8t09.3 GHz.

2.2 Zeroth-Order Resonator

The phase constant =0 at w, implies the infinite
guided wavelength A, =2n/| f| =00, and zero phase shift
6,,= - p[=0. This phenomenon enables the realization of
zeroth-order resonance [10] in case that the length of the
resonator is independent of the resonance condition (i.e.
the multiple of the half wavelength in case of the open-
circuited TL). The principal voltage distribution along the
resonant length for the negative and zero resonances is
shown in Fig. 3. A more comprehensive description of
NPV TL implementation and ZOR properties can be found
in [10].

VOLTAGE

LENGTH

Fig. 3. Voltage distribution in case of open-circuited TL of

length /. Mode m = 0 represents zeroth-order resonator
with infinite guided wavelength.

NPV TL can thus form, if short enough, an electri-
cally small zeroth-order resonator (ZOR) antenna, in case
that sufficient radiation is enabled.

3. Zeroth Order Resonator Antenna

The efficient operation of a ZOR antenna is viable
only in case that the antenna is impedance-matched and
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provides sufficient radiation efficiency. The latter depends
on the antenna physical size and the particular distribution
of the current density on the antenna structure. In this pa-
per, efficiency is investigated from the individual parts of
the ZOR antenna structure that is implemented on the thin
substrate (2 = 0.5 mm) as NPV TL. In the literature, in case
of the described ZOR antenna [5] a meander line forming
shunt inductance L; is used. The mirror current on the
ground plane (below horizontal strips) has opposite orien-
tation (phase) to the strip currents. In such a case, the con-
tribution from the current elements flowing in the opposed
direction is eliminated. Consequently, the significant drop
in the radiation can be supposed for a very thin-substrate
antenna. So the increase in the strip distance over the
ground plane (GND) together with the use of the straight
inductive stubs is supposed to enhance the radiation.
Owing to that three prototypes have been designed. To
compare their antenna efficiencies, the first of them was
implemented on a very thin substrate (4 =0.5 mm,
~ 1/105 %), while the second and third ones were designed
using the increased height (k= 6.9 mm, ~ 1/8 &;). While
the second one uses the same substrate as the first one, the
third one was set up from dielectric substrate (0.5 mm) and
air layer (6.4 mm).

3.1 Description of ZOR Antenna Structure

The original thin-substrate ZOR antenna with four
element cells (see Fig. 4) has been designed in simulator
IE3D with ZOR frequency f; =5.64 GHz. The dielectric
substrate GML 1000 (2= 0.5 mm, & = 3.05, tand = 0.003)
was used. The physical dimensions of the original antenna
prototype are 12.0 x 4.9 x 0.5 mm which represents a rela-
tive size 1/5 x 1/11 x 1/105 Ay. The ground plane size is
60.0 x 40.0 mm, which is 1.1 x 0.75 A,. In the simulation
here, the ground plane is considered infinite. The antenna
was excited by a coaxial feeder of the diameter . The
series capacity of the equivalent circuit model (Fig. 1) was
implemented as interdigital capacitor. As a parallel induc-
tance a straight strip, connected by via hole to the ground
plane, has been used. In this case, the overall length of one
single basic cell is p = 3 mm; the length of fingers of inter-
digital capacitors equals /;,g = 2.5 mm and the width of the
finger w is the same as the width of the gap s, i.ec.
w=s5=0.1 mm. The equivalent circuit model of the cell
corresponds to the schema depicted in Fig. 1. The values of
interdigital capacitor Cp and inductive stub L can be
calculate according to [13] as

C, =1/3(n-1)e, +1)eg(n(1 +wp /) +3/4), ()

L, =2k )
[0)

where n is the number of interdigital arms, w, is the width
of the finger, and s is the width of the gap between fingers.
At first, we simulated s-parameters of the unit cell in IE3D.
To find the values of series inductance Lr and parallel
capacitance Cr we fitted the values of simulated s-para-

meters from IE3D to the values of s-parameters acquired
from the circuit model of the unit cell implemented
in AWR Microwave Office. The value of equivalent ele-
ments at fo=5.64 GHz then accounts for Cr=0.52 pF,
Lr=1.8nH, C.=0.15 pF, L, = 1.45 nH. The cell has been
designed as unbalanced so that it is possible to realize the
circuit elements in the microstrip technology. The EM
model cell shows slightly different resonant values than
those calculated from the circuit model because of the
simplicity (the lossless model and no coupling are
considered).

Fig. 4. Model of 4 unit cell ZOR antenna with substrate GML
1000 (& =3.05, tand =0.003) of height 4 =0.5 mm
with infinite ground plane (not shown).

3.2 Radiation from Selected Parts of Antenna

As it can be seen in Fig. 5, the magnitude of the
surface current density flowing on the horizontal strips of
shunt inductors exceeds its values existing on the rest of
the structure by at least 10 dB. The above-mentioned strips
thus form source areas that radiate significantly.
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Fig. 5. Vector current distribution at zeroth order resonance
frequency f; = 5.64 GHz.

For the investigation of the radiation of the ZOR an-
tenna the current distribution of the whole antenna and also
selected antenna regions (denoted in Fig. 6 by dashed red
rectangles) is used. The relative drop-off of the radiation of
selected regions to the radiation of the whole antenna
structure can be observed in four cases, see Fig. 7 and 8.
The aforementioned drop-off is evaluated and the domi-
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nantly radiating parts are identified. In the improved ver-  and vertical pins) are then geometrically emphasized by
sion of ZOR antenna, these parts (namely horizontal strips  a rise in the antenna height over the ground plane.

b)

c) | d)

Fig. 6. Picture of antenna footprint with selected regions: a) horizontal strips and vertical vias of shunt inductors, b) horizontal strips solely of
shunt inductors, c) vertical vias solely of shunt inductors, d) series capacitors

E-theta phi=0(deq) E-phi, phi=0(dedq)

B~ Selected E-theta, phi=O{ceg) —— Zelected E-phi, phi=0(deg)

C) 1300 d) 0.0

Fig. 7. Radiation pattern from both, total structure and selected regions of the original ZOR antenna design (4 = 0.5 mm) in ¢ = 0° plane:
a) horizontal strips and vertical vias of shunt inductors, b) horizontal strips solely of shunt inductors, c) vertical vias solely of shunt
inductors, d) series capacitors.
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Fig. 8. Radiation pattern from both total structure and selected regions of original ZOR antenna design (2 = 0.5 mm) in ¢ =90° plane: a)
horizontal strips and vertical vias of shunt inductors, b) horizontal strips solely of shunt inductors, c) vertical vias solely of shunt

inductors, d) series capacitors.

First, let us comment on the radiation pattern compo-
nents in the ¢ =0° plane (xz plane) and then in ¢ =90°
(yz plane) plane. We always compare the magnitudes of the
E-field components from the whole structure (e.g.
Ey(p=0°) or E, (p=0°)) and from the selected regions
(e.g. Selected Eq (¢ = 0°) or Selected £, (p =0°)). As it is
evident from the comparison of E, (¢ = 0°) (yellow line)
and Selected E,(¢ =0°) (dark blue line) components in
Fig. 7b, the horizontal strips of the shunt inductors signi-
ficantly contribute to the radiation in the whole upper
hemisphere. From the comparison of Ey (¢ = 0°) (light blue
line) and Selected Ey(p =0°) (violet line) components
in Fig. 7c, it is obvious that the significant radiation contri-
bution into the directions out of normal comes from the
vertical vias of the shut inductors, whereas in case of the
direction of normal, it comes from the series capacitors
(see Fig. 7d). The comparison of Ey(p =90°) (light blue
line) and Selected Ey(p = 90°) (violet line) components in
Figs. 8b and 8c shows similar results as the previous com-
parison of £, (¢ = 0°) and Selected E, (9 = 0°) components
in ¢ = 0° plane.

According to the literature [1-5] the value of the ra-
diation efficiency of ZOR antennas (manufactured using a
thin dielectric substrate) usually does not exceed 50 %. The
frequency dependence of the efficiencies of the original
thin-substrate antenna (4 = 0.5 mm) is less than 10 %; see
Fig. 9. The efficiencies presented in this paper are defined
in the following way:

Radiation efficiency = Radiated Power/Input Power
Antenna efficiency = Radiated Power/Incident Power.

The supposed way how to improve the radiating effi-
ciency is to increase the height of the NPV TL over the
ground plane. This measure is taken in order to increase the
distance of the currents flowing on the horizontal strips of
inductive stubs over their mirror out-phase currents that are
induced on the ground plane. The improved antenna thus
has an additional air layer between the ground plane and
the thin dielectric substrate carrying the antenna motif. The
height of the air layer is, due to the available foam spacers,
chosen 4, = 6.4 mm (~ 1/9 Ag), so that the total height
equals to & =hgyey+ hy=05+64=69 mm. The fre-
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quency dependence of the efficiencies of the improved
antenna is depicted in Fig. 10. To properly take into ac-
count for the presence of dielectric between the antenna
layer and ground plane the simulated results of efficiencies
for an antenna designed on a thick (4 =6.9 mm) substrate
are presented in Fig. 10. As it can be seen radiation effi-
ciency has been improved from 10 % to about 30 %. Fur-
ther improvement of radiation efficiency up to more then
80 % can be reached by decreasing of relative permittivity
below the antenna motif — removing the dielectric which is
substituted by an air of thickness 6.4 mm, see Fig.11.
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Fig. 9. Simulated radiation and antenna efficiency of original
thin antenna (4 = 0.5 mm) with infinite ground plane.
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Fig. 10. Simulated radiation and antenna efficiency of thick
profile antenna (h=6.9mm, full substrate) with
infinite ground plane.
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Fig. 11. Simulated radiation and antenna efficiency of the im-
proved antenna (% = 6.9 mm with air layer of thickness
6.4 mm) with infinite ground plane.

4. Results

Given the measured and simulated frequency be-
havior of the reflection coefficient S, it is apparent that for
the original thin-substrate antenna, the shapes and minima
of the above-mentioned curves are almost identical (see
Fig. 13). On the contrary, for the improved antenna the
measured reflection coefficient exhibits two sharp minima
around the simulated zeroth order resonance (Fig. 14). This
effect can be caused by several reasons, e.g. by the fabri-
cation tolerance (see the photograph of the manufactured
prototype in Fig. 12) or resonance of finite sized ground
plane. Simulation of original and improved antennas has
also been performed with finite ground plane to make the
comparison of directivity and gain of simulated and
measured antennas more precise.

Fig.12. Photograph of the improved antenna.
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Fig. 13. Measured and simulated reflection coefficient of
realized prototype of the original antenna with infinite
ground plane.

- - - -simulation measurement
° - —\‘V>\\
-5 i

\Vogd

s11 [dB]
8 65
—
=<

f[GHz]

Fig. 14. Measured and simulated reflection coefficient of the
realized prototype of the improved antenna with
infinite ground plane.
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Directivity, gain, and efficiency of both original and
improved air dielectric substrate antennas with infinite
ground plane have been simulated, see Tables 1 and 2.

m -3 -2 -1 0
fn [GHZ] 2.90 3.30 4.20 5.63
G [dBi] -39.3 -31.5 -14.7 -6.0
D [dBi] 6.5 7.1 41 5.0
n [%] 0.0 0.0 1.2 7.9

Tab. 1. Simulated values of gain G, directivity D and
efficiency # of the original antenna with infinite
ground plane for negative and zero resonances.

m -3 -2 -1 0

f. [GHz] 1.80 2.20 3.30 5.80
G [dBi] -18.0 -8.9 40 4.4
D [dBi] 5.6 4.4 6.4 5.7
n (%] 0.4 47 575 74.1

Tab. 2. Simulated values of gain G, directivity D and
efficiency # of the improved antenna with infinite
ground plane for negative and zero resonances.

Simulated and measured parameters of both, the
original and the improved antennas now with finite ground
plane are presented in Tab. 3.

Antenna Original Improved
(finite ground
plane) Sim. Meas. Sim. Meas.
fo [GHz] 5.60 5.64 5.80 7.79
G [dBi] -3.0 -45 4.0 5.0
D [dBi] 5.8 5.7 45 5.1
n [%] 13.2 9.5 89.1 97.7

Tab. 3. Measured gain G, calculated directivity D, and
calculated efficiency # of the original and improved
antennas at fo realized with finite ground plane.

Measured radiation patterns of both antennas with
finite ground plane are presented in Fig. 15 and Fig. 16.

5. Summary

The radiation of the very thin profile ZOR antenna
implemented in NPV TL has been investigated from se-
lected regions of the antenna. The objective was to find the
dominantly radiating source areas. It has been found that
these areas are formed by the horizontal strips and vertical
vias of LH inductors. Given these findings, an efficiency
improved ZOR antenna with air substrate and increased
vertical height from 0.5 mm to 6.9 mm, which represent
relative increase of height from 1/105 to 1/8 Ay has been
designed and measured. The simulated 6.9 mm thick full
dielectric substrate antenna provides just partial improve-
ment of radiation efficiency from about 10 to 30 % at f;.
Further improvement, maintaining the antenna height, up
to more then 80 % can be reached by decreasing the rela-
tive permittivity of substrate layers bellow the antenna
motif. The simulated antenna efficiency of finite ground
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Fig. 15. Radiation patterns of original (thin profile) antenna
a) phi = 0° (xz plane), b) phi = 90° (yz plane).
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Fig. 16. Radiation patterns of improved (increased profile)
antenna a) phi = 0° (xz plane), b) phi = 90° (yz plane).
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plane air substrate antenna has been increased from 13.2 to
89.1 %, while the measured one has been increased from
9.5 to 97.7 %. The measured gain has been enhanced from
—4.5 to 5.0 dBi. The increased height of vertical vias of the
improved antenna changes a shape of the radiation pattern
which is more similar to the monopole antenna one, see
Fig. 15 and Fig. 16 where component values denoted by
red dashed curve dominates.

To sum it up, it can be stated that the radiation effi-
ciency (and consequently also the antenna efficiency) de-
pends predominantly on the vertical size of the antenna
structure and as much low relative permittivity as possible.
The height of the here presented improved (thick profile)
ZOR antenna is as far as half of a monopole antenna height
and there is a question to be solved if the use of such ZOR
antenna may provide any significant advantages compared
to the monopole one.
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