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Abstract. The design of a new class of multifrequency
monopoles by loading a set of resonant-type complemen-
tary metamaterial transmission lines (CMTL) is firstly
presented. Two types of CMTL elements are comprehen-
sively explored: the former is the epsilon negative (ENG)
one by loading complementary split ring resonators
(CSRRs) with different configurations on the signal strip,
whereas the latter is the double negative (DNG) one by
incorporating the CSRRs and capacitive gaps. In both
cases, the CMTLs are considered with different number of
unit cells. By cautiously controlling the geometrical pa-
rameters of element structure, five antenna prototypes
coving different communication standards (GSM, UMTS,
DMB and WiMAX) are designed, fabricated and measured.
Numerical and experimental results illustrate that the
zeroth-order resonance frequencies of the ENG and DNG
monopoles are in desirable consistency. Moreover, of all
operating frequencies the antennas exhibit fairly good
impedance matching performances better than -10 dB and
quasi-omnidirectional radiation patterns.

Keywords

Metamaterial transmission line, planar monopole,
multi-frequency antenna, complementary, zeroth-
order resonator (ZOR)

1. Introduction

Over recent years, there has been a renewed interest
in using artificial metamaterial (MTM) transmission line
(TL) in the design of microwave devices and components
[1]-[20] due to its abnormal electromagnetic (EM) proper-
ties that are hardly realized in nature. As to the planar
microstrip monopoles [9]-[20], these antennas in general
can be classified into three categories according to the
loading manner and working mechanism of the MTM TL
elements. The monopoles of the first category are based on
the double negative (DNG) MTM TLs [9]-[16] which are
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also termed as composite right/left handed (CRLH) TLs.
These antennas can be engineered with broadband or
multi-frequency operation because the operating modes can
be arbitrarily controlled by the well-conducted dispersion
curve of CRLH elements. The second category is the
monopole or dipole antennas built on the meta-surface
made of periodically arranged left handed (LH) particles
[17]. Through this type of loading, the antenna perform-
ances are improved in terms of both enhanced radiation
behavior and broadened impedance matching bandwidth.
The third category is the monopole by introducing LH
MTMs [18] or split ring resonators (SRRs) [19] along it or
even by embedding complementary SRRs (CSRRs) in the
monopoles [20]. In this regard, the miniaturization and
band-notch characteristic in an ultrawide operation band
were achieved in virtue of the subwavelength resonance of
the loaded elements.

Although compactness and multifunction are realized
in aforementioned monopoles made of DNG MTM TLs,
the mostly reported structures are confined to the nonreso-
nant-type TL elements by using chip components which
are restricted to low frequency operation and are not effi-
cient radiators [9]-[12]. As to the rarely reported distrib-
uted TL monopoles [13], [14], the shunt inductors are
commonly realized by grounded vias which would degrade
the antenna gain due to the metallic losses. Moreover,
further miniaturization is still a pressing task since the
compactness is of great importance to portable and hand-
held antennas. These issues make an improved and alterna-
tive strategy that can be easily characterized and experi-
mentally implemented a pressing task. The goal of this
paper is thus to explore a novel avenue in the implementa-
tion of fully printed monopoles with simultaneous compact
and multifunctional feature. The fundamentals and working
mechanism of the monopoles using resonant-type comple-
mentary MTM TL (CMTL) will be firstly introduced. Then
the multifrequency monopoles made of epsilon negative
(ENG) and DNG CMTLs by etching the CSRRs on the
signal strip is proposed, characterized and eventually
fabricated.

ELECTROMAGNETICS
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2. Resonant-type Microstrip-fed
ENG and DNG Monopoles

2.1 Fundamentals and Theoretical
Background

The crucial obstacle of pushing the resonant-type
CMTL element such as CSRRs in the monopole applica-
tion is the structure incompatibility because the CSRRs
commonly require a ground plane while the host monopole
is unable to afford. In this paper, the resonant-type struc-
tures utilized for the monopoles are inspired from [16],
[21], where the CSRRs are etched on the signal strip for
filter and divider applications. Fig. 1 plots the sketch of the
conventional and proposed conceptual microstrip-fed
monopoles, respectively and the corresponding equivalent
circuit model. As a first step towards the design of a DNG
monopole, four essential parameters are defined: the phase
ocur, induced by the CMTL element, the phase @i
caused by the host monopole, resonant modes (indices) n
and the number of utilized CMTL elements N. Similar to
the nonresonant-type CRLH monopole, the overall possible
eigenfrequencies of the DNG monopoles should satisfy the
following resonant condition [13], [16]

wtotal:quoCMTLerMono = }’172'/2, n= O’il’i3’ (1)

where ¢, is the phase shift across the entire antenna.
Observation from (1) indicates that the relation of the @y,
and ¢cyrr plays an important role in determination of the
resonant modes. Note that the stop band of the ENG TL
element in the guided wave design can also be employed
for a radiated wave design in the case of an open circuit
(infinitely large series impedance) or a resonance (often
referred to as zeroth-order resonance, ZOR) of the shunt
branch in the equivalent circuit model. In both ENG and
DNG cases, the current has no place to go except through
the shunt branch of the circuit.

2.2 Monopoles by Loading Single CMTL
Element

Figure 2 shows the flow chart of the formation of the
proposed DNG CMTL element evolved from [21]. As can

(a) (b)

( ).' ........................ \
Resonant-type MTM TL element ! L, !

N
o
Resonant-type MTM TL element

Fig. 1. Sketch of microstrip-fed monopoles: (a) Conventional
monopole. (b) Conceptual monopole loaded with
resonant-type CMTL elements and (c) equivalent

circuit model.

be seen, the element is composed of CSRRs etched on the
square patch in the upper metallic strip and a square ring
with or without two splits in the top and bottom region.
The square ring connected to the feedline is formed by
introducing an additional gap (closed slot) outside the
CSRRs. The CSRRs still response to the axial electric-field
component and thus afford the resonant negative permittiv-
ity. The resonant effect of the CSRRs is accounted by the
parallel tank formed by L, and C, in the circuit model. The
capacitive gaps at both sides are modeled by the capaci-
tance C,, whereas the inductive effect of the host TL is
modeled by the inductance L,. Both C, and L contribute to
the negative permeability. The DNG CMTL element can be
ENG CMTL element by closing the splits of the square
ring (defined as a hybrid ENG resonator) or by removing
the gap (CSRRs left only). Since the length of the gap has
been extended significantly relative to [21], a larger C, and
in turn enhanced LH characteristics will be engineered. In
this particular design, since the ground plane of the CMTL
element is not placed beneath the CSRRs but is coplanar
with the host monopole, the fringing capacitances of the
gaps Cy are weakened and thus are neglected for conven-
ience. Therefore, the proposed CMTL element can be cas-
ily integrated with the planar monopoles of which the
ground plane remains unaltered. The C; has nothing to do
with the resonant modes but results in slightly reduced
resonant frequencies, which will be corroborated by exten-
sive calculations in the upcoming section.

Fig. 3 portrays the layout of the resulting monopoles
based on CSRRs-loaded CMTL elements with different
configurations. The CMTL element is loaded at the end of

a | )

-

Ty, = 3

Fig. 2. Flow chart of the formation of the proposed ENG (the
middle one) and DNG (the last one) CMTL element
evolved from previous CRLH element (the first one)
[21].
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y
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Fig. 3. Layouts of the proposed single-cell microstrip-fed
monopoles. (a) Conventional antenna (Case 1); (b)
ENG antenna (Case 2); (c¢) hybrid ENG antenna (Case
3); (d) DNG antenna (Case 4); (e) hybrid ENG antenna
with ground underneath the CMTL element (Case 5).
The geometrical parameters of these antennas (in
millimeter: mm) are a=11.5, b=10.8 g,=0.72,
&= 0.2 83= 04, dl = d2= 036, d3= 02, w= 16,
wy=4, Ly=30, w,=18,and ax= 1.5.
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the host monopole. A total of six cases are considered for
comprehensive analysis. They are orderly the conventional
monopole without CMTL loading, the ENG monopoles
loaded by the CSRRs only or by aforementioned hybrid
resonator, the DNG monopole, the hybrid ENG monopole
with a ground plane, and the monopole with the gap only
(not shown here for brevity of contents). In the fifth case,
the ground beneath the hybrid CMTL element is not con-
nected to that of the host monopole.

The design flow starts from the conventional micro-
strip-fed monopole where the ground plane L, X w, is
finely designed to obtain a desirable impedance matching
over a wide bandwidth and a normal monopolar radiation
with high efficiency. The length of the host monopole is
designed to operate at GSM band (centered at 1.8 GHz).
All designs are conducted in the commercial full-wave
finite-element-method (FEM) EM field simulator Ansoft
HFSS (Version of 13.2) and are all layouts are built on the
commonly available 1mm-thick F4B substrate with dielec-
tric constant of ¢.=2.2 and loss tangent of tand = 0.001.
Fig. 4 depicts the simulated reflection coefficients S;; of
the proposed single-cell MTM-inspired monopoles. To
illustrate the effects of the gap, the results of the monopole
with the gap only are also provided.

Following Fig. 4, we conclude that the fundamental
reflection dip (around GSM 1.8 GHz) corresponds to the
operating frequency f, of the host monopole, whereas the
second reflection dip (covering the Satellite Digital Mobile
Broadcasting (DMB) band, 2605+2655 MHz) corresponds
to the ZOR frequency fy; of the CSRRs while the third
reflection dip (around 4.65 GHz, fs;) corresponds to the
resonance of the gap in hybrid DNG antenna case. As
previously discussed, C; is negligible when the ground is
removed, which finds strong support from the almost con-
stant trend of the reflection response except for the slightly
reduced operating frequencies in case 5 due to the en-
hanced C. A further comparison between case 3 and the
case with the gap only also indicates that the CSRRs inter-
act with the gap, leading to the slightly reduced fs, in
case 3. Moreover, the uniform E-field distributions (not
shown for brevity of contents) are clearly observed in
CSRRs at fy;; while are not shown at residual frequencies,
indicating a ZOR mode and strong radiation of CSRRs.
This feature distinguishes the monopoles from any previ-
ous ones by loading chip components which are always not
an efficient radiator. The relatively wider bandwidth of the
DNG antenna around fy; relative to both ENG antennas is
due to that the excited »=-+1 mode is located in close
proximity to the n =0 mode (ZOR mode). Note that the
n =+1 mode never occurs in the ENG case. Moreover, the
fo=2.14 GHz (UMTS band) in the DNG antenna case has
been shifted upwards. This is because the CMTL element
provides less phase shift than conventional monopole. This
means that the DNG monopole affords slightly shorter
actual length. Most importantly, the ZOR frequency is
observed almost the same in all ENG and DNG cases. This
is because the ZOR frequency is only dependent on the L,
and C, relative to the dimensions of the CSRRs.
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Fig. 4. Simulated reflection coefficients of the proposed

single-cell MTM-inspired antennas.

To examine the far-field radiation characteristics,
Fig. 5 depicts the 3-D patterns of the MTM-inspired anten-
nas at different frequencies for an intuitionistic view. Fol-
lowing the figure, the monopolar or quasi-monopolar pat-
terns are clearly observed in all cases. The little broken
uniformity of the patterns in xoy plane at fs, is due to the
radiation of the gap which also radiates and thus facilitates
the spatial power to be re-synthesized. The detailed per-
formances of these antennas can be referred to Tab. 1. The
relatively low efficiency of the ENG antennas at fy; with
respect to that at fy and fs, is due to that fy; is located very
close to the low efficiency dip (not shown for brevity) at
which no radiation occurs. However, it is improved in the
DNG case due to double negative permittivity and perme-
ability around fy1;, which enables strong radiation. The low
antenna gain in all cases is due to the omnidirectional pat-
terns and small ground dimensions of the host monopole.
Further simulation results indicate that the gain is enhanced
by an average of 0.7 dB when L, increases per 10 mm in
some specific range.

For verification, we have fabricated three antenna
prototypes (case 2, case 3 and case 4, see orderly in Fig. 6)
whose footprints occupy the same area of 1x30x52.6 mm’.
Fig. 6 compares the simulated and measured (through
a N5230C vector network analyzer) reflection coefficients
while Fig. 7 gives the measured radiation patterns in two

Case 1 f/=1.78 Case 2 fy=1.74 Case 2 f};;=2.65 Case 3 f,=1.76

Case 3 fy=2.67 Case3fs=4.7 Casedf=2.15 Cased fy;=2.67

Case 5 fy=1.57 Case5 f3;=2.37 Case 5 fs,;=4.54

Fig. 5. Simulated 3-D radiation patterns of the single-cell
MTM-inspired monopoles at different operating
frequencies.
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Antennas Antenna gain (dB) BW (GHz Radiation efficiency (%)
Jo JSwi Js2 Jo Swi Js2 Jo JSwi Js2
Case 1 -1.44 - - 0.9 - - 97.5 - -
Case 2 -1.64 0.59 - 0.7 0.21 - 98.3 82.6 -
Case 3 -1.44 0.38 0.8 0.7 0.09 0.17 97.3 75.8 89.1
Case 4 0.23 0.64 - 0.75 0.67 - 95.8 88.1 -

Tab. 1. Comparison of performances of the single-cell MTM-inspired monopoles. Note: the bandwidth (BW) is defined by the -10 dB
reflection coefficients. The efficiency is defined as the radiated power divided by the accepted power at the center frequencies shown

in Fig. 5.
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Fig. 6. Simulated and measured reflection coefficients of the
fabricated antennas.

~=xoz plane
— oy plane

== xoz plane
— oy plane

Fig. 7. Measured co-polarized patterns of the (a)-(b) ENG,
(c)-(e) hybrid ENG and (f)-(g) DNG antenna at differ-
ent frequencies. (a) f;=1.85 GHz, (b) fuu=2.6 GHz,
(©) fo=1.92 GHz, (d) fu1 =2.61 GHz, (e) fs,=4.81 GHz,
() fo=2.28 GHz, (g) fun = 2.64 GHz.

principle planes through a far-field measurement system in
an anechoic chamber. As can be seen, a good agreement of
results between simulation and measurement is achieved.

The slight frequency upwards in the measurement is
attributable to the nonideal substrate that is utilized and
also to the tolerances that are inherent in fabrication proc-
ess. Across all operating frequencies, the measured S; is
better than -10 dB. From Fig. 7, the quasi-monopolar radia-
tions are clearly illustrated at all selected frequencies from
the nearly null radiation at the broadside direction in xoz
plane while quasi-omnidirectional patterns in xoy plane.
Thus far, the multifrequency operation of the proposed
antennas by loading single CMTL element has been unam-
biguously demonstrated.

2.3 Monopoles by Loading Dual CMTL
Elements

In this section, we will explore the effects of the num-
ber of the CMTL elements on the antenna performances.
For simplicity, dual CMTL elements are considered with-
out loss of generality. Fig. 8 plots the proposed monopoles
by loading dual-cell CMTL elements with the same geo-
metrical parameters and footprints as those shown in
Fig. 3. The reflection coefficients are compared in Fig. 9.
As can be seen, the impedance matching and bandwidth are
almost without deterioration when additional element is
loaded for ENG antennas. By contrary, the matching of the
DNG antenna deteriorates significantly especially for the
not well excited resonance of the host monopole. Neverthe-
less, the ZOR frequency still exhibits in all ENG and DNG

©) g © g @
L —

(a)

Fig. 8. Layouts of the proposed monopoles by loading dual-
cell CMTL elements. (a) Conventional antenna; (b)
ENG antenna; (c¢) Hybrid ENG antenna; (d) DNG
antenna.

1]
_ /@SG
<&
)
Z .10
@n ——Case 1
S —o—Case 2
B —o=—Case 3
.En .20 ——Case 4
<
=
-30 T T T T T T T
10 15 20 25 3.0 35 40 45 5.0
Frequency (GHz)

Fig. 9. Simulated reflection coefficients of the proposed dual-
cell MTM-inspired monopoles.
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Case 1 f;=2.23 Case2 f;=2.29 Case 2 f);;=2.83 Case 3 f,=1.83
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Case 3 f1,,/=2.67 Case 3 f5;=4.53 Case 4 fy;=2.61 Case 4 f,=3.69

Fig. 10. Simulated 3-D radiation patterns of the dual-cell
MTM-inspired monopoles at different operating

frequencies.
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Fig. 11. Simulated and measured reflection coefficients of the
dual-cell monopoles.
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Fig. 12. Measured co-polarized patterns of the (a)-(b) hybrid
ENG and (c)-(d) DNG antennas at different frequen-
cies. (a) fp=1.8GHz, (b) fii=2.69GHz, (c) f=
4.61 GHz, (d) fo=2.56 GHz.

antennas around 2.6 GHz, further demonstrating that ZOR
mode is independent while the input impedance is seriously
dependent on the number of MTM elements [22]. In DNG
case, the n =+1 mode around 3.5 GHz (WiMAX band) is
weakly excited. Fig. 10 gives the 3-D far-field radiation
patterns. Almost the same phenomena are expected as
those shown in Fig. 5 except for the antenna gain which
has been considerably improved when additional CMTL
element is loaded. The reason is because that the CSRRs

contribute to the major radiation of the monopole as previ-
ously discussed.

For verification, the hybrid ENG and DNG antennas
are fabricated. Fig. 11 plots the comparison of reflection
coefficients between simulations and measurements while
Fig. 12 depicts the measured radiation patterns in two prin-
ciple planes. A desirable agreement of results is also ob-
served. The reason for slight deviations especially for the
narrower bandwidth in the measurement case is due to that
the CMTL dimensions of prototypes deviate from those in
the simulation model. Nevertheless, the measured S;; is
better than -10 dB over all operating frequencies. From
Fig. 12, the measured typical monopolar patterns further
confirm the effectiveness of dual-cell elements in the
monopole design.

3. Conclusion

The use of resonant-type ENG and DNG CMTLs in
the design of low-profile multifrequency monopoles is
presented. Results reveal that at all operating frequencies
the monopoles exhibit quasi-monopolar radiation patterns
and fairy good impedance matching performances with
return loss better than 10 dB. Moreover, the ZOR fre-
quency is independent on the number of unit cells and is
observed as the same for both ENG and DNG antennas.
These antennas feature compact, low profile, completely
uniplanar, and are without any metallic vias and lumped
loadings, rendering easy avenue toward monopoles with
multifunction and high integration by using simple photo-
lithography. Other variations of CSRRs and geometrical
parameters can be explored for arbitrary manipulation of
frequency ratio and further improvement of performances.
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