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Design and analysis of a compact quad band
loaded monopole antenna with independent

resonators

MAHMOUD A. ABDALLA' AND ZHIRUN HU~

A quad band antenna with good gain and omni-directional pattern is proposed in this paper. The antenna design is based on
loading a conventional monopole antenna by three different resonators. The resonators are inspired from the shunt branch of
composite right-/left-handed cell. The resonators have a simple structure and compact size. The control of the frequency bands
can be achieved arbitrarily and hence the suggested design methodology can be generalized to any required bands. The fab-
ricated antenna prototype is operating at 2.6, 3.35, 5.15, and 6.1 GHz with bandwidth wider than 100 MHz for each band.
The antenna’s operating principle and design procedures with the aid of electromagnetic full wave simulation are presented.
Finally, the experimental results exhibit good agreement with the simulated ones which confirm the proposed designed meth-
odology. The proposed monopole antenna has a patch size of 13.5 mm x 6.5 mm and the whole antenna size (including the
feed line) is 35 mm x 32 mm. Compared to conventional single-band microstrip patch radiator size, the proposed quad band
radiator has the size of 9, 15, 37.5, and 72.5% at relevant frequency bands.
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. INTRODUCTION

Meta-materials have been introduced for various microwave
devices and components. Increasing attention has been paid
on by electromagnetic waves community in employing them
for novel functionalities and size reduction that cannot be
achieved using conventional materials. Left-handed meta-
materials (LHMs) are one of these meta-materials which are
characterized by simultaneous negative permittivity and per-
meability. Realization of LHMs has been proposed using a
transmission line (TL) periodically loaded with series capaci-
tors and shunt inductors, named as composite right-/
left-handed (CRLH) TL [1, 2]. Hence, novel CRLH microwave
components [3-5] and antennas [6-8] have been reported.
Since the early years in this century, there has been an
increase demand for multiband, omni-directional antennas
to meet numerous increase in the wireless communication
services that operate at different frequency spectrums.
Low-cost printed monopole-based multiband antennas have
been employed [9]. A printed monopole antenna can be
designed in different geometrical shapes using microstrip
and CPW feeding configurations. There is a challenge in
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introducing more and designing arbitrary frequency bands
with compact size and simple realization. The multiband tech-
niques can be done by using meandering line [10] or using dif-
ferent radiators on top and bottom sides of the monopole
[11, 12]. However, this may increase the antenna design and
fabrication complexity. It has also been suggested using differ-
ent interconnected radiating resonators/slots on the patch
[13] with different shapes. However, these resonators are
required to be half wave length which may increase the
overall antenna dimensions. Consequently, different propo-
sals for quad band antennas are presented over the last few
years [14-21].

Multiband antennas can also be realized based on metama-
terial TL as resonant antennas. Several successful approaches
have been suggested [22-28]. Although most of these antennas
have achieved multiband functionalities, they have small
gain. In order to have higher gain, metamaterial structures
have been employed to load different conventional resonant
antennas such as monopole/dipole antennas which have also
provided arbitrary operating band [29-31]. Among these anten-
nas, quad band proposals have been also reported [32, 33].

The ideal simple half mode CRLH cell (H-CRLH) was sug-
gested in [34, 35] by either using the shunt or series loading
elements in complete CRLH cell to design a dual/triple band
antennas, respectively. These antennas were monopole
loaded by meandered lines. However, their radiation mechan-
ism can be explained as inspired from open circuit terminated
H-CRLH cell. In this way, dual/triple band design method was
designed independently. Consequently, a complementary cell
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of the H-CRLH was loading a monopole; this idea was dis-
cussed in [36, 37] to design a triple band antenna. However,
by increasing the independent desired design bands, the
concept of H-CRLH design method was limited.

Therefore, in this paper, we introduce a simple new ana-
lysis and design and implementation of quad band antenna
based on loading a monopole patch by three different and
independent resonators inspired from the shunt branch of
CRLH unit cells. The antenna is CPW fed and it serves the
bands centered at 2.6, 3.35, 5.15, and 6.1 GHz with good
gain and omni-directional pattern.

Il. ANTENNA STRUCTURE AND
DESIGN PRINCIPLES

The novelty of the proposed technique in this paper is its
ability to introduce many bands by loading a monopole
patch antenna as shown in Fig. 1(a). As shown in the figure,
three different resonators are added to the monopole patch
at three different positions. As a consequence, three different
resonances were generated in addition to the original mono-
pole resonance. Hence, quad band antenna can be achieved.
In this way, a compact and multiband antenna design meth-
odology is possible. The initial layout design of the quad
band antenna is shown in Fig. 1(b). The antenna is designed
on low-cost FR4 substrate with &, = 4.4, and 1.6 mm thick-
ness. As it can be seen, the three resonators consist of a slot
inductor in parallel with an eight fingers interdigital capacitor.
All the fingers widths and spacing are of 0.2 mm. The detailed
dimensions for the antenna are tabulated in Table 1.

The dimensions were selected so that the patch length is
approximately quarter wavelength at first band (2.6 GHz)
and the patch width was adjusted for efficient radiation and
good matching. The inductor and capacitor of the three
resonators were adjusted at the three other frequencies
(3.35 GHz), (5.15 GHz), and (6.1 GHz), individually.

The simulated reflection coefficient for a non-loaded mono-
pole and loaded monopole antennas are shown in Fig. 2. It is
clear that the non-loaded monopole antenna can resonate only
at 2.6 GHz at which the reflection coefficient is —15 dB and it

Table 1. The detailed dimensions for the quad band antenna in Fig. 2.

Par. Dim. Par. Dim. Par. Dim. Par. Dim. Par. Dim.
L 35 w 32 L, 16 W, 65 Loy 1

Ly 15 Lg, 0.5 Le, 1 Ly, 2.5 L, 2.5
L, 5 W, o5 Ly 1 Ly, 1.5 Ly 2.2

All design parameters are in mm.

Reflection Coefficient (dB)

==== UnLoaded Monopole
80 ] Meta-Loaded Monopole
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Frequency (GHz)

Fig. 2. The simulated reflection coefficient of the unloaded and loaded
monopole antennas.

has a wide — 10 dB bandwidth that extends from 2 to 3.5 GHz.
On the other hand, the loaded monopole antenna can demon-
strate quad bands. The first band is the same as the unloaded
one at 2.6 GHz. The three other resonances are at 3.35, 5.15,
and 6.1 GHz with <—10 dB center reflection coefficient.

. THE OPERATING PRINCIPLES
OF THE QUAD BAND ANTENNA

To confirm the independent frequency bands of the quad
band antenna, the antenna has been simulated for different

w

We
(a)

Cell#3

(b)

Fig. 1. The proposed quad band loaded monopole antenna. (a) The suggesting loading schematic, (b) the antenna geometry, (c) the detailed loaded patch.
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Fig. 3. The simulated reflection coefficient of the loaded monopole antenna Fig. 5. The simulated reflection coefficient of the loaded monopole antenna
for different L, values. for different Ly, values.
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Fig. 4. The simulated reflection coefficient of the loaded monopole antenna Fig. 6. The simulated reflection coefficient of the loaded monopole antenna
for different Ly, values. for different Ly, values.
W= 32 mm

L= 35 mm

(c)

Fig. 7. The quad band metamaterial inspired antenna. (a) The 2D layout; (b) the detailed loaded monopole patch L, = 13.5 mm, W, = 6.5 mm, L= 5.3 mm,
L¢, = 0.8 mm, L, = 1.55 mm, L¢; = 1.1 mm; (c) the fabricated antenna prototype.
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Fig. 8. The simulated and measured reflection coefficients of the quad band
loaded monopole antenna.
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patch length (L,) as shown in Fig. 3, capacitor finger length
(Ls) as shown in Fig. 4, capacitor finger length (Ls) as
shown in Fig. 5, and capacitor finger length (Lg) as shown
in Fig. 6. In Fig. 3, it is obvious that by changing L,, only
the first band is shifted from f, = 2.6 GHz to 2.7 GHz and
2.8 GHz corresponding to L, =16, 15, and 14 mm, respect-
ively. It can also be noticed that the other three resonance fre-
quencies are almost constant at f, = 3.4 GHz, f; = 5.2 GHz,
and f, = 6.25 GHz. In Fig. 4, by changing Lg, only the
second band changes from f, = 3.3 GHz to 3.4 GHz and
3.5 GHz corresponding to Lg, = 2.4, 2.2, and 2 mm, respect-
ively. The three other bands are not changed f, = 2.65 GHz,
f;=15.15 GHz, and f, = 6.15 GHz. In Fig. 5, f; is changed
from 5 to 5.2 and 5.35 GHz by changing L, from 1.7 to 1.5
and 1.3 mm, respectively. Little change for f, = 2.65 GHz,
f> = 2.65 GHz, and f, = 6.15 GHz can be observed.

Finally, as it can be observed from Fig. 6, by changing Ly,
only the fourth band is changing from f, = 5.9 to 6.15 and

(d)

Fig. 9. The simulated current density distribution over the monopole radiator at (a) 2.6 GHz, (b) 3.35 GHz, (c) 5.15 GHz, and (d) 6.1 GHz.
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Fig. 10. The simulated 3D radiation pattern gain at 2.6, 3.35, 5.15, and 6.1 GHz.

6.4 GHz corresponding to Ly = 1.2, 1, and 0.8 mm, respect-
ively. The three other bands are not changed f, = 2.6 GHz,
f>=3.4GHz, and f,=5.2GHz. The previous parametric
analyses confirmed that the design of each resonance is con-
trolled independently which make these frequency bands to
be easily controlled. In other words, the first band is designed
by the patch size, the second band by resonator #3, the third
band by resonator #2, whereas the fourth band is designed
by resonator #1.

From previous results, it is very clear that the proposed ana-
lysis technique is powerful in designing the antenna bands
independently. The success of this analysis can be further for
higher antenna bands in small size which can be considered a
good and simple contribution over multiband antennas
which may be extended to more than quad band antennas.

V. QUAD BAND ANTENNA
RESULTS AND DISCUSSION

Based on the previous parametric analysis for the loaded
monopole antenna, an optimized antenna layout is shown
in Fig. 7. It can be seen that the positions of the three inter-
digital capacitors have been moved along the cell. The object-
ive was based on achieving best possible matching for all
designed four bands. Moreover, to decrease the patch size
while maintaining the same electrical length and hence the
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same resonant frequencies, the third slot has been shaped to
have T shape at the end. This affects the operating frequencies
of the first and second bands but not the third and fourth
bands

Finally, the simulated and measured reflection coefficient is
shown in Fig. 8. The results confirm quad band operation
addressed by reflection coefficient lower than —10 dB. The
center frequency is at 2.6 GHz (— 10 dB bandwidth from 2.5
to 2.7 GHz), 3.35 GHz (—10dB bandwidth from 3.2 to
3.55 GHz), 5.15 GHz (—10dB bandwidth from 4.95 to
5.35 GHz), and 6.1 GHz (—10dB bandwidth from 5.65
to 7.2 GHz). The figure also demonstrates good agreement
between the simulated and the measured results. However,
there are some discrepancies at the fourth band. The quad
band antenna size is compared individually to single-band
microstrip patch antenna.

A conventional microstrip patch size is 35.1 mm X
27.1 mm at 2.6 GHz, with overall antenna size = 84 mm x
62 mm, 27 mm X 21 mm, with overall antenna size =
65 mm X 50 mm, at 3.35 GHz, 18 mm x 13 mm at 5.15 GHz,
with overall antenna size =36 mm x 42 mm and finally
11mm X 11 mm at 6.1 GHz, with overall antenna size =
32mm X 35 mm. On the other hand, the quad band
antenna has a radiator size (13.5 mm x 6.5 mm) with
overall size (35 mm x 32 mm), whereas the feeding length
(20 mm) is the same in the two cases. Thus, the proposed radi-
ator is only 9, 15, 37.5, and 72.5%, whereas the whole designed
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Table 2. A comparison between recent published quad band antennas and the proposed antenna in this paper.

Reference Frequency band Fractional bandwidth Antenna type/substrate Antenna type/design Average Physical substrate Electrical antenna largest
(GHz)/or center (%)/bandwidth dB dielectric constant (&,), method/independent or not antenna gain size (length X dimension (in terms of free
frequency definition thickness (mm)/2D planar or independent (dBi)/efficiency width X height space wavelength) at mid
3D (mm3)) frequency
This work 2.5-2.7 3.9/—10dB CPW-fed Four bands design o dB/87% 35 X 32 X 1.6 0.3 X 0.27 X 0.014
3.2-3.55 10.4/—10 dB Monopole + 3 Resonators Independent 1.6 dB/87% 0.38 X 0.35 X 0.017
4.95-3.35 7.7/—10 dB & = 4.4 1.2 dB/71% 0.6 X 0.55 X 0.027
5.65-7.2 18.7/—10dB Th = 1.6 mm —2.1 dB/85% 0.74 X 0.68 X 0.034
2D planar
[14] TAP-2013 1.570-1.58 0.6/—10dB Microstrip-fed/bow-tie/ Optimization/not NA 70 X 12 X 2 0.37 X 0.06 X 0.01
2.7-2.9 7.15/—10dB &, = 2.2, independent NA 0.65 X 0.07 X 0.02
3.8-4 5.12/—10dB Th =2 mm NA 0.91 X 0.17 X 0.026
5.47-5.57 1.2/—10dB 2D planar NA 1.29 X 0.22 X 0.04
[15] 1.565-1.585 1.2/—6 dB Microstrip-fed/PIFA + Two bands design + 2 higher —3 dB/41% 25 X 10 X 5.8 0.13 X 0.05 X 0.035
AWPL-2014  2.4-2.67 10.8/—6 dB resonator &, = 4.4 order mode bands/not 5 dB/78% 0.21 X 0.08 X 0.05
3.3-3.4 3/—6 dB Th = 0.8 mm independent 8 dB/90% 0.27 X 0.11 X 0.06
5.15-5.35 3.8/—6 dB 3D —3dB/51% 0.37 X 0.17 X 0.1
[16] 0.94-1.2 23.9/—10dB CPW-fed/pentangle monopole/  Design fundamental band + 5.5 AB/NA% 90 X 60 X 0.127 0.32 X 0.21 X 0.0004
AWPL-2016  2.23-2.43 8.5/—10 dB V shape radiator 3 higher order modes 5.8 dAB/NA% 0.7 X 0.46 X 0.0009
3.58-3.74 4.3/—10dB & = 4.4 Optimized 2 dB/NA% 1.1 X 0.73 X 0.001
4.93-5.29 7/—10 dB Th = 0.127 mm Not independent 3.5 dB/NA% 1.55 X 1.03 X 0.002
2D
[17] TAP-2017 3.04 GHz 1.6/—10dB CPW-fed/shorting radiating Design four bands 2.63 dB/60% 40 X 40 X 1.964 0.4 X 0.4 X 0.02
3.83 GHz 1.3/—10dB patch by metallic vias, Independent 1.43 dB/49% 0.51 X 0.51 X 0.025
4.83 GHz 0.9/—10dB &, = 2.55 2.11 dB/54% 0.65 X 0.65 X 0.03
5.76 GHz 0.7/—10dB Th = 1.964 mm 2.39 dB/42% 0.77 X 0.77 X 0.04
2D
[21] IMWT- 1.54-1.61 7/—10 dB CPW-fed/as monopole Design all bands individually  0.35 dB/NA 40 X 20 X 1.6 0.21 X 0.105 X 0.008
2016 2.3-2.7 16.5/—10 dB g, =22 but optimize them 2.05 dB/NA 0.34 X 0.17 X 0.013
3.1-3.75 19/—10dB Th = 1.6 mm together, not independent ~ 2.15 dB/NA 0.46 X 0.23 X 0.018
5-5.95 16.7/—10 dB 2D 3.15 dB/NA 1.55 X 1.03 X 0.03
[32] NA/o.9 GHz 4/—6 dB Microstrip-fed/PIFA/load stub Optimized 4.4 dB/46% 40 X 40 X 0.8 0.12 X 0.12 X 0.002
AWPL-2014 NA/1.57 GHz 5/—6 dB CRLH (lumped elements) Not independent 4 dB/80% 0.21 X 0.21 X 0.004
NA/1.8 GHz 2/—6 dB &= 4.4 3 dB/70% 0.24 X 0.24 X 0.004
NA/2.5 GHz 18/—6 dB Th = 0.8 mm 3 dB /70% 0.33 X 0.33 X 0.06
2D
[33] NA/o.9 GHz 2.6/—10 dB Microstrip-fed/monopole load Optimized —0.6 dB/94% 95 X 56 X 1.57 0.29 X 0.17 X 0.005
MWOP-2016 NA/1.6 GHz 3.2/—10 dB (CRLH cell) Not independent 1.5 dB/94% 0.5 X 0.3 X 0.008
NA/2.4 GHz 12.6/—10 dB g, =22 3.2 dB/98% 0.76 X 0.45 X 0.013
NA/3.55 GHz 9.2/—10 dB Th = 1.57 mm 3.5 dB /96% 1.1 X 0.65 X 0.018

2D
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antenna size is 21, 34.5, 70, and 100% at the former frequen-
cies, respectively.

Further confirmation of the resonance mechanism of the
loaded monopole antenna can be done by plotting the surface
current distribution at the four resonant frequencies. These
plots are depicted in Figs. 9(a)-9(d). As we can observe, at
2.6 GHz in Fig. 9(a), the current is concentrated at the three
resonators and the whole monopole. At 3.35 GHz, in
Fig. 9(b), the monopole became to be inefficient in radiation
and most of the current is concentrated at the three resonators
with basically dominant one at resonator #3. This result agrees
with previously explained one in Fig. 4. At Fig. 9(c) at
5.15 GHz, the second resonator became the dominant one in
radiation which also agree with conclusion in Fig. 5. Finally,
at 6.1 GHz in Fig. 9(d), the current is concentrated at the first
resonator that agrees with results in Fig. 6.

The antenna radiation properties at the four operating bands
have also been investigated by examining the 3D radiation gain
patterns at the center frequencies as plotted in Fig. 10. At
2.6 GHz, the figure is clearly showing a typical omni-directional
pattern (doughnut-like). The simulated gain is about o dB. At
3.35 GHz, we can notice that the antenna preserves the
typical omni-directional radiation pattern with gain = 1.6 dB.
Similar observation is obvious at 5.15 GHz with 1.2 dB gain.
Finally, at 6.1 GHz, the pattern has more directive properties
with higher gain = 2.7 dB. However, the same directions of
maxima and nulls do not change.

Finally, as a key parameter of the antenna, the simulated
radiation efficiency of the antenna at the four former frequen-
cies (2.6, 3.35, 5.15, and 6.1 GHz) were extracted to be 87,
86.5, 71.2, and 85%, respectively. This can be commented as
the proposed antenna is almost constant which is a typical
property of the antenna.

To evaluate the proposed antenna performance, a compari-
son between this work and other microstrip- and CPW-fed
multiband monopole/other antennas for similar applications
is summarized in Table 2. The comparison demonstrates the
proposed antenna-independent design bands capability in
addition to its competitive properties and size.

V. CONCLUSION

A simple technique for designing quad band omni-directional
antenna with independently controllable frequency bands has
been proposed with experimental demonstration. The tech-
nique is based on loading a monopole patch with three
uncoupled resonators. The fabricated antenna can operate at
2.6, 3.35, 5.15, and 6.1 GHz. The analysis confirmed that the
four bands can be controlled independently. The fabricated
antenna has a size of 35 mm x 32 mm which is only 9%
size of conventional single-band microstrip antenna at the
lowest frequency band. The antenna radiation patterns valid-
ate the design showing that good antenna gains have been
achieved at all four bands. The proposed technique can be
adapted for multi-band operation.
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