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Analysis and design of a triple band
metamaterial simplified CRLH cells loaded
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The design and analysis of meta-material inspired loaded monopole antenna for multiband operation are reported. The pro-
posed antenna consists of multi resonators inspired from half mode composite right/left handed cells, which has a simple struc-
ture, compact size, and provides multiband functionalities. As a proof of concept, a triple band antenna covering all possible
WiMAX operating bands, has been designed, fabricated, and characterized. The hosting monopole patch itself generates res-
onance for 3.3–3.8 GHz band, whereas the loaded metamaterial cells add extra resonance frequencies. The loading of two
resonator cells introduces two extra resonances for 2.5–2.7 GHz and 5.3–5.9 GHz bands, respectively. The antenna’s operat-
ing principle and design procedures with the aid of electromagnetic full wave simulation and experimental measurements are
presented. The antenna has good omnidirectional patterns at all three bands. The monopole patch size is 13.5 × 6.5 mm2 and
the whole antenna size (including the feed line) is 35 × 32 mm2. Compared with conventional single band microstrip patch
radiator, the radiator size of this antenna is only 8.5% at 2.5 GHz, 17% at 3.5 GHz, and 37% at 5.5 GHz.
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I . I N T R O D U C T I O N

Since the early years this century, there has been a numerous
increase in the wireless communication services that operate
at different frequency spectrums. Also, the same wireless
service (WiMAX for example) may operate at different
frequency bands. One solution for multiband system is to
receive the whole services using wideband antennas.
However, wideband antennas generally have low received
signal level, which may decrease the signal to noise ratio at
the receiver terminals [1]. Therefore, the other solution is to
use multiband antennas. Printed monopole antenna is attract-
ive for wireless applications thanks to its low-cost, omnidirec-
tional radiation pattern. Also, it can provide both broadband
and multiband operations [2, 3]. It can be designed in differ-
ent shapes, such as rectangular, circular and other shapes in
microstrip and coplanar waveguide (CPW) configurations.
The attempts for multiband printed antennas, mainly mono-
poles, can be summarized in the following techniques: (1)
using folded/meandered line as radiators [4, 5]. However,
these are mainly dual-band antennas with difficulties in
designing more operating bands; (2) using different radiating
resonators on top of a radiating patch. This technique is good

for dual-band antennas but is difficult to be implemented for
triple band and more. Also, it increases the overall monopole
size [6, 7]; (3) using different radiating resonators on both top
and bottom of a patch [8–10]. The drawback is that the
antenna has two functioning faces, which increase the com-
plexity; (4) using different interconnected radiating resonators
on top of the patch. This can be understood as cutting slots in
the monopole for achieving many operating bands [11, 12].
The cutting shapes should be half wave length to form resona-
tors, which increases the overall antenna size; (5) using slotted
monopole on the radiator or ground to excite multiple reson-
ant modes [13–15]. The cutting shapes should be half wave
length to form resonators; and (6) using different radiating
resonators on three-dimensional (3D) connection [16],
which is mainly for mobile handset.

Recently, newly developed artificial meta-materials have
been introduced for various microwave devices and compo-
nents [17–20]. Increasing attention has been paid on by elec-
tromagnetic 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 character-
ized by simultaneous negative permittivity and permeability.
Realization of LHMs has been proposed in different planar
structures, such as transmission line (TL) loaded periodically
with series capacitors and shunt inductors, i.e. TL approach.
In practice, this approach is constructed of a left handed
(LH) TL, which consists of LH elements and parasitic right
handed (RH) elements, i.e. a composite right left handed
(CRLH) TL [17]. Based on CRLH TL, many novel microwave
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components have been reported, such as resonator [21], balun
[22], coupler [23], impedance transformer [24], power split-
ters [25], phase shifter [26], circulator [27], filters [28–30] to
name a few.

The techniques used in planar metamaterial multiband an-
tennas can be summarized, continuing to the aforementioned
techniques; as (7) using CRLH TL cells as radiators [31–41],
including ultra compact zeroth order antennas [31–36].
These antennas are compact and can be designed to work in
arbitrary operating band. However they have very small gain
and are difficult in controlling spurious harmonics. Also,
they have been employed to load a conventional antennas
such as (8) loading dipole antenna [42, 43] and (9) loading
monopole antenna [44–46] with CRLH cells. These antennas
can have arbitrary operating band, simple in realization and
have reasonable gain, but are not very compact. However, in
case of loading conventional antennas with a complete
CRLH cell, this may increase the overall monopole antenna
size and sometimes needs more processing phases in case of
implementation since they need the ground for CRLH
realization.

Later on, it has been shown that Epsilon negative and
Mu negative have an imaginary propagation constant such
that they have a band stop resonance properties [47]. These
new ideas have contributed as (10) multiband antennas
employing negative Mu [48, 49] and negative Epsilon [50,
51]. Finally, (11) using simplified half mode CRLH TL cells
as radiator [52, 53]. The antennas can have arbitrary operating
band designed and are simple in realization. In [54, 55]
loading a monopole antenna with CRLH cells without using
a virtual ground plane is presented to introduce dual/triple
band antennas. However, no closed analysis procedures
were suggested.

In summary, we can conclude that it is very challenging to
design multiband antennas, with simple design methodology
(arbitrary designed frequencies, arbitrary number of bands),
compact in size (does not increase the overall size of the radi-
ator), simple in realization (does not need two layers process-
ing, has good gain (close to typical monopole gain) in addition
to low cost. To meet all these challenging requirements, we
present the analysis of design producers for simplified multi
resonator loaded monopole antenna inspired from half
mode CRLH cells introduced as an independent radiator
[52] and [53]. As a contribution, a new methodology for
loading monopole antenna using two half mode CRLH cells
is presented in this paper. The objective of this suggested
loading is to introduce simple design procedures and multi
band operation in a small antenna size with good antenna
gain. In this paper, we provide the detailed analysis and
design of a meta-material loaded monopole triple band
antenna for all possible WiMAX applications, (2.5–2.7 GHZ,
e.g. Multichannel Multipoint Distribution Service (MMDS),
3.3–3.8 GHz, e.g. fixed wireless access (FWA), and 5.3–
5.9 GHz, e.g. U-NII-1: 5.15–5.25 GHz, U-NII-2: 5.25–
5.35 GHz, U-NII-2e: 5.47–5.725 GHz, and U-NII-3: 5.725 to
5.825 GHz).

A) Antenna design
A triple band antenna is designed by loading a monopole
patch with two metamaterial resonators. The design started
by designing a monopole patch for the mid frequency band
covering 3.3–3.8 GHz. Two extra operation bands were

introduced later thanks to the design flexibility of the planar
nature and the versatility of meta-material structures. This
will be achieved through a metamaterial CRLH resonator to
cover 2.5–2.7 and 5.3–5.9 GHz bands. Through the whole pre-
sented design procedures, the employed substrate is the
low-cost FR4 substrate with dielectric constant 4.4, tan d ¼

0.02, and thickness ¼ 1.6 mm.

B) Mid band monopole patch
The structure of the monopole patch is shown in Fig. 1(a). The
monopole is fed by a 50 V CPW TL with center line width ¼
1.5 mm, gap ¼ 0.25 mm, and length ¼ 15 mm. The patch
length is 13.5 mm, this is quarter wavelength at designed
middle frequency (3.6 GHz). The patch width is 6.5 mm,
which was proved being wide enough for good antenna radi-
ation. The simulated antenna reflection coefficient, shown in
Fig. 1(d), indicates that the monopole patch can operate at fre-
quencies from 3 to 4.2 GHz mid frequency band (3.3–
3.8 GHz). The surface current distribution at 3.6 GHz is illu-
strated in Fig. 1(b). It shows that the surface current is weaker
in the middle and open end parts of the patch, i.e. the radi-
ation was mainly contributed by the two edges. Thus, one
may utilize the rest parts of the patch to generate extra reso-
nances at other frequencies, which will not cause much distor-
tion to the existing one. It is also worth of notice that the edge
close to the feed line does not contribute to radiation either
because of the opposite current flow as noted from Fig. 1(b).

C) Half mode CRLH cell antenna
In this section, we explain the mechanism of the half mode
CRLH cell antenna. The idea of the half mode CRLH cell
for antenna applications has been presented in [52, 53]. The
equivalent circuits of a lossless CRLH cell are shown in
Fig. 2(a). The CRLH cell is formed by loading a TL with
series capacitor (CL) and shunt inductor (LL) in addition to
the TL parasitic capacitor (CR) and inductor (LR). By
loading the CRLH TL, a compact CRLH antenna can be rea-
lized. It has been shown in [56] that the open circuit resonance
mode of the zeroth-order mode CRLH antenna is thanks to
the shunt branch resonance. On the other hand, the series
branch resonance is the corresponding to short circuit
loading. The resonance frequencies for the shunt branch
( f0sh) and the series branches ( f0se) can be written as

f0sh = 1

2p
������
LLCR

√ , (1)

f0se =
1

2p
������
LRCL

√ . (2)

It has been shown in [52, 53] that a simpler and ultra
compact meta-material antenna is possible by using only
open-circuited half mode CRLH cell. In other words, the
half mode cell is suggested to be realized using the shunt com-
bination only (CR and LL) as shown in Fig. 2(b), where the
element LR corresponding to the parasitic inductance,
cannot be avoided in practical realization.

In our work, the design for the proposed antenna will be
based on the shunt loading of CRLH in open circuit termin-
ation. The design for the employed elements (LL and CR)
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will be extracted by adjusting the desired frequency f0sh in (1)
to the required frequency.

To illustrate the claimed half mode based antenna operat-
ing principle, two different CPW fed configurations for single
cell half mode CRLH resonator antennas have been studied to
operate at 5.5 and 2.4 GHz as illustrated in Figs 3(a) and 3(b),
respectively. In both cases, the half mode CRLH cells are
formed by a strip inductor and closed parallel lines capacitor.
In Fig. 3(a), the inductor is a strip of length of L1 whereas in
Fig. 3(b), it is formed by T shaped strip. In both cases, the strip
inductor is connected to seven closed parallel lines capacitor.
The line width and separation are 0.2 mm and length 1.5 mm.
It is obvious that the employed elements are connected so that
the current will be divided, in shunt configuration, which sat-
isfies the equivalent circuit in Fig. 2(b).

It is worth to comment that the optimization between the
cell size and the resonant frequency will limit the design of CR

and LL to match the monopole size. Accordingly, the dimen-
sions were selected to satisfy (1) at the two design frequencies.

The electrical values for half mode CRLH cell elements can be
calculated as in [57]. It is worth to comment that the idea of
designing these two half mode CRLH cells configuration is
to load the patch by their complementary version, the
closed parallel lines capacitor will become an interdigital cap-
acitor and strip will become a slot, which will be explained
later. Therefore, the suggested configuration yields compact
meta-material antenna resonators at different locations on
the patch that will be used to achieve lower resonance to
cover the 2.5–2.7 GHz band and higher one for 5.3–5.9 GHz
band.

The simulated reflection coefficients for the two half mode
configurations antennas are shown in Fig. 3. As shown in the
figure, the antennas in Figs 3(a) and 3(b), resonates at 5.5 and
2.5 GHz, respectively. The shift in the frequency is due to the
higher value of the inductor in Fig. 3(b) as can be predicted
from (1). Next the two half mode CRLH -cells antenna is
studied, as shown in Fig. 1(c). The structure comprises
T shaped strip loaded with two open ended meandered line

Fig. 1. The mid band monopole antenna to cover 3.3–3.8 GHz band: (a) the layout, (b) the current distributions at 3.6 GHz for 908 phase snapshot, (c) the
geometry of the two-cells half mode CRLH TL loaded antenna, where Lg + Lfe ¼ 3 mm, L1 ¼ 6 mm, L2 ¼ 6 mm, and L0 ¼ 2 mm, (d) the simulated reflection
coefficient of the monopole patch (black solid line) and meta-material monopole antenna loaded with two-cells half mode CRLH TL (red dash line).
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capacitor. The dimensions of the two cell configuration are
almost the same as given in Fig. 3 with slight variation for
matching enhancement at the operating frequencies. The
simulated reflection coefficient of the two half mode CRLH

cells antenna is shown in Fig. 1(d). It becomes clear that the
antenna has better than 210 dB reflection coefficient at two
desired bands

D) Integrated monopole and complementary
half mode CRLH cell antenna
The triple band antenna is based on the integration of the
aforementioned two antennas (the monopole patch and the
complimentary half mode CRLH cell antenna). In particular,
the meta-material half mode CRLH cell is subtracted from the
monopole patch. The resultant antenna layout is shown in
Fig. 4. Now, each complementary half mode cell is constructed
using an interdigital capacitor and a short slot. The slot is of a
T shape so to make the overall antenna compact. Here the
interdigital capacitors have four fingers with gaps of
0.2 mm, and finger length of 1.2 mm. Further analysis of the
structure, however, reveals that the antenna in Fig. 4(c) does
not provide triple band radiation. As it can be seen in Fig. 4,
this layout actually has only a single resonance within the
spectrum of interests.

To introduce extra resonances, we have shorted the slot at
middle because there is a need of extra path for surface current
to generate extra resonances. The modified antenna layout is
shown in Fig. 5 where the two complementary half mode
CRLH cells are separated with distance L0. This allows con-
trolling the resonant frequency for each cell independently.
The electromagnetic full wave simulation results of the modi-
fied antenna are shown in Fig. 5(c). It is clear that the antenna,
except for the case L0 ¼ 0, demonstrates triple band behaviors

Fig. 2. The equivalent circuit model of the CRLH TL antenna: (a) the full
mode case, (b) the practical half mode.

Fig.3. The geometry of the one cell half mode CRLH TL loaded antenna,
where Lg + Lfe ¼ 3 mm: (a) conf. 1, L1 ¼ 3 mm (b) conf. 2, L1 + L2 + L0 ¼

12mm, (c) the simulated reflection coefficients for the single cell half mode
CRLH antenna (conf. 1 is (a), conf. 2 is (b)).

Fig. 4. (a) The layout of the integrated monopole patch with half mode CRLH
cells, (b) the simulated reflection coefficients of the integrated monopole
antenna with half-mode CRLH TL cells for different slot lengths.
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centered approximately around 2.6, 3.6, and 5.8 GHz, respect-
ively with relatively small effects of non-zero L0.

To better understand the mechanism for inducing extra
resonances, the surface current distribution is illustrated in
Fig. 6. It becomes clear that the two half mode CRLH cells
loading have forced the majority surface current in phase
along the monopole in the x-axis at the resonant frequencies
so to enable the monopole mode radiations.

E) Antenna measurements
The fabricated triple band meta-material half mode CRLH
TL loaded antenna is shown in Fig. 7(a). To illustrate the
antenna design compactness, we have compared the final
designed radiator patch (13.5 × 6.5 mm2) to conventional

Fig. 5. (a) The layout of the triple band meta-material half mode CRLH loaded
monopole antenna, (b) the simulated reflection coefficients of the
meta-material half mode CRLH TL loaded triple band antenna for different
length of L0.

Fig. 6. The current distribution of the triple band meta-material half mode CRLH loaded antenna at (a) 2.6 GHz, (b) 3.6 GHz, and (c) 5.8 GHz.

Fig. 7. A photograph of the fabricated triple band meta-material half-mode
CRLH cell loaded monopole antenna, (b) simulated and measured reflection
coefficients of the triple band meta-material half-mode CRLH cell loaded
monopole.
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single band microstrip patch antenna. For the same feeding
TL length (20 mm), the single patch size is 36.5 × 28.5 mm2

at 2.5 GHz, with overall antenna of 80 × 64 mm2, with
overall antenna size ¼ 62 × 49 mm2, at 3.5 GHz and 16.6 ×
14.4 mm2 at 5.5 GHz, with overall antenna size ¼ 46 ×
34 mm2. From this comparison, we can claim that the novel
triple band radiator size has been reduced by 91% and the
whole antenna by 75% at 2.5 GHz, 83 and 48% at 3.5 GHz
and 47 and 18% at 5.5 GHz.

The electromagnetic full wave simulation and measured re-
flection coefficients of the triple band meta-material antenna
are given in Fig. 7(b). The measured first operating band is
centered at 2.6 GHz with 210 dB bandwidth extending
from 2.5 to 2.7 GHz. Similarly, the second operating band is
centered at 3.6 GHz and extends from 3.3 to 3.8 GHz. The
third band is centered at 5.8 GHz and extends from 5.3 GHz
to almost 7 GHz. The figure illustrates very good agreement
between the measured and the simulated results, demonstrat-
ing that the novel meta-material monopole antenna suits very
well for multiband WiMAX applications. These results valid-
ate the antenna aforementioned design procedures.

The antenna radiation performance at the three operating
bands has also been investigated by examining the radiation
patterns at center frequencies of the operating bands both nu-
merically and experimentally. The 3D simulated radiation
pattern at 2.6 GHz is depicted in Fig. 8(a), clearly showing a
typical omnidirectional pattern (doughnut-like). The simu-
lated gain is about 0 dBi and radiation efficiency 0.868. The
simulated and measured co- and cross-polarization radiation
patterns in the E-plane (XZ-plane, f ¼ 00) and H-plane
(YZ-plane, f ¼ 900) are depicted in Figs 9(a) and 9(b), re-
spectively. As it can be seen, the simulated (solid black line)
and measured (dash red line) co-polarizations in E-plane
show good agreement. Both demonstrate typical eight-like

shape radiation patterns due to x-direction linear electric
field polarization. This is consistent with the surface current
along the x-axis in Fig. 9(a). The measured gain is about
0.7 dBi, polarizations are apart. The cross-polarization was
mainly caused by slightly higher than the simulated one of
0 dBi. On the other hand, the simulated (solid purple line)
and measured (dash green line) cross- y-directed current
induced by the half mode CRLH cell close to the open end
of the patch as shown in Fig. 6(a), resulting relatively higher
cross-polarization in the 2x-direction, i.e. in the right-half
of Fig. 9(a). The much larger measured cross-polarization is
likely caused by the interference of unbalanced current occur-
ring on the two CPW ground planes due to the lack of air-
bridge connecting them.

In the H-plane, both simulated and measured co-
polarization patterns are omnidirectional and agree very
well. The 3D simulated radiation pattern at 3.6 GHz is
plotted in Fig. 8(b). As we can observe the antenna preserves
the typical omnidirectional shape and it is close to that pattern
at first operating band (2.6 GHz) shown earlier in Fig. 8(a). As
shown, the simulated gain is 1.58 dBi. The simulated radiation
efficiency is 0.895. The simulated and measured co- and cross-
polarizations in E-plane (XZ-plane, f ¼ 00) and H-plane
(YZ-plane, f ¼ 900) are shown in Figs 9(c) and 9(d), respect-
ively. The simulated and measured co-polarization radiation
patterns are largely in good agreement. The discrepancies
mainly in the + x-direction, i.e. in the left-half of Fig. 9(c),
probably again caused by the un-balanced CPW ground
planes. It is interesting to see that the cross-polarized E-field
has a dipole mode. This is attributed from the stronger
in-phase surface currents along the edge of the monopole
close to the CPW feed line than the opposite surface
current along the edge of the open end, as shown in
Fig. 6(b), which results in higher cross-polarization in the +

Fig. 8. The 3D radiation pattern: (a) at 2.6 GHz, (b) at 3.6 GHz, (c) at 5.8 GHz.
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x-direction. In the H-plane, the simulated and measured
co-polarized H-field patterns are in good agreement. The
measured gain at 3.6 GHz is 0 dBi, lower than the simulated
one of 1.6 dBi.

At 5.8 GHz, the 3D simulated gain pattern is plotted in
Fig. 8(c). It can be observed at higher frequency band the ra-
diation pattern become less doughnut-like on + x-direction.
The cause of this can be observed from Fig. 10, showing the
two CPW ground planes also radiate. However, the x-directed
surface current on the two CPW ground planes is opposite to
the x-directed surface current on the patch, resulting in less
gain on the +x-direction. This can also be clearly seen in
Fig. 9(e). The simulated gain is 2.729 dB and radiation

efficiency is 0.905. In Fig. 9(f), it can be seen that the simulated
and measured co-polarized H-fields are in good agreement.
The measured gain is 1.6 dBi, lower that the simulated one
of 2.73 dBi.

Based on the previous results, we can claim that the small
discrepancies between measured and simulated results were
mainly due to the effect of the non-avoided reflections
during measurements such as the reflection from the SMA
connector whose size is comparable with the radiator size.

Also, it is worth to explain that the measured gain proced-
ure was done based on the three antenna method. This
method was used based on the single antenna under test in
addition to two different antennas (operating at the same

Fig. 9. Comparison between the simulated and measured co- and cross-polarization radiation patterns (a), (b) at 2.6 GHz in: (a) E-plane (XZ-plane, f ¼ 0o) and
(b) H-plane (YZ-plane, f ¼ 90o); (c), (d) at 3.6 GHz in (c) E-plane (XZ-plane, f ¼ 0o) and (d) H-plane (YZ-plane, f ¼ 90o); (d), (e), (f) at 5.8 GHz in (e) E-plane
(XZ-plane, f ¼ 0o) and (f) H-plane (YZ-plane, f ¼ 90o).
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Fig. 10. The surface current distribution at 5.8 GHz.

Table 1. A comparison between introduced antenna in this paper and recent previous work.

Parameter Method Band # 1 Band # 2 Band # 3

Center frequency (GHz) Simulated 2.62 3.55. 5.75
Measured 2.63 3.55 5.75

Return loss at center frequency (dB) Simulated 21 20 20
Measured 23 22 20

10 dB return loss at center frequency (MHz) Simulated 200 250 1600
Measured 200 250 1600

Gain (dB) Simulated 0 1.6 2.73
Measured 0.7 0 1.6

Table 2. A comparison between triple band antennas (recent published and the proposed antenna in this paper).

Reference Frequency
band (MHz)

210 dB
fractional

bandwidth (%)

Substrate
dielectric

constant (1r)

Average
antenna

gain (dBi)

Physical substrate size
(length 3 width 3 height

(mm3))

Electrical antenna largest dimension
(in terms of free space wavelength)

at mid frequency (%)

This work 2.5–2.7 7.7 4.4 0 35 × 32 × 1.6 30.4
3.3–3.8 14.1 1.6 41.4
5.3–5.9 10.7 2.7 65.2

[4] 2.36–2.57 8.4 4.4 22 15 × 40 × 0.8 32.9
3.05–3.62 17.62 22.1 44.4
5.26–5.86 10.81 21.2 70.1

[9] 2.14–2.52 16.3 4.4 2.4 30 × 20 ×1.6 23.3
2.82–3.74 28 2.35 32.8
5.15–6.02 15.6 2.95 55.8

[11] 2.35–2.58 9.33 4.4 20.3 40 × 40 × 0.8 33.05
3.25–4 20.7 0.9 48.36
4.95–5.9 17.5 3.6 72.5

[14] 2.25–2.85 23.5 4.4 2.3 15 × 15 × 1.6 12.7
3.4–4.15 3.775 2.8 21.2

4.45–8 6.225 3.15 31.2
[39] 1.74–1.81 3.08 2.2 20.15 20 × 20 × 0.508 11.8

4.2–5 15.17 2.2 30.8
5.7–6.6 8.33 3.5 41

[45] 0.9–0.93 3.27 2.33 2.8 95 × 56 × 1.57 29.05
1.22–1.23 0.8 3.1 38.9
1.65–2.6 44.7 3.2 67.5
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bandwidth). The method is based on measuring the received
power from transmitting one using each pair of the three an-
tennas, which is calculated as

GidB + GjdB = 20 log
4pR
l

( )
+ 10 log

Pr

Pt

( )(k)
, (3)

where i and j referes to the two different antennas (antenna # i
and antenna # j) measured during experiment #k (k ¼ 1, 2,3).
The measurement was done at a fixed distance (enough to
satisfy the far field criterion) between transmitting and receiv-
ing antennas. Thus, this method allows the calculation of the
three antenna gains. More details about the method can be
found in [58].

In summary, the performance of the proposed triple band
antenna is tabulated in Table 1.

Finally, a comparison between the proposed antenna and
recent triple band compact size antenna are summarized in
Table 2. The comparison demonstrates competitive features
for the proposed antenna in terms of its compact size, good
gain. Also, it is worth to comment that the proposed
antenna has suitable bandwidth for wireless services, which
is neither too large to suffer interference nor too narrow to
affect the service.

I I . C O N C L U S I O N

The technique for designing multiband antennas based on
loading the monopole antenna with simplified half mode
CRLH cells has been proposed. A case study for triple band
antenna has been experimentally demonstrated. The
antenna has been designed to cover three bands (2.5–2.7
band, 3.3–3.8 band, and 5.3–5.9 GHz band) based on the pro-
posed technique. The monopole patch itself introduces middle
resonance whereas the two-cell CRLH TL loading provides
extra two resonances at lower and upper frequency bands.
The fabricated antenna has a size of 35 × 32 mm. The anten-
na’s radiation patterns further validate the design both numer-
ically and experimentally, showing that simulated and
measured E- and H-fields are largely in a good agreement.
Good radiation efficiency and antenna gain have been
achieved at all three bands.
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