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Abstract—A novel compact design of planar T-shaped monopole
antenna with multi-band operation for WLAN/WiMAX system is
proposed. By insetting a pair of mirrored L-shaped monopole strips,
multi resonant modes close to 2.45/3.5/5.5 GHz band are excited to
meet the specifications of WLAN/WiMAX system. And, the obtained
impedance bandwidth across the operating bands can reach about
160/1100/2690 MHz for the 2.45/3.5/5.5GHz bands, respectively.
Only with the antenna size of 30 x 42 x 0.8 mm?, the proposed monopole
antenna has the compact operation with more than 20% antenna size
reduction. The measured peak gains and radiation efficiencies are
about 3.2/3.5/5.4dBi and 72/98/96% for the 2.45/3.5/5.5 GHz band,
respectively, with nearly omni-directional pattern in the XY -plane.

1. INTRODUCTION

Due to low cost, lightweight and process simplicity, planar multiband
monopole antennas have become popular candidates in recent years to
provide quick and easy wireless access for multimode communication
systems. The currently presented antenna designs suitable for multi-
band operations in the 2.45GHz (2.4-2.484GHz), 3.5GHz (3.4~
3.69GHz) and 5.5GHz (5.15-5.95GHz) bands for WLAN/WiMAX
applications have been reported in [1-13]. The related monopole
antenna (MA) designs includes a patch MA with two bent slots [1],
a planar rectangular MA with conductor-backed plane [2], MA with
multi-branch strips [3, 4], asymmetric rectangular MA with additional
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strips [5], inverted-F antenna [6], mirrored-L. MA [7], MA with
rectangular horizontal strips and trapezoidal ground plane [8], a planar
rectangular MA connected with a circular disc by via hole [9], MA with
an etched N-shaped slot and a parasitic ring resonator [10], MA with
two semi-circle strips [11], T-shaped MA with a trapezoidal ground
plane [12], MA with C-shaped and S-shaped meander strips [13],
inverted L-shaped MA [14] and dual U-shaped MA [15]. However,
there is the disadvantage of being larger antenna size for these above
MAs [1-7] and increasing demand for antennas having more compact
size to be suitably embedded in the practical portable devices for
WLAN/WiMAX application. And, the related T-shaped monopole
antenna designs [16-19] had been presented and only focused at
dual-band (2.45/5 GHz) operation for WLAN system by using longer
monopole strip to excite the lower (2.45GHz) operating frequency
and shorter strip for the resonance of the higher (5 GHz) band [16—
18] or with triple-T monopole antenna for 2.45, 5.2 and 5.8 GHz
WLAN operations [19]. However, the compact T-shaped monopole
antenna design for WLAN/WiMAX system is scant in the literature
except for the proposed antenna design [12] with less antenna peak
gain.  Therefore, in this article, we propose a novel planar T-
shaped monopole antenna with a pair of mirrored L-shaped strips for
multi-band WLAN/WiMAX communication. And, from the related
measured results, it provides relatively wider impedance bandwidth
of 160/1100/2690 MHz for the 2.45/3.5/5.5 GHz bands, respectively.
The proposed planar monopole antenna also provides the nearly omni-
directional radiation patterns with maximum measured peak antenna
gains and radiation efficiencies of 3.2/3.5/5.4dBi and 72/98/96%
across the operating bands, respectively, which are more than that for
the presented compact antenna designs [8-10, 12-14]. Also, compared
with the presented antenna designs in the literature [1-7,16-19], this
proposed monopole antenna has more than 20% antenna size reduction
to achieve compact operation. Details of the proposed monopole
antenna design are described, and experimental results for the obtained
performance operated across the 2.45/3.5/5.5 GHz bands are presented
and discussed.

2. ANTENNA DESIGN

Figure 1 illustrates the geometry and photo of the proposed T-shaped
monopole antenna with a pair of mirrored L-shaped strips. A 502
microstrip line is etched as the feeding structure on the inexpensive FR-
4 substrate with the antenna volume of 30 x 42 x 0.8 mm?, dielectric
constant €, = 4.7 and loss tangent tand = 0.0245. The T-shaped
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Figure 1. Geometry and photo of the proposed T-shaped monopole
antenna with a pair of mirrored L-shaped strips for multi-band
operation. (a) Geometry. (b) Photo.

(b)

monopole patch is fed at point A and used to excite the fundamental
and second modes near 2.45/5.5 GHz bands, respectively, in this study.
And, the L-shaped monopole strip (L2 + L4, from point D to point E)
is inset at point D along the side edge of the T-shaped monopole patch
to excite the fundamental mode close to 3.5 GHz band. Compared with
the related T-shaped monopole antenna designs in the literature [16—
19] only with dual-band (2.45/5 GHz) operation by using dual- or
triple-T strips, this proposed triple-band monopole antenna provides
various design criteria to support the worldwide interoperability for
microwave access (WiMAX) applications and achieve the multi-band
operation to cover the 2.45/3.5/5.5 GHz WLAN/WiMAX bands. First,
for achieving the resonant mode at 2.45 GHz band, the surface current
length of the T-shaped patch (A — B — C) is chosen to be about
34mm corresponding approximately to 0.28 and 0.59 wavelengths of
2.45/5.5 GHz bands. Detailed effects of the total length on the antenna
performances are analyzed with the aid of Table 2 and Figure 4 in
Section 3. Also, the excited length (A — D — E) including the L-
shaped strip (L2 + L4) is chosen to be about 28 mm corresponding
approximately to 0.32 wavelength of 3.5 GHz operation. The discussion
of the antenna performances versus the L-shaped strip’s vertical length
(L4) will be listed at Table 3 and shown in Figure 5. By properly
adjusting the width of the feeding microstrip line, good impedance
matching across the operating band can easily be obtained.
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Table 1. Simulated and measured return loss against frequency for
the proposed T-shaped monopole antenna with a pair of mirrored L-
shaped strips; L = 42mm, W = 30mm, L1 = 20mm, L2 = 5.0 mm,
L3 =28mm, L4 =13mm, L5 = 28mm, W1 = 12mm, W3 = 1.5 mm,
W4 =2mm, W5 =2mm, gl = 0.5mm, g2 = 4 mm.

fir ~ fim BW for ~ fam
(GHz) (MHz/%) (GHz)
The proposed
2.29 ~ 2. 40/13. .26 ~ 6.74
MA (Simulated) 9 63 340/13.7 3.26 ~ 6.7
The proposed
2.38 ~ 2.54 160/6.5 3.14 ~ 4.24
MA (Measured) /
MA without
L-shaped 2.41 ~ 2.81 400/15.3 ----
strips (Measured)
BW f3L ~ fam BW
(MHz/%) (GHz) (MHz/%)
The proposed
MA (Simulated) 3860/69.6 o o
The proposed
1100/29.8 5.12 ~ 7.81 2690/40.2
MA (Measured) / /
MA without
L-shaped ---- 4.43 ~ 5.57 1140/23.0
strips (Measured)

Table 2. Measured return loss against frequency for the proposed
compact monopole antenna with various lengths (L1) of the T-shape
monopole patch; other antenna parameters are given in Table 1.

L1 | fir ~ fim BW for ~ for BW faL ~ fam BW
(mm)| (GHz) | (MHz/%)| (GHz) | (MHz/%)| (GHz) |(MHz/%)
16 |2.41 ~2.62| 210/8.3 [3.21 ~ 4.43| 1220/31.9 |5.84 ~ 7.43| 1590/23.9
18 |2.41 ~2.58| 170/6.8 |3.24 ~ 4.31| 1070/28.3 |5.68 ~ 7.22| 1540/23.8
20 |2.38 ~2.54| 160/6.5 |3.14 ~ 4.24| 1100/29.8 |5.12 ~ 7.81| 2690/40.2
22 |2.33 ~2.48| 150/6.2 |3.31 ~4.29| 980/25.7 |5.57 ~ 6.27| 700/11.8

3. RESULTS AND DISCUSSIONS

To demonstrate the above deduction and guarantee the correctness
of simulated results, the electromagnetic simulator HF'SS based on the
finite element method [20] has been applied for the proposed monopole
antenna design. Figure 2 shows the related simulated and experimental
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Table 3. Measured return loss against frequency for the proposed
compact monopole antenna with various vertical lengths (L4) of the
L-shaped strip; other antenna parameters are given in Table 1.

L4 | fir ~ finm BW for ~ fom BW farL ~ fam BW
(mm)| (GHz) | (MHz/%)| (GHz) | (MHz/%)| (GHz) |(MHz/%)
9 2.49 ~ 2.81 320/12 4.01 ~9.72 5710/83.1 ---- ----

11 |2.46 ~ 2.78 320/12.2 3.76 ~ 8.52 4760/77.5 ---- ----

13 [2.38 ~2.54 160/6.5 3.14 ~ 4.24 1100/29.8 5.12 ~ 7.81 2690/40.2
15 |2.43 ~ 2.64 210/8.2 3.11 ~ 6.62 3510/72.1 ---- ----
]
g
£ Vi
g 6.19GHz ||
® 30l 2.55GHz \,’
Proposed (Measured)
3.55GHz — . — w/o L-shaped strip
i ——=— Proposed (Simulated)

2 3 4 5 6 7 8
Frequency (GHz)
Figure 2. Simulated and measured return loss against frequency for
the proposed T-shaped monopole antenna with the L-shaped strips or
not; antenna parameters are given in Table 1.

results of return loss for the proposed T-shaped monopole antenna
design of Figure 1 with the L-shaped strips or not. The related results
are listed in Table 1 as comparison. Results show the satisfactory
agreement for the proposed T-shaped monopole antenna design
operating at the 2.45/3.5/5.5 GHz bands. From the experimental
results, the measured impedance bandwidth (RL = 10dB) can reach
6.5/29.8/40.2% (160/1100/2690 MHz) for 2.45/3.5/5.5 GHz bands,
respectively, which provides much greater bandwidths for all operating
bands to meet WLAN/WiMAX specifications. It is easily found that
the fundamental mode close to 3.5 GHz band is excited by the L-
shaped monopole strip. And, the fundamental and second modes near
2.45/5.5 GHz bands are controlled by the T-shaped monopole patch.
Therefore, the presented design criteria can meet the prediction for the
proposed monopole antenna described in Section 2.

To fully comprehend the excitation of each WLAN/WiMAX
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bands, the surface current distributions at 2.45, 3.5 and 5.5 GHz are
shown in Figure 3, along with an additional pinky arrow sign showing
the path length of each resonant mode. For both 2.45 and 5.5 GHz
modes, they are clearly the conventional MA modes showing a near
0.25 and 0.5 wavelength distribution along the surface current path
(A — B — (), respectively. As for 3.5 GHz resonant mode, a 0.25
wavelength distribution along an effective path (A — D — E) is
observed in Figure 3(b).

The measured return losses for the proposed T-shaped monopole
antenna with various lengths (L1) of the T-shaped patch are illustrated
in Figure 4. By properly decreasing the T-shaped patch’s length (L1)
from 22mm to 16 mm, the operating frequencies near 2.45/5.5 GHz

Figure 3. Simulated surface current distributions for the proposed
T-shaped monopole antenna with a pair of mirrored L-shaped strips
shown in Figure 1. (a) f = 2.45GHz. (b) f = 3.5GHz. (c)
f=5.5GHz.
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Figure 4. Measured return loss for the proposed monopole antenna
with various lengths (L1) of the T-shape monopole patch; other
antenna parameters are given in Table 1.
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bands become significantly increasing with 3.5 GHz band less varied.
On the other hand, It can be found that when the vertical length
(L4) of the L-shaped strip increases from 9mm to 15 mm, the surface
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Figure 5. Measured return loss for the proposed T-shaped monopole
antenna with various vertical lengths (L4) of the L-shaped strip; other
antenna parameters are given in Table 1.

Table 4. Comparisons of the overall antenna volume and size
reduction for this proposed T-shaped monopole antenna and other
presented antennas in the literature [1-7,16-19].

Reference Proposed 1 2 3
No.
Dimension | g . 4o« 0.8 |40 x 40 x 0.8] 48 x 47 x 0.8 |62 x 26.1 x 0.8
(mm”)
Reduction | 21% 45% 22%
(%)
Reference 4 5 6 7
No.
Dlmen?on 43.5 x 20 x 1.6 44 x 42 x 1.6 100 x 45 x 0.8 | 26 x 47 x 1.6
(mm”)
Reduction 27% 65% 72% 49%
(%)
Reference 16 17 18 19
No.
ST~
HICHSON | 50 x 75 x 0.8 | 40 x 65 x 1 | 68 x 40 x 0.8 | 70 x 75 x 0.8
(mm®)
Red(l;c;:lon 66% 62% 54% 76%
0
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current path (A — D — E) also extends to make the 3.5 GHz operating
frequency significantly decreased with the operating frequencies near
2.45GHz band less varied. The related measured return losses are
illustrated in Figure 5. And, it is seen that the operating frequency
at the 5.5 GHz band has also been influenced by the mutual coupling
between the T-shaped patch and L-shaped strip. This defect can be
overcome by extending the horizontal arm (L2) of the L-shaped strip
with the vertical length (L4) decreased to reduce the mutual coupling
effect.

To study the antenna size reduction for the proposed T-shaped
monopole antenna, the comparisons of the overall antenna volume
including the ground plane for this proposed and other presented
antenna designs in the literature [1-7,16-19] are listed in Table 4. It is
seen that this proposed monopole antenna has more than 20% antenna
size reduction to obtain compact operation, which is more suitable for
embedding into the USB dongle.
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Figure 6. Measured and simulated peak gains and radiation
efficiencies across the operating frequencies for the proposed T-shaped
monopole antenna with a pair of mirrored L-shaped strips. (a) Low
band. (b) Middle band. (c) High band.
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The radiation measurement of the proposed T-shaped monopole
antenna is carried out in anechoic chamber by introducing NSI 800F
far-field system. The measured peak gains and radiation efficiencies
across the operating bands are shown in Figure 6 with the simulated
results as comparison. Good agreement is seen between the measured
and simulated results. As shown in Figure 6(a), the antenna gain is
varied from about 2.1 to 3.2dBi and the radiation efficiency is about
64%-72% for 2.45 GHz WLAN operation. Over the 3.5 GHz band, the
antenna gain is about 1.6-3.5dBi with the radiation efficiency about
74%-98% as shown in Figure 6(b). And, from the results shown in
Figure 6(c), the antenna gain is about 3.3-5.4dBi and the radiation

Measured
= = == Simulated

T80° e s
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Figure 7. Measured and simulated 3D/2D radiation patterns for the
proposed T-shaped monopole antenna with a pair of mirrored L-shaped
strips. (a) f =2.45GHz. (b) f =3.5GHz. (¢) f = 5.5 GHz.

efficiency is about 80%-96% over the 5.5 GHz band. The measured
two-dimensional (2-D) and three-dimensional (3-D) radiation patterns
at 2.45, 3.5 and 5.5 GHz are plotted in Figure 7 with the simulated
results as comparison. It is easily found that the radiation patterns
are with good omni-directional radiation pattern in the XY plane
and broadside radiation in the XZ and Y Z plane which resemble
typical dipole patterns in symmetry with respect to the antenna axis
( = 0) since the proposed antenna is symmetrical. In Figure 7(c),
probably due to L-shaped strip close to the T-shaped monopole patch
to have the coupling effect, the radiation pattern at the operating
frequency of 5.5 GHz, which is the second mode of the proposed T-
shaped monopole patch, becomes similar to that at the fundamental
frequency of 2.45 GHz.

4. CONCLUSIONS

A novel compact design of planar T-shaped monopole antenna
with multi-band operation for WLAN/WiMAX system has been
proposed. The obtained impedance bandwidth across the operating
bands can reach about 160/1100/2690 MHz for the 2.45/3.5/5.5 GHz
bands, respectively. Only with the antenna size of 30 x 42 x
0.8 mm?, the proposed monopole antenna has the compact operation
with more than 20% antenna size reduction. The proposed
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planar monopole antenna also provides the nearly omni-directional
radiation patterns with maximum peak antenna gains and radiation
efficiencies of 3.2/3.5/5.4dBi and 72/98/96% across the operating
bands, respectively.
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