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ABSTRACT: A promising design of the wideband integrated monopole
slot antenna for WLAN/WiMAX operation in the mobile phone is pre-
sented. The antenna is integrated at one corner of the system circuit
board of the mobile phone and consists of two portions, one on-board
slotted portion and one add-on portion. The add-on portion is printed
on a small FR4 substrate as a surface-mount element, which is verti-
cally mounted and connected to the on-board slotted portion to form as
a monopole slot antenna. This integrated monopole slot antenna occu-
pies a small volume in the mobile phone and shows a very wide band-
width covering WLAN operation in the 2400–2484 MHz band and
WiMAX operation in the 2500–2690/3300–3700 MHz bands. Detailed
results of impedance and radiation characteristics of the proposed an-
tenna are presented and discussed. © 2008 Wiley Periodicals, Inc.
Microwave Opt Technol Lett 50: 2000–2005, 2008; Published online in
Wiley InterScience (www.interscience.wiley.com). DOI 10.1002/mop.
23566
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1. INTRODUCTION

Nowadays, the wireless local area network (WLAN) system and
the worldwide interoperability for microwave access (WiMAX)
system [1] are very popular techniques for wireless Internet access.
With the complementary capability between WLAN and WiMAX
systems, seamless internet access for mobile users becomes pos-
sible. To cover WLAN and WiMAX operation [2–5], however, a
wide operating band for the employed antenna in portable mobile
devices is required. For this application, it has been demonstrated
that the monopole slot or open slot antenna is very promising in
providing a wide operating band with a compact antenna size
[6–12]. The monopole slot antenna is operated as a quarter-
wavelength resonant structure and is different from the conven-
tional slot antenna resonating at a half-wavelength [13–16]. Hence,
the monopole slot antenna can have a compact size for a fixed
operating frequency, which makes it very attractive for application
in the mobile devices. For the monopole slot antennas that have
been reported, however, they are all printed on the system circuit
board of the mobile devices. In this case, the monopole slot
antenna still occupies some valuable spaces on the system circuit
board, although it has a smaller required size than the conventional
slot antenna.

In this article, we present a novel integrated monopole slot
antenna for WLAN operation in the 2.4 GHz band (2400–2484
MHz) and WiMAX operation in the 2.5/3.5 GHz bands (2500–
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Figure 4 Scattered field above triangle surface within one period. (a)
Real part, (b) Imaginary part (�0 � 45°, y0 � 3, P � 4, � � 0.4, f(x) �
0.4�x � 2� � 0.4). [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com]
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2690/3300–3700 MHz) in the mobile phone. The antenna com-
prises one on-board slotted portion and one add-on (surface-
mount) portion. Owing to the use of the add-on portion, which is
to be surface-mounted to the system circuit board of the mobile
phone and then integrated to the on-board slotted portion on the
system circuit board, the proposed monopole slot antenna will
occupy a much smaller area on the system circuit board than the
conventional monopole slot antenna. Although a much smaller
board space is occupied, the proposed antenna can provide a wide
operating band of about 1.8 GHz (from about 2.2 to 4.0 GHz, 58%
in 10-dB return-loss bandwidth) to cover the desired WLAN/
WiMAX operation. Detailed design considerations of the antenna
are described in the article, and the antenna was fabricated and
studied. Obtained results of the fabricated antenna are presented
and discussed.

2. ANTENNA DESIGN

Figure 1 shows the proposed monopole slot antenna for WLAN/
WiMAX operation in the mobile phone. The monopole slot an-
tenna is formed by one on-board slotted portion located at one
corner of the system circuit board of the mobile phone and one
add-on portion as a surface-mount element. The system circuit
board in the study is a 0.8-mm thick FR4 substrate of length 100
mm and width 40 mm. The on-board slotted portion is located at
one corner of the top edge of the circuit board as shown in the
figure. The slotted portion has a main slot of length 13 mm (a) and
width 3 mm (t) and a triangular end slot of angle 45° (�). With the
presence of the triangular end slot, good impedance matching for

frequencies over the operating band of the antenna can be much
easier to achieve.

The add-on portion is printed on a small 0.8-mm thick FR4
substrate of length 15 mm (u) and width 6 mm (h). Note that in
order for the proposed antenna to be promising for thin mobile
phone applications, the height h of the add-on portion is selected
to be 6 mm only. On the back side of the add-on portion there is
mainly a printed matching ground of length 15 mm (u) and width
4 mm (b) and a slotted region of length 13 mm (u � w) and width
2 mm (g); the parameter w is the width (2 mm here) of the
connecting strip to be connected to the system ground plane
printed on the back side of the circuit board. On the front side of
the add-on portion, an inverted-L tuning stub is printed. By vary-
ing the length c of the open-end section of the tuning stub,
impedance matching for frequencies over the operating band of the
antenna can be adjusted. The add-on portion is to be surface-
mounted to the circuit board and connected to the on-board slotted
portion at point B shown in the figure and to the system ground
plane through the narrow conducting strip on the add-on portion.
With the add-on portion integrated to the on-board slotted portion,
the proposed monopole slot antenna with a slot width 5 mm (t �
g) and length 13 mm (a) is formed. To excite the monopole slot
antenna, a 50-� microstrip feedline printed on the front side of the
circuit board is used. The feeding point is at point A, and the
location of the feedline is 1 mm (d) to the shorted end of the
monopole slot in this design.

The selection of the slot length 13 mm (a) in the proposed
antenna ensures the lower edge frequency of the obtained operat-
ing band less than 2.4 GHz. Owing to the presence of the FR4
substrate which decreases the required resonant length, the slot
length 13 mm is much smaller than 0.25 wavelength of the
frequency at 2.4 GHz. By selecting a larger slot width (t � g), the
antenna’s achievable bandwidth can be increased. For the present
slot width of 5 mm (t � g), the obtained bandwidth is large enough
to cover the 2.4 GHz WLAN operation and 2.5/3.5 GHz WiMAX
operation. By varying the lengths c and d, the parameters related to
the microstrip feedline, the impedance bandwidth for frequencies
over the desired operating band (from 2.4 to 3.7 GHz) can be
adjusted. For the parameters � and b, they mainly affect the
impedance matching for frequencies in the high-frequency portion
of the operating band.

3. RESULTS AND DISCUSSION

The proposed monopole slot antenna with dimensions given in
Figure 1 was fabricated and studied. Figure 2 shows the measured
and simulated return loss for the fabricated antenna. The simulated
results are obtained using Ansoft HFSS (High Frequency Structure
Simulator) [17], and good agreement between the measured data
and simulated results is seen. From the measured data, a wide
operating band defined by 10-dB return loss of about 1.8 GHz
(2205–4020 MHz) or 58% centered at 3.1 GHz is obtained. This
wide bandwidth easily covers the 2.4 GHz WLAN operation and
2.5/3.5 GHz WiMAX operation.

Figure 3 shows the simulated return loss of the proposed
antenna and the reference antenna (a conventional PIFA with
corresponding dimensions). The geometry of the reference antenna
is also shown in the figure. From the results, it is seen that the
obtained bandwidth of the reference antenna is only about 0.7 GHz
(from about 3.3 to 4.0 GHz), much smaller than that of the
proposed antenna. Also note that the reference antenna is operated
as a quarter-wavelength structure [18], and owing to the presence
of the FR4 substrate, its resonant length (about 15 mm here)
corresponds to about 0.18 wavelength of the center operating
frequency 3.7 GHz here.

Figure 1 Configuration of the wideband integrated monopole slot an-
tenna for WLAN/WiMAX operation in the mobile phone. [Color figure can
be viewed in the online issue, which is available at www.interscience.
wiley.com]
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Figure 4 shows the simulated return loss as a function of the
height h and the length w of the proposed antenna. In Figure 4(a),
the results for the height h varied from 3 to 5 mm are presented. In
this case, the width b of the matching ground is varied, with other
dimensions fixed as shown in Figure 1. Results indicate that the
matching ground has strong effects on the impedance matching of
the high-frequency portion of the antenna’s operating band. A
larger width of the matching ground can also lead to a decrease in
the lower edge frequency of the operating band. The results for the
width w varied from 1 to 3 mm are shown in Figure 4(b); the total
length u of the antenna is also increased with an increase in w.
From the results, it indicates that the width w should be selected to
be larger than 2 mm to achieve good impedance matching over the
desired operating band.

Effects of the width t and the angle � of the on-board slotted
portion are studied in Figure 5. The results for the width t varied
from 0 to 3 mm are shown in Figure 5(a). With an increase in t, the
effective slot width is increased, and a widened bandwidth can be
obtained. In this study, when the width t is chosen to be 3 mm, the
obtained bandwidth is large enough for covering the desired
WLAN/WiMAX operation. For the angle �, the results varied
from 0° to 75° are shown. By selecting a larger angle, the imped-
ance matching of the high-frequency portion of the antenna’s
operating band can be effectively enhanced. In this study, it is
selected to be 45°, which is good enough for achieving a wide
operating band to cover the desired WLAN/WiMAX operation.

Figure 6 shows the simulated return loss as a function of the
slot length a. Note that the total length u of the antenna increases
as the slot length a increases. It is clearly seen that the lower edge
frequency of the operating band is effectively decreased with an
increase in the slot length a. Effects of the slot width g on the
add-on portion are studied in Figure 7, and results for the width g
varied from 1 to 3 mm are presented. In this case, the height h of
the add-on portion is fixed as 6 mm, and hence, the width g of the
matching ground is varied as 6 mm � g in Figure 7. The lower
edge frequency is not affected by the variations in the width g.
However, it is important to select a proper width g (2 mm here) to
achieve good impedance matching for frequencies over the desired
operating band for WLAN/WiMAX operation.

Figure 8 shows the effects of the tuning-stub length c and the
location d of the microstrip feedline. The results for the length c

Figure 2 Measured and simulated return loss for the proposed antenna.
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com]

Figure 3 Simulated return loss of the proposed antenna and the reference
antenna. [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com]

Figure 4 Simulated return loss as a function of (a) the height h and (b)
the length w of the proposed antenna. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com]
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varied from 0 to 5 mm are presented in Figure 8(a). Large effects
of the length c on the impedance matching over the entire desired
operating band are seen. The results for the location d varied from
0 to 2 mm are presented in Figure 8(b), and similar behavior as in
Figure 8(a) is seen. The results suggest that the two parameters

related to the microstrip feedline are important for achieving good
impedance matching over the desired operating band for WLAN/
WiMAX operation.

Figures 9 and 10 plot the measured radiation patterns at 2500
and 3500 MHz for the proposed antenna. For both frequencies,
comparable E� and E� components are seen in the x-y plane

Figure 5 Simulated return loss as a function of (a) the width t and (b) the
angle � of the on-board slotted portion of the proposed antenna. [Color
figure can be viewed in the online issue, which is available at www.
interscience.wiley.com]

Figure 6 Simulated return loss as a function of the slot length a of the
proposed antenna. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com]

Figure 7 Simulated return loss as a function of the width g of the slotted
region on the added-on portion. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com]

Figure 8 Simulated return loss as a function of (a) the tuning-stub length
c and (b) the location d of the microstrip feedline. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.
com]
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(azimuthal plane). This is advantageous for practical applications
since the wave propagation is usually complex for WLAN and
WiMAX operation. For the two elevation planes (x-z and y-z
planes), there are not much differences in the obtained radiation
patterns for the two frequencies. The radiation patterns at other
frequencies are also studied, and in general, there are no special
distinctions in the radiation patterns for frequencies over the de-
sired operating band. Figure 11 presents the measured antenna gain
and simulated radiation efficiency for the proposed antenna. Over
the operating band, the radiation efficiency is all larger than 80%.
For the antenna gain, it is about 3.0–3.4 dBi over the 2.4 GHz
WLAN band. Over the 2.5 GHz WiMAX band, the antenna gain
is about 3.0–3.6 dBi, while over the 3.5 GHz WiMAX band, it is
varied from about 3.5 to 4.2 dBi.

4. CONCLUSION

A novel wideband integrated monopole slot antenna suitable for
mobile phone application has been proposed. The integrated

monopole slot antenna is formed by mounting an add-on surface-
mount portion to the system circuit board of the mobile phone and
hence occupies a small area on the system circuit board. Yet, the
proposed antenna generates a wide operating band of larger than
58% in 10-dB return-loss bandwidth, allowing it to easily cover
WLAN operation in the 2.4 GHz band and WiMAX operation in
the 2.5/3.5 GHz bands. Good radiation characteristics for frequen-
cies over the obtained wide operating band have also been ob-
tained. A parametric study on the dimensions of the proposed
monopole slot antenna has also been presented. The proposed
antenna also shows a small height of 6 mm only, which makes it
promising for thin mobile phone applications.
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ABSTRACT: Millimeter wave radio-over-fiber links using both single
mode and, for what is believed to be the first time, multimode fibers are
demonstrated over a 0–50 GHz bandwidth using a external Mach-
Zehnder modulator operating at 1550 nm. The multimode fiber links show
the potential for use in low-cost distributed antenna systems. © 2008 Wiley
Periodicals, Inc. Microwave Opt Technol Lett 50: 2005–2007, 2008;
Published online in Wiley InterScience (www.interscience.wiley.com).
DOI 10.1002/mop.23594
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1. INTRODUCTION

The demand for high-speed communication is increasing exponen-
tially, and during the past few years, the idea of high speed
in-building/campus wide radio-over-fiber (RoF) links at millime-
ter-wave (mm-wave) frequency bands have attracted much atten-
tion [1]. The mm-wave frequency bands are becoming attractive
because at higher frequencies (� 30GHz) and especially at 60
GHz they offer large transmission bandwidths and also overcome
the problem of spectral congestion at lower frequency ranges [2].
In addition, mm-wave radio systems enable efficient frequency
reuse because of the limited propagation distances at these fre-
quencies. The 60-GHz band has a specific attenuation character-
istic caused by water molecules (rain) and oxygen in the atmo-
sphere (10–15 dB/km at 60 GHz) [2], which means for long-
distance (�2 km) links many small closely spaced cells with small
antennas will be necessary. Coaxial cables also become very lossy
at 60 GHz and thus optical fiber becomes attractive and is emerg-
ing as an ideal medium for the distribution of mm-wave signals
due to its low loss, low cost, large bandwidth, and immunity to
electromagnetic interference characteristics.

For future high data transfer rate multimedia and VoIP-based
applications, mm-wave RoF-links are considered to be a very good

solution and they typically use single-mode fiber (SMF). RoF
systems have already been demonstrated and tested in the 60-GHz
frequency band using 20 km of SMF [3] and 37-GHz frequency
bands using 50 km of SMF [4, 5]. There are both commercial as
well as military applications of this technology. Commercial ap-
plications include broad-band signal distribution of interactive
multimedia services to the home [4, 5] and personal radio com-
munication [6]. Examples of military application are Doppler radar
and phased array antennas [7]. SMFs are usually selected for long
distance and high data rate RoF transmission systems but it is also
desirable to utilize the existing fiber infrastructure to minimize the
fiber installation and maintenance costs. However, the majority of
the buildings in the United States and Europe already employ
legacy links of 62.5-�m multimode fibers (MMF) with typical link
lengths of 300–500 m, this MMF normally has a bandwidth as low
as 160 MHz/km at a wavelength of 850 nm [8]. If this MMF fiber
base could be reused for the transmission of mm-wave RoF links,
it could save huge fiber installation costs enabling a new genera-
tion of mm-wave communication systems to be developed.

There has been much work carried out on extending the usable
bandwidth of MMF [8, 9]. It was found [9] that even though the
baseband bandwidth of MMF is limited to 500 MHz/km for a
wavelength of 1310 nm, there are flat passband regions that extend
into the microwave region. This occurs when a particular subset of
modes are excited by the launch condition. The interference of
these modes at the receiver will produce regions of high transmis-
sion which, with the use of mixers and local oscillators, can be
used for transmission of baseband data. Thus, MMF has been used
at much higher data rates and frequencies than had been thought
possible. Recently, results have been shown as high as 25 GHz
[10]. It is interesting to postulate what is the maximum frequency
to which these passbands extend. This article seeks to extend the
measurement region into the mm-wave band and results show
good transmission properties to 50 GHz.

This article demonstrates a mm-wave RoF link up to 50 GHz
using a 40-Gb/s external optical intensity Mach Zehnder-Modula-
tor (MZM) with a 1550-nm tuneable laser light source over dif-
ferent lengths of SMFs and MMFs for future in-building/campus
wide links. First, a SMF-based RoF link is presented and the
chromatic dispersion problem that limits the link length is dis-
cussed, then results are shown for MMF-based RoF links.

2. SMF-BASED RoF LINKS

SMFs are normally used as the transmission medium for long haul
systems and mm-wave RoF systems using SMF at the frequency
ranges of 37–60 GHz [3–5] have already been demonstrated. In
SMF, signal-quality degradation is usually negligible for (�1 km)
links. Although dispersion-induced RF-signal fading is not a prob-
lem at low radio frequencies, it does become problematic when
operating in mm-wave frequency bands [11]. Gliese et al. [11]
show that in standard SMF the dispersion of 17 ps/(nm km) at
1550 nm wavelength causes time lag between the modulation
sidebands, and at 60 GHz a 1-dB penalty was induced after 500 m
of standard SMF. Beyond 1 km the dispersion problem can be-
come so severe that the original signal can be completely cancelled
out. Smith and coworkers [12] proposed two solutions for over-
coming the chromatic dispersion in SMF-based links using exter-
nal modulators. The first method was to increase the link distance
by varying the MZM chirp parameter and the second method uses
a single sideband (SSB) modulation technique by implementing a
dual-electrode MZM. Externally modulated or directly modulated
mode-locked lasers (MLLs) may also overcome the dispersion
problem [4].
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