
radius at the waist position z0, we fit the measured beam radius and
obtain the M2 factor. As shown in Figure 7, the best-fit value of M2

is 1.24 � 0.03 (two standard deviations) with 20 W of output
average power, which confirms the diffraction-limited beam qual-
ity and SM operation of the coiled amplifier. No appreciable
change in M2 was observed as a function of pump power.

4. CONCLUSIONS

In this article, we have demonstrated an all-fiber MOPA system
that has produced as much as 20-W average power of output with
nanosecond pulse and near diffraction-limited beam quality (M2 �
1.24 � 0.03). The repetition rate can be changed during 50–175
kHz while the pulse duration can be fixed at 15 ns. Based on this
system, the impacts of seed power on amplification capability are
systematically investigated. We found that the signal cannot be
amplified unlimitedly at one certain pump power; there exists a
maximum of seed power which is sufficient to saturate this all-
fiber amplifier. By increasing the repetition rate, further power
scaling can be provided. Saturation was not observed during the
whole amplification; therefore, we believed that the maximum
average power of output in our system was limited by the available
pump power.

The all-fiber MOPA system employs a simple and compact
architecture and is therefore suitable for the use in practical appli-
cations. Because of the high energy, high repetition rate, and
diffraction-limited beam quality, this laser can be used in materials
processing, remote sensing, and chemical detection.
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ABSTRACT: In this study, a novel internal penta-band antenna formed
by a half-wavelength loop strip capacitively fed by a printed monopole
for mobile phone application is proposed. The antenna is configured
such that, inside the antenna region, possible electronic elements, such
as the speaker or the like, can be embedded to achieve a compact inte-

gration of the antenna inside the mobile phone; moreover, the antenna
performances can be very slightly affected by the integrated element.
The antenna can further generate two wide resonant modes at about
900 and 1900 MHz for GSM850/900 and DCS/PCS/UMTS operation,
respectively. In addition, the two resonant modes can generally be con-
trolled separately, with the lower one controlled by the loop strip oper-
ated as a 0.5-wavelength structure and the upper one controlled by the
printed monopole operated as a 0.25-wavelength structure. Detailed
design considerations of the proposed antenna are presented. © 2008
Wiley Periodicals, Inc. Microwave Opt Technol Lett 50: 2549–2554,
2008; Published online in Wiley InterScience (www.interscience.wiley.
com). DOI 10.1002/mop.23769

Key words: mobile phone antennas; loop antennas; printed monopoles;
penta-band operation; internal mobile phone antennas

1. INTRODUCTION

Recently, the loop antennas have been shown to be very promising
for application in the mobile phone as internal multiband antennas
for wireless wide area network (WWAN) communications [1–5].
These multiband loop antennas cover several or all operating
bands in the GSM850 (824–894 MHz), GSM900 (890–960
MHz), DCS (1710–1880 MHz), PCS (1850–1990 MHz), and
UMTS (1920–2170 MHz) systems [6]. With multiband operation
obtained, these loop antennas occupy reasonable volume inside the
mobile phone. However, these antennas are mainly designed to
stand alone inside the mobile phone and cannot be integrated with
the nearby electronic elements such as the speaker [7, 8] or the
like.

In this study, we demonstrate a novel internal penta-band loop
antenna promising for integration with the speaker in the mobile
phone. The antenna is mainly formed by a half-wavelength loop
strip capacitively fed by a printed monopole. The loop strip is of
a narrow width (1 mm here) and is configured to have a compact
configuration at the top no-ground region of the system circuit
board of the mobile phone. Different from the monopole antenna
where the wider monopole can lead to a wider operating band-
width [9–11], the achievable bandwidth of the loop antenna is
generally very slightly affected by reducing its width. This feature
is an advantage for the loop antenna, especially for its possible
application in the mobile phone for GSM operation. Hence, al-
though a long half-wavelength strip is required for resonating at
about 900 MHz, we can use a narrow strip to form the loop antenna
to generate the required bandwidth to cover the GSM850/900
band. This makes the loop antenna in this study have a small
occupied area and a simple structure as well, which makes it easy
to fabricate for practical applications.

To excite the loop strip, a simple monopole strip printed on the
top no-ground region of the system circuit board is used. Through
capacitive coupling [12, 13], the loop strip can resonate at about
900 MHz to generate a half-wavelength loop mode for GSM850/
900 operation. Moreover, the printed monopole alone can resonate
at about 1900 MHz to generate a wide operating band to cover
DCS/PCS/UMTS operation. The proposed antenna can hence gen-
erate two wide operating bands at about 900 and 1900 MHz, which
can generally be controlled separately by the loop strip and the
printed monopole, respectively, for covering GSM850/900 and
DCS/PCS/UMTS operation. Detailed design considerations of the
proposed internal penta-band antenna for mobile phone applica-
tions are described. Results of the constructed prototype are pre-
sented and discussed. In addition, the case of the proposed antenna
embedded with a practical speaker is studied.
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2. DESIGN CONSIDERATIONS OF PROPOSED ANTENNA

Figure 1 shows the configuration of the proposed antenna formed
by a loop strip and a printed monopole. As shown in Figure 1(a),
the antenna occupies a volume of 6 � 15 � 40 mm3 or 3.6 cm3 and
is placed on the top no-ground region of the 0.8-mm thick FR4
substrate (system circuit board of the mobile phone). On the back
side of the circuit board, there is a printed ground plane of size
40 � 100 mm2, leaving a top no-ground region of size 40 � 15
mm2 on the circuit board. The loop strip has a uniform width of 1

mm and a length of 170 mm, starting from point A, through points
C and D, to point B. Note that the section CD is printed on the top
edge of the no-ground region in this study for easy fabrication,
whereas the remaining loop strip above the circuit board is cut
from a copper plate and then folded into the compact configuration
as shown in the figure. By further including the top edge �A� B� of
the ground plane, the loop strip forms a closed path of length 210
mm (about 0.63 � at 900 MHz), allowing it to resonate as a
half-wavelength loop structure at about 900 MHz for GSM850/900
operation. Detailed dimensions of the loop strip are given in Figure
1(b).

In this study, the loop strip is capacitively excited by the printed
monopole through a coupling gap of width (g) 1 mm. The printed
monopole comprises a front section of length (h) 13 mm along the
central line of the circuit board, a coupling section of width (w) 3
mm and length 20.75 mm, and an end section of length (p) 7.5 mm
and width 1.5 mm. The total mean length of the printed monopole
starting from point F (the feeding point of the antenna) to the open
end is about 36 mm (about 0.23 � at 1900 MHz), which makes it
promising to generate a quarter-wavelength resonant mode at
about 1900 MHz. By selecting a wide width of 3 mm (w) in the
coupling section of the printed monopole, an operating band wide
enough to cover DCS/PCS/UMTS operation is obtained. Also,
note that the width of the front section of the printed monopole is
selected to be 1.5 mm, the same as that of the 50-� microstrip
feedline printed on the front side of the circuit board, to avoid
discontinuity in the line width at the antenna’s feeding point (point
F). More detailed effects of the parameters g, w, and p will be
discussed with the aid of Figures 5 and 6 in Section 3.

Also, note that the printed monopole occupies only a small
portion of the top no-ground region, leaving a large portion of it
suitable for accommodating the nearby electronic element such as
the speaker in the mobile phone. In this study, the case of embed-
ding a practical speaker inside the antenna region is studied in
Figure 7 in the next section.

3. RESULTS AND DISCUSSION

Based on the design dimensions shown in Figure 1, which are the
preferred dimensions in this study, the proposed antenna was
constructed and tested. Figure 2 shows the measured and simulated
return loss of the constructed prototype. The simulated results are
obtained using Ansoft HFSS [14], and good agreement between
the measurement and simulation is seen. As expected, two reso-

Figure 1 (a) Geometry of the proposed antenna in the mobile phone. (b)
Detailed dimensions of the antenna. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com]

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 Comparison of the simulated return loss for the proposed
antenna and the case without the loop strip. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com]
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nant modes with good impedance matching are excited. The lower
mode is at about 900 MHz with a large bandwidth of 363 MHz
(824–1187 MHz), suitable for GSM850/900 operation. For the
upper mode, it is at about 1900 MHz with a large bandwidth of 800
MHz (1710–2510 MHz) and is suitable for DCS/PCS/UMTS
operation. Note that the bandwidth definition used here is 3:1
VSWR, which is a general standard for practical mobile phone
applications.

Figure 3 shows the comparison of the simulated return loss for
the proposed antenna studied in Figure 2 and the case without the
loop strip. It is clearly seen that, when the loop strip is not present,
there is only one resonant mode controlled by the printed mono-
pole excited. This agrees with the expectation described in Section
2. When the loop strip is present, the lower resonant mode with a
wide bandwidth is generated.

Figure 4 shows the simulated excited surface currents at 900
and 1900 MHz on the antenna and the system ground plane. From
the results shown in Figure 4(a), the excited surface currents
indicate that the lower resonant mode is mainly controlled by the
loop strip. This lower resonant mode can also be identified as the
half-wavelength loop mode, because there is only one null current
along the loop strip and it is located close to the central portion of
the loop strip. On the other hand, the results at 1900 MHz [see Fig.
4(b)] show that the excited surface currents are much weaker on
the loop strip than on the monopole strip. This indicates that the
upper resonant mode is generated by the printed monopole oper-
ated as a quarter-wavelength structure.

Effects of the coupling-gap width g are studied in Figure 5, and
the simulated results of the return loss for the width g varied from
0.5 to 2.0 mm are presented. Note that the length h of the front
section of the printed monopole varies as the width g varies; other
dimensions are the same as given in Figure 2. It is seen that the

Figure 5 Simulated return loss as a function of the coupling-gap width
g. Other dimensions are the same as studied in Figure 2. [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 (a) the coupling-section
width w and (b) the end-section length p of the printed monopole. Other
dimensions are the same as studied in Figure 2. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com]

Figure 4 Simulated excited surface currents at 900 and 1900 MHz on the
antenna and the system ground plane. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com]
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upper resonant mode is very slightly affected by the width g.
Conversely, large variations in the lower resonant mode are seen.
When a smaller value of g is selected, the lower resonant mode is
shifted to lower frequencies. However, the impedance matching of
the lower resonant mode becomes poor when g is 0.5 mm only.
Hence, in this study, the width g is selected to be 1 mm to shift the
lower resonant mode to lower frequencies and also achieve good
impedance matching over the excited resonant mode.

Effects of the dimensions of the printed monopole on the
antenna performances are analyzed in Figure 6, in which the
simulated return loss as a function of the coupling-section width w
and the end-section length p are presented. In Figure 6(a), results
for the width w varied from 1 to 4 mm are presented. There is
almost no effect on the lower resonant modes of the antenna. On
the other hand, the impedance matching for frequencies over the
upper resonant mode is improved when the width w increases. By

selecting the width w to be 3 mm, the obtained bandwidth is large
enough for DCS/PCS/UMTS operation.

Effects of the end-section length p are shown in Figure 6(b).
Again, there is almost no effect on the lower resonant mode of the
antenna. Conversely, by varying the length p, the impedance
matching over the upper resonant mode can be fine-adjusted. In
this study, the length p is chosen to be 7.5 mm for covering the
desired DCS/PCS/UMTS operation. From these results, it can be
concluded that the lower resonant mode is mainly controlled by the
loop strip only and is almost not affected by the dimensions of the
printed monopole.

The case of embedding a practical speaker inside the antenna
region is studied in Figure 7. The measured return loss as a
function of d for the antenna studied in Figure 2 with a practical
speaker is shown in Figure 7(a); d is the distance of the speaker
from the edge of the circuit board [see Fig. 7(b), the experimental
photo of the antenna embedded with a practical speaker of diam-
eter 7.5 mm]. For the distance d varied from 0 (flushed to the edge
of the circuit board) to 11 mm (very close to the front section of the
printed monopole or the central line of the circuit board), the
impedance matching over the lower resonant mode is generally not
affected, whereas there are slight effects on the impedance match-
ing over the high-frequency portion of the upper resonant mode.
However, the obtained bandwidth still easily covers the desired
DCS/PCS/UMTS operation.

Radiation characteristics of the antenna are also studied. Fig-
ures 8 and 9 plot the measured radiation patterns at 860, 925, 1795
1920, and 2045 MHz (center frequencies of GSM850, GSM900,
DCS, PCS, and UMTS bands) for the antenna studied in Figure 2.
In Figures 8(a) and 8(b), similar dipole-like radiation patterns at

Figure 7 (a) Measured return loss for the antenna studied in Figure 2
with a practical speaker embedded inside the antenna region. (b) Experi-
mental photo of the antenna with a practical speaker of diameter 7.5 mm.
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com]

Figure 8 Measured radiation patterns at (a) 860 and (b) 925 MHz for the
antenna studied in Figure 2. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com]
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860 and 925 MHz are seen, and omnidirectional radiation in the
azimuthal plane (x–y plane) is observed. For the radiation patterns
at 1795, 1920, and 2045 MHz shown in Figures 9(a)–9(c), more
variations and nulls in the patterns are seen. These obtained pat-
terns are in general similar to those observed for the conventional
internal mobile phone antennas [6]. Figure 10 presents the mea-
sured antenna gain and simulated radiation efficiency for the
antenna studied in Figure 2. For frequencies over the GSM850/900
band, the antenna gain is about �0.8 to 1.1 dBi and the radiation
efficiency is over 60% [see Fig. 10(a)], whereas for the DCS/PCS/
UMTS band it ranges from about 1.3 to 4.3 dBi and the radiation
efficiency is all larger than 68% [see Fig. 10(b)].

4. CONCLUSION

A novel internal penta-band mobile phone antenna capable of
integrating the nearby electronic element such as the speaker or the
like in the mobile phone has been proposed. The antenna is formed

by a half-wavelength loop strip mounted above the circuit board of
the mobile phone and capacitively excited by a quarter-wavelength
monopole printed on the circuit board. The antenna is configured
to have a compact configuration (6 � 15 � 40 mm3), yet it can
accommodate the speaker with the antenna performances very
slightly affected and generate two wide operating modes for cov-
ering GSM850/900/DCS/PCS/UMTS operation. Moreover, the
lower and upper modes of the antenna can generally be controlled
independently by the loop strip excited as a half-wavelength res-
onant mode and the printed monopole excited as a quarter-wave-
length resonant mode. This feature makes it easy to fine-adjust the
two excited resonant modes for the desired penta-band operation.
Good radiation characteristics for frequencies over the five oper-
ating bands have also been obtained.
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ABSTRACT: This article presents a new divide-by-2 injection-locked
frequency divider (ILFD). The ILFD consists of a 2.1-GHz top-series
quadrature voltage-controlled oscillator (QVCO) and two NMOS
switches, which are in parallel with the QVCO resonators for signal
injection. The proposed CMOS ILFD uses three-dimensional inductor to
save chip area and has been implemented with the TSMC 0.18-�m
CMOS technology and the core power consumption is 9.36 mW at the
supply voltage of 0.9 V. The free-running frequency of the ILFD is tun-
able from 2.02 to 2.28 GHz. At the input power of �8 dBm, the total
divide-by-2 locking range is from 3.6 to 6.05 GHz as the tuning voltage
is varied from 0 to 0.9 V. The phase noise of the locked output spectrum
is lower than that of free running ILFD in the �2 mode. The phase de-
viation of quadrature output is about 0.19°. © 2008 Wiley Periodicals,
Inc. Microwave Opt Technol Lett 50: 2554–2557, 2008; Published on-
line in Wiley InterScience (www.interscience.wiley.com). DOI 10.1002/
mop.23724

Key words: CMOS; divide-by-2; injection locking frequency divider;
quadrature voltage-controlled oscillator; 3D inductor

1. INTRODUCTION

Frequency dividers (FDs) can take a sinusoidal input signal and
generate a periodic output signal at a frequency that is a fraction of
the input signal. LC tank FDs are widely used for low power and
high frequency application. The cross-coupled LC-tank FDs are
developed using a cross-coupled voltage-controlled oscillator
(VCO) with tail injection [1] or direct injection [2]. These types of
FDs can have even-order division and are frequently used in PLL
and signal generators in a transceiver to down-convert radio fre-
quency signal or up-convert base-band signal. The cross-coupled
LC-tank FDs can be used as shown in Figure 1 to generate
quadrature signals [1]. The phase accuracy of quadrature signals in
Figure 1 depends on the phase accuracy of differential injection
signals [3].

In this article, a new �2 LC tank FD, as shown in Figure 2, is
proposed; it is based on a CMOS top-series quadrature VCO
(QVCO) [4] with two injection MOSFETs in parallel with the
resonator outputs. The proposed injection-locked FD (ILFD) pro-
vides quadrature outputs in the free-running mode, and it can be
used as a �2 circuit with two differential injection ports. Section
2 describes the operation principle of the proposed ILFD circuit
and the circuit constituent components. Section 3 describes the
experimental results, and Section 4 is the conclusion.

Figure 1 Schematic of a conventional divide-by-2 QILFD

Figure 2 Schematic of the proposed QILFD. (a) 3D view of the used
helical inductor; (b) simulated inductance and Q-factor of inductor versus
frequency
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