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Figure 8 The measured and simulated values of return loss Si;.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com]

and 15 dB higher than that of the simulation, respectively,
whereas the bandwidth about half of the simulated one. For the
practical sample of this novel antenna, all measured return loss
values are below —25 dB. The deviation of the measured and
simulated results may lie in the fact that antenna fabrication is
not as precise as possible, and also the error generated by the
instruments and human beings are unavoidable.

4. CONCLUSIONS

For RFID UHF band and mobile communication application, a
novel tri-bands antenna loaded with Koch fractal loops was
designed on FR4 dielectric board. The simulation indicates that
at three working frequency points, 910, 2490, and 1760 MHz,
the return loss §;; values are about —52.61, —44.11, and
—12.92 dB, with the bandwidths of 270, 350, and 250 MHz,
respectively. Introducing a mirror array and meander-line struc-
ture, the antenna would be improved greatly. For instance, at
2490 MHz, the return loss could be decreased from —12.92 dB
to about —56 dB, and the bandwidth increased from 250 to 420
MHz, with the overall size cut almost 35%. Moreover, the omni-
directional radiation pattern with 4.77 dB gain was promised.
For a practical sample of this novel antenna, the measurement
show that all return loss values are below —25 dB with the
bandwidth bigger than 100 MHz, including all the key fre-
quency bands.
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ABSTRACT: An internal wireless wide area network (WWAN) handset
antenna having a low profile of 3 mm, small footprint of 30 x 10 mm?,
and closely integrated with surrounding ground plane is presented. The
antenna volume is 0.9 cm’ only and can provide two wide-operating
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bands to cover the desired 824-960 and 1710-2170 MHz bands. The
major portion of the antenna is printed on the main circuit board of the
handset, and the antenna has a simple structure formed by a strip
monopole and a parasitic shorted strip monopole. Two techniques are
applied in the proposed design to achieve penta-band WWAN operation
with a small antenna size. The first technique is to load a proper chip
inductor at a proper position in the shorted strip monopole, which
supports a resonant mode for the antenna’s lower band with a resonant
length much smaller than 0.25-wavelength. The second one is to use a
band-stop matching circuit disposed on the main circuit board of the
handset. The combined effects of the two techniques are discussed in
this article. Also, the proposed antenna shows low near-field radiation
characteristic and meets the specific absorption rate and hearing-aid
compatibility requirements for practical handset applications. © 2012
Wiley Periodicals, Inc. Microwave Opt Technol Lett 54:623-629, 2012;
View this article online at wileyonlinelibrary.com. DOI 10.1002/
mop.26633

Key words: mobile antennas; handset antennas; WWAN antennas;
band-stop matching circuit

1. INTRODUCTION

Many internal handset antennas to cover the penta-band wireless
wide area network (WWAN) operation in the 824-960 and
1710-2170 MHz bands have been reported [1-13]. However,
most of the reported designs did not consider close integration
of the internal WWAN antenna with nearby system ground
plane on the main circuit board of the handset. This is largely
because the required antenna volume for the WWAN operation
is still large, and hence the antenna needs to occupy the entire
top or bottom edge of the system ground plane. Another reason
is that the antenna structure requires some clearance or isolation
distance (generally 5 mm or larger) to the nearby system ground
plane such that acceptable antenna performances such as the
wideband operation and good radiation efficiency over the
desired operating bands can be obtained. This kind of traditional
internal WWAN antennas causes a limit in its close integration
with associated electronic elements in the mobile handset.
Recently, some promising internal WWAN antennas consider-
ing close integration with nearby system ground plane have been
reported [14—19] in which the antennas can be disposed very close
to a protruded ground extended from the system ground plane of
the handset. As the protruded ground can be used to accommodate
associated electronic elements in the handset, the antenna can
hence be compactly embedded inside the handset and closely inte-
grated with associated elements. However, in these reported inter-
nal WWAN antennas [14-19], they are required to be disposed at
a corner of the system ground plane. That is, the protruded ground
is allowed to be in close proximity to one side edge of the antenna
only. In this article, we present a promising internal WWAN
handset antenna with low profile (3 mm only) and small size
(footprint 30 x 10 mm? only) to closely integrate with two pro-
truded grounds (size 10 x 15 mm? each) extended from the sys-
tem ground plane to surround the antenna at its two side edges.
The proposed antenna has a simple structure of a driven strip
monopole and a parasitic shorted strip monopole to result in a
small required antenna size. To achieve close integration of the in-
ternal WWAN antenna with surrounding ground plane in this
study, two techniques are applied. The first technique is to load a
proper chip inductor at a proper position in the parasitic shorted
strip monopole, which supports a resonant mode for the antenna’s
lower band with a resonant length much smaller than 0.25-wave-
length. The second one is to use a band-stop matching circuit [20]
disposed on the main circuit board of the handset, which signifi-
cantly enhances the antenna’s lower-band bandwidth to cover the
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Figure 1 Geometry of the proposed WWAN handset antenna close
integration with surrounding ground plane. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com]

GSM850/900 operation. Also, the parasitic shorted strip monopole
contributes a higher-order resonant mode to combine with the
0.25-wavelength resonant mode contributed by the driven strip
monopole to achieve a wide upper band to cover the GSM1800/
1900/UMTS operation. The combined effects of the two techniques
lead to decrease antenna size required for the WWAN operation in
the 824-960 and 1710-2170 MHz bands. The proposed antenna
structure also makes it possible for the internal WWAN antenna to
be closely integrated with surrounding ground plane at its two side
edges. Also, the proposed antenna shows low near-field radiation
characteristic and meets the specific absorption rate (SAR; Refs.
21-23) and hearing-aid compatibility (HAC; Refs. 24-26) require-
ments for practical handset applications. Details of the proposed
antenna and the obtained results are presented and discussed.

2. PROPOSED ANTENNA

Figure 1(a) shows the geometry of the proposed WWAN hand-
set antenna close integration with surrounding ground plane.
Detailed dimensions of the antenna’s metal pattern and the
band-stop matching circuit disposed on the main circuit board
are shown in Figure 1(b). The major portion of the antenna is
directly printed on the front side of the main circuit board,
which is a 0.8-mm thick FR4 substrate of size 110 x 60 mmz,
relative permittivity 4.4, and loss tangent 0.024. The footprint of
the antenna is 10 x 30 mm? only and is at the center of the bot-
tom edge of the main circuit board. The footprint is surrounded
by the ground plane printed on the back side of the main circuit

DOI' 10.1002/mop
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Figure 2 (a) Measured and simulated return loss of the antenna. (b)
Photo of the fabricated antenna. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com]

board. At the two side edges of the footprint, there are two pro-
truded grounds of size 10 x 15 mm?® extended from the main
ground plane. As mentioned earlier, the two protruded grounds
can be used to accommodate associated electronic elements in
the handset, leading to compact integration of the internal
WWAN antenna inside the handset.

The antenna’s metal pattern mainly comprises a driven strip
monopole and a parasitic shorted strip monopole. The driven
strip monopole has a length of about 31 mm and can contribute
a resonant mode in the antenna’s desired upper band. The para-
sitic shorted strip monopole has a length of about 60 mm and is
short-circuited to the ground plane on the back side of the main
circuit board through a via-hole at point B (shorting point). By
loading a 10-nH chip inductor away from the shorting point B
with a distance of 17 mm, at which a current null occurs for the
excited higher-order resonant mode of the shorted strip monop-
ole, the 0.25-wavelength resonant mode of the shorted strip
monopole can be shifted to lower frequencies at about 850 MHz
with the higher-order resonant mode of the shorted strip monop-
ole exited in the antenna’s desired upper band very slightly
affected. The higher-order resonant mode of the shorted strip
monopole combines with the resonant mode contributed by the
driven strip monopole to form a wide upper band for the
antenna to cover the GSM1800/1900/UMTS operation (1710-
2170 MHz). The chip-inductor loading method applied in this
study makes it convenient to adjust the frequency ratio of the
first two resonant modes of the shorted strip monopole.

Near the open end of the shorted strip monopole, the strip
width is widened by connecting a metal strip of length (a) 27

DOI 10.1002/mop

mm and width () 3 mm that is cut from a 0.2-mm-thick copper
plate and then connected to the antenna’s printed metal pattern
on the main circuit board. This widened section mainly helps
achieve enhanced bandwidth in the antenna’s lower band.
Further, using a band-stop matching circuit [20] disposed on the
main circuit board, which is formed by a 2.7-nH chip inductor
in parallel connection with a 2.7-pF chip capacitor and a 2.7-nH
chip inductor, a parallel resonance can be generated at about
1000 MHz. The generated parallel resonance is at the high-fre-
quency tail of the 0.25-wavlength resonant mode of the shorted
strip monopole and can effectively improve the impedance
matching of the same to generate an additional resonance (zero
reactance) nearby, thereby resulting in a dual-resonance resonant
mode to achieve a much wider bandwidth to cover the
GSM850/900 operation (824-960 MHz).

3. RESULTS OF PROPOSED ANTENNA

Figure 2(a) shows the measured and simulated return loss of the
proposed antenna fabricated as shown in Figure 2(b). The simu-
lated results are obtained using full-wave electromagnetic field
simulator high-frequency structure simulator [27], and agree-
ment between the simulation and measurement is seen. The
measured impedance bandwidth based on 3:1 VSWR, which is
widely used as the design specification of the internal WWAN
handset antennas, is seen to cover the desired 824-960 and
1710-2170 MHz bands for the penta-band WWAN operation.
To analyze the operating principle of the antenna, Figure 3
shows a comparison of the simulated return loss for the

—
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Return Loss (dB)
[®)
o

30 L -2-0= R1
' 2% R2
=8 R3
40 ‘
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|
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Figure 3 Comparison of the simulated return loss for the proposed
antenna, the case with the driven strip monopole only (R1), the case
with the driven strip monopole and simple shorted strip monopole (R2),
and the case with the driven strip monopole and chip-inductor-loaded
shorted strip monopole (R3). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com]
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Figure 4 Simulated surface current distributions at 2150 MHz for the
proposed antenna. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com]

proposed antenna, the case with the driven strip monopole only
(R1), the case with the driven strip monopole and simple shorted
strip monopole (R2), and the case with the driven strip monop-
ole and chip-inductor-loaded shorted strip monopole (R3). For
R1, there is one resonant mode occurred at about 2000 MHz,
whereas for R2, two additional resonant modes at about 1100
and 2150 MHz are generated owing to the shorted strip monop-
ole. The resonant mode at about 2150 MHz combines with the
one contributed by the driven strip monopole form the antenna’s
upper band. By loading a 10-nH chip inductor to the shorted
strip monopole, the resonant mode at about 1100 MHz can be
shifted to lower frequencies at about 850 MHz. However, the
obtained bandwidth is narrow and far from covering the
GSM850/900 operation. Also, note that the chip-inductor load-
ing generally shows very small effects on the antenna’s upper
band. This is mainly because the chip inductor in this study is
loaded in the vicinity where there is current null for the excited
surface currents of the higher-order resonant mode of the
shorted strip monopole (see the simulated surface current distri-
butions in Figure 4, at 2150 MHz for the antenna). Hence, very
small effects on the higher-order resonant mode of the shorted
strip monopole can be obtained. Then, by further adding the
band-stop matching circuit to R3 to form the proposed antenna,
a dual-resonance excitation of the 0.25-wavelength mode of the
shorted strip monopole is obtained, which shows a wide-operat-
ing band to cover the GSM850/900 operation.

To show it more clearly for the effects of the band-stop
matching circuit, Figure 5 presents the simulated return loss for
the proposed antenna and the case without the band-stop match-

parallel
200 |resonance

-v- Im (R3 in Fig. 3)
—¥- Re (R3 in Fig. 3)

additional resonance caused by
band-stop|matching circuit

500 1000 1500 2000 2500
Frequency (MHz)

Input Impedance (ohms)
(=]

28 3
o o o

Figure 5 Simulated return loss for the proposed antenna and the case
without the band-stop matching circuit (R3 in Fig. 3). [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com]
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Figure 6 Simulated return loss as a function of (a) the length @ and
(b) the width b of the widened section in the shorted strip monopole for
the proposed antenna. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com]

ing circuit (R3 in Fig. 3). It is clear to see that a parallel reso-
nance at about 1000 MHz is generated, which leads to an addi-
tional resonance occurred at about 940 MHz. This additional
resonance results in the dual-resonance excitation seen in Figure
3 for the antenna’s lower band. Also, small effects on the
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Figure 7 Simulated return loss as a function of the length 7 in the
driven strip monopole for the proposed antenna. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com]
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Figure 8 Measured antenna efficiency (mismatching loss included) of
the proposed antenna. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com]

(dBi)

20

=35
-9.0
-14.5

-20.0

(dBi)
4.0

-2.0
I
-14.0
-20.0

Front

impedance matching of the frequencies in the desired upper
band are seen.

Figure 6 shows the simulated return loss as a function of the
length a and the width b of the widened section in the shorted
strip monopole for the proposed antenna. Results of the simu-
lated return loss for the length a varied from 19 to 27 mm are
presented in Figure 6(a), and those for the width b varied from
0 to 3 mm are presented in Figure 6(b). It is seen that the reso-
nant mode at about 850 MHz (0.25-wavelength mode of the
shorted strip monopole) is greatly affected, causing large band-
width decrease in the antenna’s lower band. Large effects on the
resonant mode at about 2150 MHz (higher-order mode of the
shorted strip monopole) are also seen. However, the obtained
impedance bandwidth of the antenna’s upper band can still
cover the desired operating band of 1710-2170 MHz.

Figure 7 shows the simulated return loss as a function of the
length ¢ in the driven strip monopole for the proposed antenna.
Results for the length ¢ varied from 20 to 28 mm are presented.
In this case, relatively small effects on the antenna’s lower band
are seen. This behavior is reasonable, as the lower band is

Back Top Bottom

Figure 9 Measured three-dimensional total-power radiation patterns of the proposed antenna. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com]
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distance between palm center and system ground = 33 mm
distance between ear and system ground = 5 mm
1

antenna at the bottom
of the handset

Frequency (MHz) 859 925 | 1795 | 1920 | 2045

headonly | 061 | 067 | 0.29 | 0.26 | 0.29
1-g SAR
handonly | 130 | 1.08 | 1.10 | 1.09 | 0.94
(W/kg) .
head an
Y 130 | 108 | 110 | 1.09 | 0.94
headonly | 103 | 72 | 233 | 14.5 | 11.6
Return
loss (dB) handonly [ 121 | 73 | 131 | 27.2 | 20.8
head and
hand 108 | 6.9 | 113 | 20.4 | 23.4

Figure 10 SAR simulation model and the simulated SAR values for
1-g tissue. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com]

mainly related to the shorted strip monopole and the band-stop
matching circuit. For the antenna’s upper band, very large
effects are observed. This behavior is in part, because the first
resonant mode in the upper band is contributed by the driven
strip monopole. Also, probably, because the variations in the
length ¢ will cause some distance variations between the open
end of the driven strip monopole and the null current location
(where the chip inductor is loaded) of the excited surface current
distribution of the higher-order mode of the shorted strip
monopole, the impedance matching of the second mode in the
antenna’s upper band is greatly affected. Hence, large effects on
both the two resonant modes in the upper band are seen for the
variations in the length .

The measured antenna efficiency of the proposed antenna is
shown in Figure 8. The antenna efficiency includes the mis-
matching loss and was measured in a far-field anechoic cham-
ber. Over the lower and upper bands, the antenna efficiency is
about 56-76% and 82-92%, respectively. As the antenna effi-
ciency larger than about 50% is sufficient for practical applica-
tions, the measured results indicate that acceptable antenna effi-

ciency is obtained for practical applications. The measured
three-dimensional total-power radiation patterns of the antenna
are also plotted in Figure 9. The radiation patterns seen in four
different directions (front, back, top, and bottom directions) at
each testing frequency are shown. The measured radiation pat-
terns at lower frequencies (859 and 925 MHz) and higher fre-
quencies (1795, 1920, and 2045 MHz) are similar to those
observed for many internal WWAN handset antennas [28-30].

Figure 10 shows the SAR simulation model and the simu-
lated 1-g SAR values for the proposed antenna. The SAR values
for 1-g tissue in the three cases of the head only, the hand only,
and the head and hand are studied using the SAR simulation
model provided by SEMCAD X version 14 [31]. The return loss
for the three cases at each testing frequency is also given in the
figure. It is seen that for the head only, the SAR values are
much less than those for the other two cases in which the
obtained SAR values are the same. The results indicate that the
SAR values are dominated by the user’s hand. However, for the
proposed antenna, the SAR values for the three cases are all less
than the limit of 1.6 W/kg [21].

Figure 11 shows the HAC simulation model and the simu-
lated HAC results. The HAC simulation model provided by
SEMCAD X version 14 [31] is also used. The testing power at
each testing frequency is given in the figure. The obtained HAC
results are rated to be at least M3 for both the E-field and the
H-field, indicating that the proposed antenna meets the HAC
requirement for practical applications [24]. The differences
between the obtained E-field (H-field) strength and the limit of
the E-field (H-field) HAC M3 category are given by AE and AH
in the figure. The good results on the HAC testing are related to
the presence of the two protruded grounds at two side edges of
the antenna, which can attract some strong excited surface cur-
rents that are originally on the main ground plane when the pro-
truded grounds are not present [17]. The simulated surface cur-
rents at typical frequencies on the system ground plane shown
in Figure 12 are very weak near the top edge of the system
ground plane where the acoustic output is located and can sup-
port the observation of good HAC results obtained in this study.

4. CONCLUSIONS

An internal WWAN handset antenna occupying a volume of 0.9
cm® only and closely integrating with surrounding ground plane
at its two side edges has been proposed. The techniques applied
in the proposed antenna to achieve small antenna volume yet
wideband operation to cover the 824-960 and 1710-2170 MHz
bands have been studied. Good radiation characteristics for fre-
quencies over the WWAN bands have been obtained. Near-field
radiation characteristics of the antenna have also been analyzed.

Operating band, GSM, | GSM, | GSM, | GSM, | UMTS,
_Testlng freq. (MHz) | 859 925 1795 | 1920 | 2045

Il | et (ag) | 464 | 464 | 371 | 357 | 276
"‘:l"r:t?f E-field (M3) | (M3) | (M3) | (M3) | (M4)
9

V/m
I (vim) AE | =21 [ -21 | -14 | -2.8 | -13.4
HAC
observation

plane (dB) -9.5 -9.0 -13.0 | -13.4 | -22.6
H-field (M4) | (Ma) | (M3) | (M3) | (Ma)

(A/m)
AH -7.6 -7.1 -1.1 -1.5 -13.2
Testing | gl 33 | 33 | 30 | 30 | 21
power (W)

antenna at bottomed edge

Figure 11 HAC simulation model and the simulated HAC results. AE
and AH indicate, respectively, the decrease in the E-field and H-field
strengths owing to the presence of the two protruded grounds at two
side edges of the antenna. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com]
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-55
surface current
distribution

Figure 12 Simulated surface current distributions on the system
ground plane. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com]
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The obtained SAR values for 1-g tissue meet the limit of 1.6 W/
kg, even for the case including the user’s hand, and the obtained
HAC results are rated to be in the M3 or M4 category. The
obtained results indicate that the proposed antenna is promising
for practical handset applications especially for slim handset
applications.
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ABSTRACT: In this article, a wide-band erbium doped fiber amplifier
(EDFA) that operates in both C- and L-band wavelength regions is
demonstrated. The amplifier employs two pieces of 1.5 m and 9 m-long
erbium doped fibers (EDF's) optimized for C-band and L-band
operations, respectively, in double-pass parallel configuration to achieve
a wideband operation from 1530 to 1605 nm. The chirp fiber Bragg
grating is used in both stages to allow a double propagation of signal
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