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ABSTRACT: A small-size narrow open-slot antenna with 1-mm slot
width and 12.7-mm slot length promising to be disposed in the narrow
region along the side edge of the metal-framed smartphone for the 2.4/
5.2/5.8-GHz WLAN operation is presented. This study exploits the nar-
row region between the display panel and the casing of the metal-
[framed smartphone to dispose the internal antenna therein. The pro-
posed antenna is fed using a microstrip feedline with its tuning stub dis-
posed within the slot, thereby keeping narrow width of the antenna. The
open slot (denoted as a first slot) has a 1-mm opening disposed at the
metal frame, and its length corresponds to only about 0.1 wavelength at
2450 MHz, which supports a fundamental open-slot mode to cover the
2.4 GHz band. In addition, with a chip capacitor (1.1 pF) loaded at a
proper position across the first slot, the antenna can be reconfigured at
about 5.2 GHz to create a new resonant open slot (second slot) from the
capacitor to the slot opening. This second slot contributes to a new reso-
nant mode for the antenna to cover the 5.2 GHz band. By embedding a
series chip inductor (1.5 nH) in the microstrip feedline, a higher-order
slot mode supported by the first slot can be shifted to cover the 5.8 GHz
band. The antenna can hence cover the 2.4/5.2/5.8-GHz WLAN opera-
tion with a compact and narrow slot structure. Details of the proposed
antenna are described. © 2016 Wiley Periodicals, Inc. Microwave Opt
Technol Lett 58:886-892, 2016; View this article online at
wileyonlinelibrary.com. DOI 10.1002/mop.29698

Key words: mobile antennas; WLAN antennas; metal-framed smart-
phone antennas; open-slot antennas, multiband antennas
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1. INTRODUCTION

The modern smartphone is generally with narrow regions along
its side edges owing to the large display panel employed therein.
The narrow regions greatly limit its availability for the internal
antennas to fit in, mainly because the widths of many reported
internal antennas are not of narrow widths (e.g., less than about
1 mm). In addition, for the modern smartphone with a slim pro-
file, a metal frame is attractive to be added to increase the
robustness of the device [1-7]. The appearance of such metal-
framed smartphones is also attractive for many users. However,
the presence of the metal frame can cause significant effects on
the performance of the traditional internal antennas such as the
inverted-F antennas or the shorted monopole antennas. For now,
it is also noted that the internal antennas reported in the open
literature that are suitable to be disposed in the narrow region
along the side edges of the metal-framed smartphone are very
scant. This motivates the present study.

In this article, we present a small-size narrow open-slot
antenna promising to be disposed in the narrow region along the
side edge of the metal-frame smartphone for the WLAN (wire-
less local area network) operation in the 2.4-GHz (2400-2484
MHz), 5.2-GHz (5150-5350 MHz), and 5.8-GHz (5725-5875
MHz) bands [8-11]. The antenna requires a short slot length of

0.4-mm thick metal-frame (150 x4 mm?) at left-hand-side edge
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Figure 1 Geometry of the small-size narrow open-slot antenna for the
2.4/5.2/5.8-GHz WLAN operation along the side edge of the metal-
framed smartphone. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com]
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Figure 2 Simulated return loss for the proposed antenna, Antl (the
case without C, and Ly), and Ant2 (Antl with C,). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com]

12.7 mm and has a narrow slot width of 1 mm only. The 1-mm
narrow slot width makes the antenna promising to be disposed
in the narrow region between the display panel and the metal
frame of the smartphone. Note that the presence of the metal
frame can lead to improved impedance matching of the open-
slot antenna [6,7,12]. This attractive property makes the open-
slot antenna very promising for applications in the metal-framed
smartphone.

To achieve multiband operation for the small-size narrow
open-slot antenna in this study, the techniques of loading a chip
capacitor at a proper position across the narrow slot and embed-
ding a series chip inductor in the microstrip feedline for the
antenna are applied. The loading capacitor can exhibit relatively
small reactive impedance at higher frequencies such as at fre-
quencies higher than 5 GHz. In this case, the capacitor can
behave like a short circuit, thereby creating a new resonant open
slot from the capacitor to the slot opening disposed in the metal
frame. This is equivalent to passively reconfiguring [13,14] the
original open slot to create a new open slot therein to contribute
an additional resonant mode for multiband operation. This addi-
tional resonant mode is adjusted to occur at about 5.2 GHz to
cover the 5.2-GHz WLAN band. Since the reconfiguration of
the antenna’s open-slot resonant path is achieved by using a sin-
gle capacitor, simple structure of the antenna can be retained. In
addition, the capacitor can also cause the shifting of the anten-
na’s fundamental open-slot mode to lower frequencies such as
at about 2.4 GHz to cover the 2.4-GHz WLAN band. This effect
also helps in decreasing the required size of the antenna.

Furthermore, the series inductor in the microstrip feedline
can tune the antenna’s higher-order slot mode to occur at about
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5.8 GHz. Hence, with the capacitor loaded in the open slot and
the series inductor embedded in the microstrip feedline, multi-
band operation for the antenna to cover the 2.4/5.2/5.8-GHz
WLAN operation can be obtained. Details of the proposed
antenna and its operating principle in achieving multiband
WLAN operation are presented. Simulation and experimental
results of the antenna are shown for discussion.

2. PROPOSED ANTENNA

2.1. Antenna Structure and Operating Principle

Figure 1 shows the proposed open-slot antenna for the 2.4/5.2/
5.8-GHz WLAN operation in the metal-framed smartphone. As
shown in the figure, the smartphone with a 6-inch display panel
is studied. In this case, a 0.8-mm thick FR4 substrate of relative
permittivity 4.4, loss tangent 0.02, and size 75 XX 150 mm? is
selected to be the main circuit board for the smartphone. On the
back surface of the main circuit board, a ground plane is printed
thereon. In addition, a 4-mm wide vertical metal frame is dis-
posed along the right-hand-side edge of the main circuit board.
The metal frame in the experimental study is formed by using a
double-side grounded FR4 substrate of thickness 0.4 mm (see
the photo shown in Fig. 9). The two ground planes on both sides
are connected through adhesive copper foils at the edges to

2.4 GHz band 5.2 GHzband 5.8 GHz band
v vy v

—_ 500 Antl Ant2
g 375 -#-Re -6 Re
< 4/~ Tm -0-0-Im
o 250 _
Q mode shifted
_§ 125 owirlg_ to C,
& 0 /a4 N o o Pt || A
'g - — 7 _‘7 =1
3 -125 new mode
% contributed by C,
= 2250

2000 3000 4000 5000 6000 7000

Frequency (MHz)
(a)

—_ 500 Proposed |
g 375 =5 Re mode shifted
@ +HF Im owing to L;
o 250 Ant2
g -6 Re
§ 125) ©0OIm , :
o, . :

0 N ST - - - -~ T ety
g§ P
B 125
5
250

2000 3000 4000 5000 6000 7000

Frequency (MHz)
(b)

Figure 3 Simulated input impedance for (a) Antl and Ant2 and (b)
Ant2 and the proposed antenna. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com]
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Figure 4 Simulated electric-field distribution at 2442, 5250, and 5800
MHz for the proposed antenna. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com]

simulate a 0.4-mm thick copper plate for the metal frame. There
is also a no-ground gap of 1 mm on the metal frame, which
serves as the opening of the open-slot antenna in this study.
Note that for simplicity and without loss of generosity, the metal
frame along the other three edges is not added.

It is noted that with the presence of the 6-inch display panel,
the width of the region between the display panel and the metal
frame is only 1 mm along the side edges of the main circuit
board. To fit in such a narrow region, a narrow slot (section

O
)
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Figure 5 Simulated return loss as a function of the capacitor C, across
the slot for the proposed antenna. [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 the inductor L in the
feedline for the proposed antenna. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com]

BC) of width 1 mm and length 12.7 mm is disposed therein,
with one end of the narrow slot placed at the no-ground gap in
the metal frame. With the proposed structure, a small-size nar-
row open-slot antenna is formed. The section BC is denoted as
the first slot in this study.

To feed the narrow slot antenna, a 50-Q microstrip feedline
with a tuning stub (section AA’) of length 4.8 mm and width
0.3 mm is applied. Note that the section AA’ is disposed within
the narrow slot, thereby keeping narrow width of the antenna. In
order to achieve multiband operation for the 2.4/5.2/5.8-GHz
WLAN operation, a chip capacitor of 1.1 pF (C,) across the nar-
row slot is disposed at the position D and a series chip inductor
of 1.1 nH (Lg) is embedded in the microstrip feedline. The
capacitor C, passively reconfigures the antenna to have a new
resonant open slot (section BD, length 9.5 mm) to generate a
new resonant mode at about 5.2 GHz for the 5.2-GHz WLAN
operation. The new open slot is denoted as the second slot here.
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Figure 7 Simulated return loss as a function of the feedline position d
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 Photos of the fabricated antenna. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]

The capacitor C, can also shift the fundamental open-slot mode
contributed by the first slot to lower frequencies, which helps in
reducing the antenna size. Both the capacitor C, and the sub-
strate loading [7,15,16] on the first slot also decrease the
required resonant length of the fundamental open-slot mode
thereof. In this study, the length of the first slot is 12.7 mm
only, which corresponds to about 0.1 wavelength at 2.4 GHz.
The fundamental mode of the first slot can cover the 2.4-GHz
WLAN operation. On the other hand, the inductor L; can shift
the higher-order mode of the first slot to occur at about
5.8 GHz, thus covering the 5.8-GHz WLAN operation.

To clearly describe the operating principle, Figure 2 shows
the simulated return loss for the proposed antenna, Antl (the
case without C, and L;), and Ant2 (Antl with C,). For Antl,
there is only a resonant mode occurred at about 3.1 GHz, which
is the fundamental open-slot mode contributed by the first slot
(section BC). The three colored frequency regions in the figure
represent the desired WLAN operation in the 2.4-GHz (2400—
2484 MHz), 5.2-GHz (5150-5350 MHz), and-5.8 GHz (5725-
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Figure 9 Measured and simulated return losses for the fabricated
antenna. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com]
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Figure 10 Measured and simulated antenna efficiencies for the fabri-
cated antenna. (a) The 2.4-GHz WLAN band. (b) The 5.2/5.8-GHz
WLAN bands. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com]
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Figure 11 Measured and simulated radiation patterns for the fabricated antenna. [Color figure can be viewed in the online issue, which is available at
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5875 MHz) WLAN bands. With the capacitor C, loaded at the
position D across the narrow slot, the resonant mode at about
3.1 GHz is shifted to lower frequencies at about 2.4 GHz for
the 2.4-GHz WLAN band (also see the simulated input imped-
ance of Antl and Ant2 in Figure 3(a)). This frequency shifting
is largely because the capacitor C, intensifies the electric-field
distribution in the first slot, thereby increasing the effective slot
length and in turn decreasing the resonant frequency of the
excited resonant mode accordingly. In addition, a new resonant
mode occurring at about 5.2 GHz is seen for Ant2. This new
mode generation is mainly contributed by the second slot, which
is passively reconfigured [13] within the first slot owing to the
capacitor functioning like a short circuit at higher frequencies.

890 MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 58, No. 4, April 2016

This new resonant mode can also be seen from the simulated
input impedance shown in Figure 3(a).

For the proposed antenna, a wider bandwidth covering the
5.2-GHz and 5.8-GHz WLAN bands is obtained, which is owing
to the series inductor L¢ in the microstrip feedline. This wider
bandwidth is obtained by the higher-order resonant mode of the
first slot shifted from higher frequencies to about 5.8 GHz as
shown in the simulated input impedance in Figure 3(b). This
higher-order resonant mode combines with the one contributed
by the second slot to achieve a wide bandwidth covering the
5.2-GHz and 5.8-GHz WLAN bands. It is also noted that the
inductor Ly causes small effects on the antenna’s low band at
about 2.4 GHz. This property is advantageous, since it leads to
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easy tuning of the proposed antenna to cover the multiband
operation at 2.4, 5.2, and 5.8 GHz for the WLAN operation.

To further clarify the excited resonant modes for the pro-
posed antenna, the simulated electric-field distributions at 2442,
5250, and 5800 MHz are presented in Figure 4. At 2442 MHz,
strong electric fields are seen in the slot region near the 1-mm
gap at the metal frame. The electric field in the slot region prox-
imity to the capacitor C, is also seen to be intensified, which
can increase the effective resonant length of the first slot and
decreases its corresponding resonant frequency. The electric-
field distribution at 2442 MHz confirms that the resonant mode
at about 2.4 GHz is mainly contributed by the first slot. At 5250
MHz, the excited electric-field distribution is seen to be con-
fined in the second slot from the 1-mm gap to the capacitor.
That is, the first slot is reconfigured to provide a new slot (sec-
ond slot) therein, owing to the presence of the capacitor C,.
While at 5800 MHz, the electric-field distribution indicates that
the corresponding resonant mode is a higher-order mode of the
first slot. The results indicate that the inductor L; and the capac-
itor C, lead to the wide high band for the antenna to cover the
5.2-GHz and 5.8-GHz WLAN operation.

2.2. Parametric Study

By adjusting the inductor L; and the capacitor C,, the multiband
operation of the antenna can be controlled. Figure 5 shows the
simulated return loss as a function of the capacitor C, for the
proposed antenna, and other parameters are the same as shown
in Figure 1. Results of the capacitor C, varied from 0.6 to 1.6
pF are shown. When a smaller value of the C, is selected (see
the 0.6-pF curve in the figure), the resonant mode at higher fre-
quencies cannot occur in the desired 5.2/5.8-GHz bands, and the
resonant mode at lower frequencies is larger than 2.4 GHz. On
the other hand, when a larger value of the C, is selected (see
the 1.6-pF curve), the resonant mode at higher frequencies can
still cover the desired 5.2/5.8-GHz bands, and the resonant
mode at lower frequencies is shifted to be lower than 2.4 GHz.
The results indicate that the capacitor C, is effective in obtain-
ing the multiband operation of the antenna.

Figure 6 shows the simulated return loss for the inductor L; varied
from 1.0 to 2.0 nH. Other parameters are fixed as given in Figure 1.
Results show that very small effects on the resonant mode at about
2.4 GHz are seen. On the other hand, there are some effects on the
resonant modes at higher frequencies, especially the one at about
5.8 GHz. This again confirms that the inductor L; mainly contributes
to the resonant mode for covering the 5.8-GHz WLAN band.

Effects of the feedline position d on the antenna performance
are also studied. Results of the simulated return loss for the
position d varied from 2 to 4 mm are shown in Figure 7. Other
parameters are the same as in Figure 1. In this case, large
effects of the resonant mode at about 5.2 GHz are seen. This is
largely because the tuning stub (section AA’) can cause rela-
tively large effects on exciting the second slot (section BD). On
the other hand, since the first slot has a larger length than the
second slot, it is reasonable that the effects of the position d on
the resonant modes at about 2.4 and 5.8 GHz contributed by the
first slot are relatively small.

3. EXPERIMENTAL RESULTS

The proposed antenna shown in Figure 1 was fabricated and tested.
The photos of the fabricated antenna, including the enlarged front
and back views of the antenna, are shown in Figure 8. The meas-
ured and simulated return losses for the fabricated antenna are pre-
sented in Figure 9. Agreement between the measured data and

DOl 10.1002/mop

simulated results is obtained. The impedance matching for frequen-
cies in the 2.4/5.2/5.8-GHz WLAN bands is generally less than 10
dB. Figure 10 shows the measured and simulated antenna efficien-
cies for the fabricated antenna. Fair agreement between the mea-
surement and simulation is also seen. The measured antenna
efficiencies are about 64-82% in the 2.4-GHz band and better than
85% in the 5.2/5.8-GHz band. The obtained antenna efficiencies are
acceptable for practical applications.

Figure 11 shows the measured and simulated radiation pat-
terns for the fabricated antenna. Representative results at 2442
MHz for the low band and at 5500 MHz for the high band are
shown. The measured patterns generally agree with the simu-
lated patterns. At both frequencies, stronger radiation in the +y
direction than in the —y direction is seen for the patterns in the
y—z and x—y planes. This is reasonable since the antenna is dis-
posed along the right-hand-side edge of the main circuit board.
In the x—z plane pattern, stronger radiation is also seen, espe-
cially at 2442 MHz. This is largely because the excited surface
currents on the ground plane of the main circuit board may also
contribute to the radiation. It is also noted that there are gener-
ally no null radiation in the radiation patterns for both frequen-
cies. This radiation property is advantageous for the antenna to
achieve better coverage in the practical applications.

4. CONCLUSION

An open-slot antenna with a narrow width of 1 mm to be promising
for disposing along the narrow region between the display panel
and metal frame of the modern smartphone has been proposed. In
addition, the antenna requires a short length of 12.7 mm only, which
is about 0.1 wavelength at 2.45 GHz, for covering the 2.4/5.2/5.8-
GHz WLAN operation. The techniques of applying a capacitor
across the narrow slot and an inductor in the microstrip feedline to
achieve multiband operation for the antenna have been addressed.
Good radiation characteristics for frequencies in the 2.4/5.2/5.8-
GHz WLAN bands have also been obtained. The proposed antenna
makes it promising to be employed within the narrow regions along
the side edge of the modern metal-framed smartphone.
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ABSTRACT: In this article, a suspended stripline bandpass filter using
hybrid transmission line stepped impedance resonator (HTLSIR) is pro-
posed. SSL has been proven to be an excellent transmission-line system
for realizing different types of filters. However, due to the effective per-
mittivity being too close to unity, the size of the distributed elements is
usually very large. The novel resonator introduced in this letter contains
a section of hybrid transmission line which consists of the SSL and the
microstrip line. The characteristics of the HTLSIR have been analyzed
clearly. The novel SSL filter is designed, fabricated, and tested. Both
simulated and measured results are presented. © 2016 Wiley
Periodicals, Inc. Microwave Opt Technol Lett 58:892-895, 2016; View
this article online at wileyonlinelibrary.com. DOI 10.1002/mop.29697
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1. INTRODUCTION

In modern microwave communication systems, bandpass filter is
an essential component, which is usually used in both receivers
and transmitters. With the rapid development of modern com-
munication systems, bandpass filters play more important roles
in a variety of microwave circuits. The development of bandpass
filters has been focused on compact size and high performance.
Due to the excellent performance of the different types of SSL
filters [1-8], SSL has proven to be an excellent transmission-line
system. Compared to other planar transmission lines, such as copla-
nar waveguide, microstrip line, the SSL has a bigger cross-section,
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which means that it has lower dielectric loss and lower current den-
sities. Hence, SSL resonators have higher unloaded quality factor
resulting in lower loss. Moreover, utilizing both sides of the rela-
tively thin substrate offers an increased flexibility in circuit design,
which is not as easily available in other types of planar lines. In
recent years, the SSL bandpass filters have become popular in com-
munication systems due to their advantages of ease in manufacture,
low cost, and high practicality.

The miniaturization is always a very important requirement to
any types of filters. The resonator introduced in Ref. 2 is small in
general, but is still big for applications in the lower band of radio
frequencies. In Ref. 4, a novel resonator with cuboid-shaped
bricks of metal are incorporated into the SSL channel in the vicin-
ity of the open-circuited side to enhance the capacitive loading.
The performance is achieved by changing the metal channel of the
conventional SSL filter, so it will increase the complexity of proc-
essing the channel. The resonator proposed in this letter, however,
does not need to change the channel, and can be easily realized by
printed circuit technology. Furthermore, the new design provides
more capacitive loading than the resonator in Ref. 2. However, it
will also decrease the unloaded quality factor of the resonator. In
other words, the insertion loss will be increased slightly.

Finally, a novel fifth order SSL bandpass filter is designed,
produced, and measured to verify the high performance of the
novel resonator. The SSL filter proposed in this article has been
fabricated on a RO 4003 substrate, with a thickness of 0.254 mm
and dielectric constant of 3.55. It is shown that the new resonator
can be used in SSL filter to effectively reduce the size of filter.

2. HYBRID TRANSMISSION LINE STEPPED IMPEDANCE
RESONATOR

In order to show the different characteristics among the three types
of resonators, the schematic diagrams are shown in Figure 1. The
top view of a conventional quasi-lumped SSL resonator, which is
equivalent to a parallel LC-circuit, is shown in Figure 1(a). The
resonator introduced by Ruf and Menzel [4] is shown in Figure
1(b). There is a metal brick on the back of the resonator with a gap
of 1 mm to the substrate. The capacitive loading can be enhanced
so that the resonant frequency can be decreased while keeping the
size of the resonator unchanged. The novel resonator proposed in
this letter has a part of metallization at its back side, which can be
regarded as a microstrip line. Therefore, the novel resonator has
two advantages. First, when the three types of resonators have the
same size, the resonant frequency of the new design in this letter
is the lowest. Secondly, the resonator does not need to change the
channel of SSL filter to enhance the capacitive loading, so it is
very convenient for fabrication. The resonant frequency of type II
resonator can be modified by changing the length of the brick. On
the other hand, the resonant frequency of type III resonator can be
altered just by changing the length of the back-side metal. More-
over, the adjusting range of resonant frequency of type III resona-
tor is much broader than the type II resonator.

If there was no gap between the metal brick and the substrate
in type II resonator, it would become the type III resonator.
However, the unloaded quality factor of the type II resonator is
lower than type III resonator, because the metal brick reduces
the size of the whole channel.

The stepped impedance resonator is extensively studied in Ref.
8. We can analyze the novel resonator in a similar way. Figure 2
shows the fundamental element of HTLSIR which can be divided
into several parts, including an open-end, a short-end, an imped-
ance step, and a section of hybrid transmission line. Characteristic
impedance and corresponding electrical length of the transmission
lines between the open and short-circuited ends are defined as Z;,
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