
Figure 6 presents the simulated radiation patterns of the pro-

posed design including the vertical (Eh) and horizontal (Eu)

polarizations in the H-plane (xz-plane) and E-plane (yz-plane)

when operating at 1.8 and 5.2 GHz for GSM and Wi-Fi applica-

tions. For the vertical polarization, it can be seen that the radia-

tion patterns in the H-plane are “8”-shaped at 1.8 GHz and

nearly omnidirectional at 5.2 GHz band. The simulated peak

antenna gains against two frequency bands are shown in Figure

7. For the 1.5–2.2 GHz band, the peak gain is about 2.45 dBi

and for the 4.2–6 GHz band the peak gain of about 2.8 dBi is

observed.

4. CONCLUSION

A compact printed monopole antenna with multiple rectangular

DGS has been presented and investigated through simulated and

measured results. Double-resonance is achieved by feeding the

antenna with a cross-shaped feed line. The proposed antenna

has an impedance bandwidth of about 32% at 1.8 GHz and 29%

at 5.2 GHz. A size reduction of about 12% has been achieved,

with respect to the similar antenna without the DGS. Acceptable

E-plane and H-plane radiation patterns and a peak antenna gain

of about 2.8 dBi have been achieved. Experimental results show

that the proposed antenna could be a good candidate for both

Wi-Fi and GSM applications.
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ABSTRACT: A low-profile open-slot antenna for the LTE/WWAN oper-
ation in the tablet device, such as a smartphone or tablet computer is

presented. The antenna consists of two inverted-L (IL) open slots, with
one longer IL open slot for the low band of 698�960 MHz and one
shorter IL open slot for the high band of 1710–2690 MHz, and is

referred to as a dual-inverted-L open-slot antenna in this study. The
open ends of the longer and shorter IL open slots face each other and

are disposed at the top or bottom edge of the tablet device. Between the
two open ends, there is a protruded ground suitable for accommodating
electronic elements, such as a USB connector or a camera lens. The

antenna shows a low profile of 7 mm to the top or bottom edge and is
excited by two feeds, with the first and second feeds, respectively, excit-

ing the longer and shorter IL open slots thereof. By aided with the wide-
band matching circuits in the first and second feeds, the antenna can
provide two wide operating bands covering the 698–960 and 1710–2690

MHz bands. Easy control of the two feeds for the desired dual-wideband
operation is also obtained. The antenna is suitable for dual-wideband
LTE operation in the modern tablet device, especially for the tablet

device with a narrow spacing between the display panel and the top or
bottom edge thereof. VC 2015 Wiley Periodicals, Inc. Microwave Opt

Technol Lett 57:1813–1818, 2015; View this article online at

wileyonlinelibrary.com. DOI 10.1002/mop.29204

Key words: mobile antennas; open slot antennas; slot antennas; tablet

device antennas; LTE/WWAN antennas

1. INTRODUCTION

Recently, to achieve better appearance of the modern tablet

device, such as a smartphone or tablet computer, the spacing

between the display panel and the top or bottom edge of the

casing thereof is becoming very narrow. The narrow spacing

(usually less than 10 mm) causes a great challenge on the design

of the internal antenna therein, especially for the antenna to

cover the LTE/WWAN operation (698–960/1710–2690 MHz). It

Figure 7 Simulated gain of the proposed antenna
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is also noted that there are very few reported LTE/WWAN

antennas having a low profile of less than 10 mm [1,2]. For the

recently reported antennas in Ref 1,2, their antenna profile is as

low as 8 mm only, and their operating bandwidths can cover the

698–960 and 1710–2690 MHz bands. To achieve such a low

profile with dual-wideband operation, a coupled-fed loop struc-

ture is applied in [2], while a two-strip monopole antenna

formed by a driven strip and a shorted parasitic strip is applied

in [1].

In this article, different to the monopole or loop antenna

applied in [1,2], we demonstrate an open-slot antenna structure

to achieve a very low profile of 7 mm to cover the 698–960 and

1710–2690 MHz bands in the tablet device. The proposed

antenna consists of two inverted-L (IL) open slots, with one lon-

ger IL open slot for the low band of 698–960 MHz and one

shorter IL open slot for the high band of 1710–2690 MHz. The

antenna is referred to as a dual-inverted-L open-slot antenna in

this study. The antenna is also configured to have its two open

ends disposed at the top or bottom edge of the tablet device. As

there are no open ends at the two long side edges of the tablet

device, the effects of the user’s hand holding the tablet device

on the antenna performance can be greatly decreased. In addi-

tion, the antenna is also configured to have a protruded ground

between the two open ends, which allows the antenna to easily

integrate with nearby electronic elements such as a USB con-

nector or a camera lens [3].

The antenna is excited by using two feeds, with the first and

second feeds, respectively, exciting the longer and shorter IL

open slots thereof. The two open slots are excited to contribute

their quarter-wavelength resonant slot modes [4–8], respectively,

in the desired low and high bands. By aided with the wideband

matching circuits in the two feeds, the antenna can provide a

dual-wideband operation to cover the 698–960 and 1710–2690

MHz bands. Detailed configuration of the proposed antenna is

described, and its operating principle is discussed. The simula-

tion and experimental results are also presented.

2. PROPOSED ANTENNA

2.1. Antenna Structure
The geometry of the proposed dual-inverted-L open-slot antenna

for the LTE/WWAN tablet device is shown in Figure 1. In this

study, the tablet device is considered to be a 5.5-inch smart-

phone, with a system ground plane of size 75 3 140 mm2. The

ground plane is printed on a 0.8-mm thick FR4 substrate of rela-

tive permittivity 4.4 and loss tangent 0.02. The antenna consists

of two IL open slots and is disposed at the top edge of the sys-

tem ground plane with a low profile of 7 mm. Note that the

antenna can also be disposed at the bottom edge of the system

ground plane in practical applications [9], or two such antennas

can be disposed, respectively, at the top and bottom edges of

the system ground plane for the LTE multi-input multi-output

(MIMO) operation [10–12].

To more clearly demonstrate the proposed antenna, the pho-

tos of the fabricated antenna are presented in Figure 2. The

antenna’s low and high bands are respectively contributed by

the longer IL open slot (slot 1 in the figure) and the shorter IL

open slot (slot 2 in the figure). The first feed at port A excites

slot 1, while the second feed at port B excites slot 2. Note that

the open ends of slot 1 and 2 are at the top edge, and there is a

protruded ground of width 8 mm between the two open ends.

The protruded ground can be used to accommodate nearby elec-

tronic elements [13]. Two metallic plates of height 5 mm and

width 5 mm are also added and connected to the system ground

plane. The added metallic plates are helpful in achieving good

excitation of the slot modes contributed by slot 1 and 2, thereby

Figure 2 Photos of the fabricated antenna. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]

Figure 1 Geometry of the dual-inverted-L open-slot antenna for the

LTE/WWAN tablet device. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com]
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leading to wider bandwidths for the antenna [14]. It is also

noted that for practical applications, the metallic plates are

promising to be printed or disposed on the inner surface of the

casing of the smartphone, leading to compact integration of the

antenna within the smartphone.

Slot 1 has a length of 59 mm and a width of 2 mm.

Although the length of slot 1 is only about 0.14 wavelength at

700 MHz, slot 1 can generate its fundamental (0.25-wavelength)

slot mode [6,15,16] in the desired low band. The decrease in the

required resonant slot length is partly owing to the FR4 sub-

strate loading and partly owing to the use of the meandered end

strip at the closed end of the slot. The meandered end strip has

a length of 15 mm and a width of 0.3 mm and can lead to an

increased resonant path for the excited surface current around

the closed end of the slot, thereby decreasing the fundamental

resonant frequency of the slot. Detailed effects of the meandered

end strip will be discussed in Section 2.2 with the aid of Figure 5.

The first feed at port A includes an inductor-loaded tuning

stub of length 11 mm and a high-pass matching circuit formed

by a parallel inductor L1 (9.5 nH) and a series capacitor C1 (2

pF). The tuning stub has a narrow width of 1 mm. It is aligned

inside and parallel to the longer IL open slot. The inductor

loaded in the tuning stub has an inductance of 20 nH (L2) and

can lead to improve impedance matching of the excited resonant

mode of slot 1. The high-pass matching circuit further leads to a

dual-resonance excitation [17,18] of the excited slot mode,

hence providing a wide low band for the antenna to cover the

698–960 MHz band. The circuit elements L1, C1, and L2 form

as a wideband matching circuit for the first feed and will be

discussed in detail with the aid of Figure 6 in Section 2.3.

Figure 3 Simulated S-parameters for the proposed antenna, the case

with the first feed only (Ant1), and the case with the second feed only

(Ant2). [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com]

Figure 4 Simulated electric field and surface current distributions for

the antenna. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com]

Figure 5 Simulated S11 for Ant1 with various end-connecting strips at

the closed end of slot 1. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com]
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Slot 2 has a length of 21.5 mm and a width of 2 mm. Simi-

larly, although the length of slot 2 is only about 0.14 wave-

length at 1.9 GHz, slot 2 can generate its fundamental (0.25-

wavelength) slot mode in the desired high band. Also note that

at the closed end of slot 2, a simple linear end strip of width

0.5 mm and length 2 mm is found to be sufficient for slot 2 to

contribute its fundamental slot mode in the desired high band.

For feeding slot 2, the second feed at port B uses a shorted tun-

ing stub (see the point GB in the figure) and has an embedded

series capacitor C2 (1.1 pF). By terminating the tuning stub to

the ground plane, the length of the tuning stub can be decreased.

In this case, an added series capacitor can lead to good excita-

tion of the fundamental slot mode and its higher-order slot

mode as well. The two slot modes can also be combined into a

wide operating band for the antenna’s high band to cover the

1710–2690 MHz band. Effects of the second feed on achieving

the wide high band are discussed in detail with the aid of Figure

7 in Section 2.3.

2.2. Operating Principle
The antenna’s low and high bands can be, respectively, con-

trolled by the first and second feeds. Good isolation between the

two feeds can also be obtained. The simulated S-parameters for

the proposed antenna, the case with the first feed only (Ant1),

and the case with the second feed only (Ant2) are presented in

Figure 3. The simulated results are obtained using the full-wave

electromagnetic field simulator HFSS version 15 [19]. The S11

and S22 are the reflection coefficients seen at port A for slot 1

excitation and at port B for slot 2 excitation, respectively. The

S21 is the transmission coefficient between port A and B. The

results show that the two wide bands of the proposed antenna

are contributed, respectively, by Ant1 and Ant2. The desired

low and high bands for the LTE/WWAN operation are shown

as shaded regions in the figure. The isolation between two ports

is also seen to be less than about 31 dB in the low band and

less than about 24 dB in the high band. Note that the impedance

matching in the low and high bands is generally less than 26

dB (3:1 VSWR), except for some frequencies in the low band

less than about 25 dB. However, the measured antenna

efficiency including the mismatching losses (will be shown in

Figure 9) is all better than 40% in the low band, which is

acceptable for practical applications [20,21].

Figure 4 shows the simulated electric field and surface cur-

rent distributions for the antenna. The results for three represen-

tative frequencies at 0.7, 1.85, and 2.56 GHz are shown. At

0.7 GHz, strong electric fields at the opening of slot 1 are seen,

while at 1.85 and 2.56 GHz, strong electric fields at the opening

of slot 2 are seen. The excited surface currents along two

Figure 6 Simulated input impedance on the Smith chart for Ant1

without the circuit elements of L1, C1, and L2 (curve 1), Ant1 without

the circuit elements of L1 and C1 (curve 2), (curve 1), and Ant1 (curve

3) in the frequency range of 650–1000 MHz. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com]

Figure 7 Simulated input impedance on the Smith chart for Ant2

without the circuit element of C2 (curve 1) and Ant2 (curve 2) in the

frequency range of 1650–2750 MHz. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com]

Figure 8 Measured and simulated S-parameters for the fabricated

antenna. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com]

Figure 9 Measured and simulated antenna efficiencies for the fabri-

cated antenna. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com]
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parallel edges of the excited slots at the three frequencies are

also observed to be about symmetric. The observed electric field

and surface current distributions indicate that the slot resonant

modes are excited. As discussed in Section 2.1, the resonant

modes at 0.7 and 1.85 GHz are, respectively, the fundamental

(0.25-wavelength) resonant modes of slot 1 and 2, and the reso-

nant mode at 2.56 GHz is a higher-order resonant mode contrib-

uted by slot 2.

Effects of the meandered end strip disposed at the closed end

of slot 1 are also studied. Figure 5 shows the simulated S11 for

Ant1 with various end-connecting strips at the closed end of slot

1. Ant1 is with a 15-mm meandered end strip, while Ant1a is

with a simple linear end strip of 2 mm and Ant1b is with a

meandered end strip of 25 mm. It is seen that the operating

band is shifted to lower frequencies with an increase in the

length of the end-connecting strip. This is mainly because the

meandered end strip can lengthen the resonant path of the

excited surface currents around the closed end of slot 1, which

in turn increases the effective resonant length of the excited slot

mode and decreases the resonant frequency thereof.

2.3. Wideband Matching Circuits for the Two Feeds
The wideband operation of the antenna’s low and high bands is

aided by the wideband matching circuits for the first and second

feeds of the antenna. Figure 6 shows the simulated input imped-

ance on the Smith chart for Ant1 without the circuit elements of

L1, C1, and L2 (curve 1), Ant1 without the circuit elements of

L1 and C1 (curve 2), and Ant1 (curve 3) in the frequency range

of 650–1000 MHz. In the matching circuit for the first feed, the

inductor L2 is embedded in the tuning stub of the microstrip

feedline to improve the impedance matching of the excited reso-

nant mode of slot 1. The capacitor C1 and the inductor L1 are

formed as a high-pass matching circuit for achieving dual-

resonance excitation of the excited slot mode. From the results

of curve 1, it is seen that a resonant mode is excited; however,

the impedance matching of the excited resonant mode is poor.

With the presence of L2, the impedance matching of the excited

resonant mode can be improved (see curve 2 vs. curve 1). By

further adding the high-pass circuit of C1 and L1, a dual-

resonance of the excited resonant mode is seen (see curve 3),

which can cover the desired low band (698–960 MHz).

The second feed for generating the wide high band is also

analyzed. Figure 7 shows the simulated input impedance on the

Smith chart for Ant2 without the circuit element of C2 (curve 1)

and Ant2 (curve 2) in the frequency range of 1650–2750 MHz.

As described in Section 2.1, the second feed uses a shorted

tuning stub and a series capacitor C2. When the capacitor C2 is

not present, a resonant mode can be excited (see curve 1), how-

ever, the impedance matching is not acceptable for the entire

desired high band (1710–2690 MHz). By simply adding the

capacitor C2, it is seen that the excited slot mode can have

much improved impedance matching (see curve 2). This sug-

gests that the use of a shorted tuning stub and a series capacitor

together can result in a good excitation of the slot resonant

mode. In addition, both the fundamental and higher-order reso-

nant modes of slot 2 (see the two resonant frequencies at 1.85

and 2.56 GHz studied in Fig. 4) are excited with good imped-

ance matching and formed into the wide high band for the

antenna.

3. EXPERIMENTAL RESULTS

The proposed antenna was fabricated and tested, and the photos

of the fabricated antenna are shown in Figure 2. The measured

and simulated S parameters for the fabricated antenna are pre-

sented in Figure 8. The results confirm the agreement between

the measurement and simulation. The antenna provides two

wide operating bands with acceptable impedance matching of

better than about 3:1 VSWR. The measured isolation between

the two feeds is also seen to be less than about 219 dB in the

high band. For the low band, the measured isolation is less than

230 dB and is not shown in the figure.

Figure 9 shows the measured and simulated antenna efficien-

cies. The antenna’s radiation performance is measured in a far-

field anechoic chamber. The obtained results also confirm agree-

ment of the measured data and the simulated results. The meas-

ured antenna efficiency includes the mismatching losses and is

about 40–62% in the low band and about 62–90% in the high

band. The obtained antenna efficiency is acceptable for mobile

communication applications.

The measured and simulated radiation patterns at 800 and

2500 MHz are plotted in Figure 10. At 800 MHz, a representa-

tive frequency in the low band, near-omnidirectional radiation in

the x-y plane is seen. This indicates that the system ground

plane also contributes to the radiation in the low band. In the x–
z plane (elevation plane orthogonal to the system ground plane),

symmetric radiation pattern is generally seen. While in the y–z
plane (elevation plane parallel to the system ground plane),

stronger radiation in the 2y direction is seen. This is largely

Figure 10 Measured and simulated radiation patterns for the fabri-

cated antenna. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com]
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related to the slot opening, where strong electric fields occur,

disposed to the left-hand side of slot 1.

At 2500 MHz, a representative frequency in the high band,

stronger radiation to the 1y direction in the x–y plane and y-z
plane is seen. This is different from that observed at 800 MHz,

and is largely related the slot opening disposed to the right-hand

side of slot 2. In the x–z plane, however, symmetric radiation

pattern is also generally seen as that observed at 800 MHz.

4. CONCLUSION

A low-profile (7 mm only) open-slot antenna for the table

device application has been proposed and studied. The antenna

is capable of providing two wide operating bands for the LTE/

WWAN operation in the 698–960/1710–2690 MHz bands. The

antenna uses two IL open slots and two feeds with wideband

matching circuits. Owing to its low profile, the antenna is prom-

ising to be disposed in a narrow spacing between the display

panel and the top or bottom edge of the tablet device. The oper-

ating principle of the proposed antenna to generate two wide

operating bands has been presented. Acceptable radiation char-

acteristics of the antenna for mobile communication applications

have also been obtained.
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ABSTRACT: An asymmetric GCPW discontinuity is proposed to pro-

vide frequency-dependent coupling in microwave bandpass filters. Wider
and narrow sections introduce, respectively, the capacitive and inductive
component to the equivalent circuit representing coupling. By selecting

the dimensions of the discontinuity and width of the inductive window in
substrate integrated waveguide, an additional transmission zero can be

introduced at prescribed positions. A distinct feature of the proposed
structure is a small footprint and low loss. As an example, a bandpass
filter with a central frequency of 4.6 GHz and a 200 MHz passband is

designed, and its performance is measured. VC 2015 Wiley Periodicals,

Inc. Microwave Opt Technol Lett 57:1818–1821, 2015; View this article

online at wileyonlinelibrary.com. DOI 10.1002/mop.29203

Key words: substrate integrated waveguide technology; bandpass fil-
ters; frequency-dependent coupling; asymmetric GCPW discontinuity;

miniaturized filter

1. INTRODUCTION

Substrate integrated waveguide (SIW) [1,2] is a relatively new

concept in microwave engineering that has been proposed to

overcome the drawbacks of the conventional metallic wave-

guides, such as large size and weight and at the same time to

achieve better performance at higher frequencies than micro-

strip. The SIW is a type of waveguide that is integrated in the

double-side metallized dielectric substrate with two rows of

metallized via holes acting as narrow walls of the guide. This

construction provides an easy integration with planar circuitry,

good shielding, low loss, low-profile, low-cost, and low-weight

scheme while maintaining high performance, which is particu-

larly useful for the airborne and satellite system applications.
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