
humidity conditions were presented. The array is intended to

provide more reliable off-body communication links within the

2.45 GHz ISM band and to be worn by rescue workers or fire

fighters, active in a disaster area. Compared to a nonuniform

array, the ULA guarantees low mutual coupling between the

radiating elements, a narrow main beam, low side lobes, and

relatively easy steering. In general, when choosing a textile

material as a substrate for a textile antenna array to integrate

into a garment, the MR value of the textile material must be

taken into account. Here, it was shown, under reproducible rH

conditions realized in a climate test cabinet, that the array on

Azzurri foam exhibits perfectly stable reflection coefficient

characteristics of each individual antenna element. For the

implementation on cotton, however, the resonance frequency

decreases with increasing rH, and the ISM band is no longer

covered, when the rH is above 70%. Thanks to the ETMPA to-

pology of the individual patches, the relatively small number

of radiating elements, and the rather large spacing of 3/4k
between them, the mutual coupling is always low, even for the

implementation on cotton, where the influence of rH is again

noticeable. Hence, a low-cost array design with a large antenna

aperture of about 50 cm and with limited steering capabilities

centered around the broadside direction is obtained. When lim-

iting the steering angle to 10� around the broadside direction,

no grating lobes appear.
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ABSTRACT: A printed slot antenna comprising two quarter-

wavelength slots of different lengths and a half-wavelength slot for
eight-band wireless wide area network/long term evolution operation in

the tablet computer is presented. The two quarter-wavelength slots are
open slots or monopole slots, and the half-wavelength slot is aligned in-
between the two quarter-wavelength slots. The three slots are excited

using a two-strip feedline which is printed on the opposite surface of the
printed slots. The proposed three-slot configuration can lead to two wide

operating bands, with the lower one covering the 704–960 MHz band
and the upper one covering the 1710–2690 MHz band. Good radiation
efficiency for frequencies over the operating bands is obtained. The

simulated body specific absorption rate values of the antenna in the
bottom face, landscape and portrait orientations to the flat phantom in

the body specific absorption rate testing model also meet the limit of 1.6
W/kg for 1-g tissue. Details of the results are presented. VC 2011 Wiley

Periodicals, Inc. Microwave Opt Technol Lett 54:44–49, 2012; View

this article online at wileyonlinelibrary.com. DOI 10.1002/mop.26509

Key words: mobile antennas; internal tablet computer antennas;
printed slot antennas; WWAN antennas; LTE antennas; body SAR

1. INTRODUCTION

Printed slot antennas are easy to fabricate at low cost and have

been shown to be promising for applications in the mobile devi-

ces such as handsets and laptop computers as internal wireless

wide area network (WWAN) antennas [1–11]. These printed slot

antennas include the use of the traditional half-wavelength slots

with two closed ends [2, 4] and the quarter-wavelength slots or

monopole slots with one open end and one closed end [1, 3–11].

To achieve compact antenna size and multiband or wideband

operation such as the penta-band WWAN operation (GSM850/

900/1800/1900/UMTS), the use of two or three slot elements

have been applied. It has also been noted that when there is

more than one slot, the relative alignment of the slots is impor-

tant in achieving wideband operation with a compact antenna

size. For example, for the reported internal WWAN slot anten-

nas for laptop computer applications, promising two-slot and

three-slot configurations have been demonstrated [9, 10]. For the

two-slot case, the design using two monopole slots with their

open ends disposed at opposite edges has been reported [10], in

which a T-shaped feedline is used to feed the two slots. For the

three-slot case, the design using three monopole slots with their

open ends disposed at the same edge and their closed ends

extended in about the same direction has been demonstrated [9],

and a step-shaped feedline is used to feed the three slots. For

Figure 4 Gain pattern at 2.45 GHz of the antenna array in the xz-
plane, steering the beam along ym ¼ 0� and 10�. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com]
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these two cases [9, 10], two wide operating bands can be

obtained to cover the GSM850/900 operation (824–960 MHz)

and the GSM1800/1900/UMTS operation (1710–2170 MHz).

With these reported slot configurations, however, further

enhancement in their operating bandwidth is difficult to obtain,

especially for their lower-band bandwidth to cover the additional

LTE700 operation (704–787 MHz).

The long term evolution (LTE) operation, which is recently

introduced to provide much higher data rate than the WWAN

operation, mainly includes three operating bands in the LTE700,

LTE2300 (2300–2400 MHz), and LTE2500 (2500–2690 MHz)

and is becoming demanded for the modern mobile devices [12–

15]. However, it is noted that there are still no slot antennas

reported in the published papers capable of covering both the

WWAN and LTE operations, that is, eight-band WWAN/LTE

operation in the 704–960 and 1710–2690 MHz bands.

In this article, we present a new three-slot configuration with

a compact antenna size to cover eight-band WWAN/LTE opera-

tion in the tablet computer. The three slots include two monopole

slots of different lengths and a traditional half-wavelength slot

aligned in-between the two monopole slots. Since the excited

electric fields near the closed end of the half-wavelength slot are

generally very weak, different from those excited near the open

ends of the two monopole slots which are generally the strongest

inside the monopole slot [16–21], the proposed slot configuration

can hence lead to small coupling between the three slots. This

makes it very promising to achieve a compact three-slot configu-

ration for decreased antenna size yet wideband or multiband oper-

ation to cover the desired 704–960 and 1710–2690 MHz bands.

In addition, to efficiently excite the three slots, a two-branch

feedline is applied. Details of the design considerations of the

proposed antenna are presented in the article.

Also note that, the tablet computer in the study is of one-sec-

tion slate type and is different from the traditional laptop com-

puters with a foldable two-section structure [10, 22–24]. The in-

ternal antennas in the tablet computers are generally mounted

along the perimeter of the display and are hence with a small

distance of much less than 20 mm to the user’s body in practical

applications. This condition makes the tablet computer antenna

not only required to cover the desired multiband operation, but

also demanded to be tested for the body specific absorption rate

(SAR) [25]. To be accepted for practical applications, the body

SAR for 1-g body tissue should be less than 1.6 W/kg [26, 27].

To meet this practical requirement, the simulated body SAR

results of the proposed antenna are presented.

2. PROPOSED THREE-SLOT ANTENNA

Figure 1 shows the geometry of the proposed slot antenna for

tablet computer application. The antenna comprises two monop-

ole slots (slot 1 and slot 2) and one half-wavelength slot (slot

3). The antenna is mounted along the front edge of the shielding

metal wall (length 200 mm, width 5 mm) of the display ground

in the tablet computer. In addition, the antenna is placed close

to one corner of the shielding wall with a distance of 15 mm

such that more possible internal antennas can be accommodated

along the shielding wall. In the study, the tablet computer with

a 9.7-inch display is considered, which is presently available in

the market. The dimensions of the display ground are hence

selected to be 200 � 150 mm2, which supports a 9.7-inch dis-

play. The display is also assumed to have a thickness of 5 mm

and is disposed at the front side of the tablet computer.

Note that the tablet computer housing is not included in the

study. However, to simulate a practical housing in the body

SAR testing [25], the antenna is assumed to be positioned at a

distance of 13 mm to the flat phantom in the bottom face condi-

tion. While for the primary landscape condition, the distance

between the antenna and the flat phantom is set to 6 mm.

Detailed orientations of the antenna with respect to the flat

phantom in different body SAR testing conditions will be dis-

cussed in Section 3 with the aid of Figure 11.

The antenna is mainly printed on a 0.8-mm thick FR4 sub-

strate of relative permittivity 4.4, loss tangent 0.02, and size 75

� 12 mm2. A top metal portion of size 5 � 75 mm2 is added

for improving the impedance matching of the antenna, especially

for improving the impedance matching of the frequencies in the

antenna’s lower band. The top metal portion is oriented orthogo-

nal to the FR4 substrate and parallel to the shielding metal wall.

Slot 1 has a width of 5 mm and its length (t) is elected to be 59

mm. Slot 1 (a monopole slot) can contribute a 0.25-wavelength

slot resonant mode at about 900 MHz, which alone however

cannot cover the desired 704–960 MHz band. With the presence

of slot 3 (a traditional slot) which has a width of 1.5 mm and a

length of about 82 mm, a 0.5-wavlength slot resonant mode at

about 0.75 GHz can be generated to greatly enhance the lower-

band bandwidth of the antenna such that the LTE700/GSM850/

900 operation in the 704–960 MHz band is covered.

Slot 2 (a monopole slot) with a width of 1.5 mm and a

length (d) of 32.5 mm can contribute a 0.25-wavelength slot res-

onant mode at about 1.7 GHz to combine with the higher-order

resonant modes contributed by slot 1 and slot 3 respectively at

about 2.8 and 2.4 GHz to form the antenna’s upper band. The

upper band can have a wide bandwidth of larger than 1 GHz to

cover the GSM1800/1900/UMTS/LTE2300/2500 operation in

the 1710–2690 MHz band.

To successfully excite the three slots, a novel two-branch

feedline is applied, which comprises a main feeding strip and a

branch feeding strip. The main feeding strip passes through the

Figure 1 Geometry of the WWAN/LTE printed slot antenna for tablet

computer application. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com]
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three slots, while the branch feeding strip passes slot 1 and slot

3 only. The branch feeding strip can greatly enhance the imped-

ance matching of the excited slot resonant modes of the antenna,

and lead to two wide operating bands for covering the desired

704–960 and 1710–2690 MHz bands. Detailed effects of the

branch feeding strip are discussed in Section 3 with the aid of

Figure 6.

The front end (point A) of the two-branch feedline is the

antenna’s feeding point, which is connected to the central con-

ductor of a 50-X mini coaxial line as shown in the figure to test

the antenna in the experiment. The grounding sheath of the mini

coaxial line is connected through a via-hole at point B to the

ground plane on the other side of the FR4 substrate. A photo of

the fabricated antenna with a mini coaxial line is shown in

Figure 2. Note that there is a metal potion (a 0.2-mm copper

plate in the experiment) of size 5 � 75 mm2 added at the top

edge of the antenna to enhance the impedance matching of the

antenna. In the experiment, the ground plane of the antenna is

grounded to the shielding metal wall at point C and D. Meas-

ured results and parametric study of the proposed antenna are

presented in Section 3.

3. RESULTS AND DISCUSSION

Figure 3 shows the measured and simulated return loss of the

antenna. The simulated results are obtained using the full-wave

electromagnetic field simulation software HFSS version 12 [28].

The simulated results agree with the measured data. Two wide

operating bands are obtained. Over the desired 704–960 and

1710–2690 MHz bands, the impedance matching is better than

6-dB return loss (3:1 VSWR), which is the widely used design

specification of the internal WWAN and LTE antennas for mo-

bile devices.

Figure 4 shows the measured antenna efficiency (mismatch-

ing loss included) of the antenna. The antenna with the display

ground shown in Figure 1 is tested in a far-field anechoic cham-

ber. Good antenna efficiency (all better than 50% over the oper-

ating bands) is obtained for the antenna. The antenna efficiency

is in the range of about 56–72% and 60–75% for frequencies in

the lower and upper bands, respectively. The measured three-

dimensional total-power radiation patterns at typical frequencies

are plotted in Figure 5. At lower frequencies of 740 and 925

MHz, some differences in the radiation patterns are seen. This is

largely because the two frequencies are related to different reso-

nant modes, one being the 0.5-wavelength mode of slot 3 and

the other being the 0.25-wavelength mode of slot 1. Also, the

radiation patterns at the two lower frequencies are different

from the dipole-like patterns commonly seen for the internal

handset antennas [29, 30]. This behavior is in part because the

large display ground is no longer an efficient radiator in this

study, different from the handset chassis usually as efficient

Figure 4 Measured antenna efficiency (mismatching loss included) of

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

available at wileyonlinelibrary.com]

Figure 3 Measured and simulated return loss of the antenna. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com]

Figure 2 Photo of the fabricated antenna. [Color figure can be viewed

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

Figure 5 Measured three-dimensional radiation patterns of the

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

available at wileyonlinelibrary.com]
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radiators [31], and in addition, the proposed antenna is asym-

metrically mounted along the front edge of the top shielding

wall of the display ground. The latter will cause some asymmet-

ric in the radiation patterns. At higher frequencies of 1795,

2045, and 2350 MHz, variations in the radiation patterns are

also seen. This behavior is related to the different resonant

modes (higher-order resonant modes of slot 1 and slot 3) excited

to form the antenna’s upper band.

To further analyze the operating principle of the antenna,

Figure 6 shows the simulated return loss for the proposed

antenna and the case with the main feeding strip only (Ant1).

Corresponding dimensions of the two antennas are the same.

Results show that although all the desired slot resonant modes

contributed by the three slots in this study can be excited by the

main feeding strip alone, good impedance matching of some

excited resonant modes cannot be obtained, especially the two

modes contributed by slot 1 and slot 3 for the antenna’s lower

band. By adding the branch feeding strip, which passes through

slot 1 and slot 3 at additional feeding positions, good impedance

matching of all the desired slot resonant modes can be obtained,

and two wide operating band for covering eight-band WWAN/

LTE operation are achieved.

Figure 7 shows the simulated return loss for the proposed

antenna and the case without slot 3 (Ant2). For the antenna’s

lower band, it is seen that only one resonant mode at about 0.9

GHz is excited, which is contributed mainly by slot 1. With the

presence of slot 3 disposed in-between slot 1 and slot 2, addi-

tional resonant modes at about 0.7 GHz for widening the anten-

na’s lower-band bandwidth and at about 2.4 GHz for widening

the upper-band bandwidth are generated. In addition, the pres-

ence of slot 3 also leads to good excitation of the resonant

modes contributed by slot 2 at about 1.7 GHz and by slot 1 at

about 2.8 GHz. This behavior is mainly because the disposition

of slot 3 (a traditional slot) in-between slot 1 and slot 2 (monop-

ole slots) can lead to small coupling between the three slots,

thus making it possible to achieve a compact antenna size yet

wideband or multiband operation to cover the desired 704–960

and 1710–2690 MHz bands.

Figure 7 Simulated return loss for the proposed antenna and the case

without slot 3 (Ant2). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com]

Figure 8 Simulated return loss as a function of the length t of slot 1.

Other dimensions are the same as in Fig. 1. [Color figure can be viewed

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

Figure 6 Simulated return loss for the proposed antenna and the case

without the branch feeding strip (Ant1). [Color figure can be viewed in

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

Figure 9 Simulated return loss as a function of the length d of slot 2.

Other dimensions are the same as in Fig. 1. [Color figure can be viewed

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

Figure 10 Simulated return loss for the proposed antenna and the case

without the top metal portion. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com]
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A parametric study of some design dimensions is also con-

ducted. Figure 8 shows the simulated return loss as a function

of the length t of slot 1. Other dimensions are the same as in

Figure 1. Results for the length t varied from 57 to 61 mm are

shown. Results show that the resonant modes at about 0.9 and

2.8 GHz are shifted to higher frequencies with a decrease in the

length t, which confirms that these two resonant modes are

mainly contributed by slot 1. For other resonant modes, there

are very small effects observed. This feature makes it easy to

control or adjust the excited resonant modes of the antenna.

Figure 9 shows the simulated return loss as a function of the

length d of slot 2, with other dimensions the same as in Figure 1.

Results for the length d varied from 30.5 to 32.5 mm are shown.

It is seen that the resonant mode at about 1.7 GHz is shifted to

higher frequencies with a decrease in the length d. This feature

also confirms that this resonant mode is mainly contributed by

slot 2. Again, very small effects on the impedance matching of

other resonant modes are seen. This also makes it easy to adjust

the excited resonant modes of the antenna.

Figure 10 shows the simulated return loss for the proposed

antenna and the case without the top metal portion. Large

effects are seen on the two resonant modes in the lower band

and on the resonant mode at about 2.8 GHz in the upper band.

This behavior is largely because without the top metal portion,

slot 1 will have no sufficient surrounding ground plane size for

lower-frequency operation, thus making it difficult to excite the

slot resonant mode at about 900 MHz. This also affects good

excitation of the slot resonant mode at about 0.7 GHz contrib-

uted by slot 3. As for the resonant mode at about 2.8 GHz con-

tributed by slot 1, it is interesting to see that it is shifted to

lower frequencies when the top metal portion is not present. The

result suggests that a sufficient surrounding ground plane size is

important for good excitation of the slot antenna.

The body SAR [25] is then tested for the antenna to meet

the requirements for practical applications. Figure 11 shows the

body SAR simulation model for the antenna based on the simu-

lation software SEMCAD X version 14 [32]. In the simulation

model, a flat phantom shown in Figure 11(a) is used to simulate

the human body. The flat phantom is formed by filling a plastic

elliptic cylindrical container with tissue simulating liquid [33].

The dimensions of the flat phantom are shown in the figure.

Although there are five testing conditions of the bottom face

[see Fig. 11(b)], primary landscape [Fig. 11(c)], primary portrait

[Fig. 11(d)], secondary landscape, and secondary portrait in the

body SAR regulation [25], the last two conditions in which the

antenna has a large distance (>100 mm) to the flat phantom and

will have a very small SAR values (usually less than 0.1 W/kg

for 1-g tissue) are not tested in this study. Note that the practical

tablet computer housing is not included in the test. The length

13 mm shown in Figure 11(b) for the bottom face condition

indicates the width of the promising tablet computer housing,

while the length 6 mm in Figure 11(c) for the primary landscape

condition shows the distance between the top surface of the

housing and the top edge of the antenna, and the length 12 mm

shows the distance between the side edge of the display ground

and the side surface of the housing which is attached to the flat

phantom.

Results of the simulated return loss obtained using SEMCAD

X [32] for the antenna in free space and the antenna with the

flat phantom in the bottom face, primary landscape, and primary

portrait conditions are first presented in Figure 12. For the

antenna in free space, it is seen that the simulated results using

SEMCAD X are similar to those shown in Figure 3 using

HFSS. Some variations in the return loss are seen which is

Figure 11 Body SAR simulation models. (a) Flat phantom. (b) Bottom

face condition (top view). (c) Primary landscape condition. (d) Primary

portrait condition. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com]

Figure 12 Simulated return loss for the antenna in free space and the

antenna with the flat phantom in the bottom face, primary landscape,

and primary portrait conditions. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com]

TABLE 1 Simulated Body SAR Results Obtained Using SEMCAD X [32] for 1 g Tissue

Frequency (MHz) 740 859 925 1795 1920 2045 2350 2595

Input power (Watt) 0.125 0.25 0.25 0.125 0.125 0.125 0.125 0.125

1-g SAR (W/kg) Bottom face 0.53 0.97 1.07 1.18 0.73 0.62 0.62 0.97

Primary landscape 0.36 0.94 1.36 1.23 0.69 0.52 0.57 1.37

Primary portrait 0.25 0.23 0.07 0.06 0.05 0.07 0.04 0.12

Return loss (dB) Bottom face 17.2 7.8 6.5 10.6 7.2 6.5 8.0 5.6

Primary landscape 13.0 14.5 12.6 14.7 11.4 10.0 6.8 7.0

Primary portrait 6.1 5.9 9.4 6.6 5.9 5.8 6.5 7.0

Free space 8.2 6.9 6.4 8.7 6.4 6.2 6.2 6.3

The return loss shows the impedance matching level of the antenna at each testing frequency.
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owing to the presence of the flat phantom. The obtained SAR

results for 1-g body tissue at the central frequencies of the eight

operating bands are shown in Table 1. The input power at each

frequency is 0.25 Watt (24 dBm) at 859 and 925 MHz for

GSM850/900 operation and 0.125 Watt (21 dBm) at 1795,

1920, 2045, 740, 2350, and 2595 MHz for GSM1800/1900,

UMTS and LTE operation. The SAR results all less than the

limit of 1.6 W/kg for the three conditions. It is also seen that

the SAR results for the primary portrait condition are all less

than about 0.25 W/kg and are the smallest among the three

body SAR conditions for the eight testing frequencies. This

behavior is reasonable since the antenna in the primary portrait

condition has the largest distance to the flat phantom among the

three conditions.

4. CONCLUSION

A promising three-slot antenna suitable for tablet computer

applications to cover eight-band WWAN/LTE operation has

been proposed. A two-strip feedline for exciting the three-slot

antenna has also been introduced. Detailed operating principle

and parametric study of the three-slot antenna has been dis-

cussed. The antenna shows good radiation efficiency for fre-

quencies over the eight operating bands. Acceptable body SAR

values for 1-g tissue for the antenna applied in the tablet com-

puter have also been obtained, suggesting that the proposed

antenna is promising for practical applications.
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