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ABSTRACT: A study on the body SAR of the planar WWAN (wireless

wide area network) monopole slot antenna for tablet device application
is presented. The monopole slot antenna covers penta-band WWAN
operation in the 824�960/1710�2170 MHz bands with low near-field

emission such that its body SAR (specific absorption rate) values for 1-g
tissue in the bottom face, landscape and portrait orientations to the flat

phantom meet the limit of 1.6 W/kg for practical applications. Effects of
the monopole slot antenna disposed at various possible locations in the
tablet device on the body SAR results are also analyzed.VC 2011 Wiley

Periodicals, Inc. Microwave Opt Technol Lett 53:1721–1727, 2011; View

this article online at wileyonlinelibrary.com. DOI 10.1002/mop.26094

Key words: mobile antennas; internal tablet device antennas; monopole

slot antennas; WWAN antennas; Body SAR

1. INTRODUCTION

Monopole slot antennas have the attractive feature of wideband

operation and small size for internal mobile device antenna

applications [1–9]. Their promising applications in the laptop

computer for covering pentaband WWAN operation including

the GSM850/900/1800/1900/UMTS bands (824�894/880�960/

1710�1880/1850�1990/1920�2170 MHz) have been shown [8,

9]. As such internal laptop computer antennas are mounted at

the top edge of the display panel and generally have a distance

of larger than 20 cm to the user’s body, the SAR values of the

antenna are not required to be tested [10–12]. However, for the

tablet devices or tablet computers, whose configuration is of

one-section slate type and is different from that of the traditional

laptop computers, their internal antennas are mounted along the

perimeter of the display panel of the tablet device and are gener-

ally with a small distance of less than 20 mm to the user’s body

in practical applications. Hence, the internal antennas for tablet

device applications are required to be tested for the body SAR

[10] and should meet the limit of 1.6 W/kg for 1-g tissue [11].

Presently, it is noted that there are no studies on the body SAR

of the internal WWAN antennas reported in the published

papers for tablet device applications.

In this article, we demonstrate that the planar monopole slot

antennas are promising for application in the tablet devices to

cover pentaband WWAN operation and meet the body SAR

limit of 1.6 W/kg for 1-g tissue. The monopole slot antenna

studied in this article has a planar structure and is easy to be

printed on a thin dielectric substrate [9], making the antenna

easy to fabricate at low cost. For the body SAR testing, the sim-

ulation model is introduced, and the simulated results are pre-

sented for analysis. Different testing models including the bot-

tom face, landscape, and portrait conditions [10] for different

orientations of the antenna to the flat phantom are studied. The

obtained body SAR results for the antenna disposed at various

possible locations in the tablet device are also analyzed.

2. WWAN MONOPOLE SLOT TABLET DEVICE ANTENNA

In this study, the planar WWAN monopole slot antenna used for

tablet device application is shown in Figure 1. The antenna is

printed on a 0.8-mm thick FR4 substrate of relative permittivity

4.4, loss tangent 0.024, and size 12 � 75 mm2. The antenna

comprises two monopole slots of different sizes (monopole slot

1 and 2 shown in the figure) that are successfully excited using

a simple T-shape feeding strip. The antenna has been applied in

a laptop computer as an internal WWAN antenna mounted at

the center of the top edge of its 13-inch display panel (ground

size 200 � 260 mm2) [9]. The longer slot (monopole slot 1)

generates a quarter-wavelength resonant mode at about 900

MHz for the antenna’s lower band to cover the GSM850/900

operation (824�960 MHz). The antenna’s upper band is formed

by two resonant modes, one being the higher-order resonant

mode contributed by monopole slot 1 and the second being the

quarter-wavelength resonant mode generated by the shorter slot

(monopole slot 2).

Detailed operating principle of the studied monopole slot

antenna has been presented in [9]. However, to be applied in a

tablet device in which a 10-inch display panel with ground size

150 � 200 mm2 is equipped therein, and the antenna is mounted

along a shielding metal wall of width 5 mm, the dimensions of

the studied monopole slot antenna need to be adjusted owing to

the large ground plane difference when compared with that in

[9]. The dimensions of the studied antenna are shown in the fig-

ure. Also note that the antenna is mounted at a location (s ¼ 10

mm) close to one corner of the shielding metal wall such that

along the shielding metal wall, there is still enough spacing to

accommodate other possible internal antennas. The thickness of

the tablet device is chosen to be 14 mm in this study (the

dashed line indicates the housing of the tablet device). The
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antenna is mounted along the shielding metal wall and posi-

tioned at a location (t) 12 mm to the back surface of the tablet

device. The spacing d between the top edge of the antenna and

the top surface of the tablet device is 3 mm. In the region in-

between the display ground and the back surface of the tablet

device, it is for accommodating possible associated modules and

electronic elements for the tablet device.

To confirm the selected dimensions of the studied antenna

for covering pentaband WWAN operation, simulated results

obtained using HFSS version 12 [13] and SEMCAD X version

14 [14] are first compared and shown in Figure 2. Good agree-

ment between the two simulated results is seen. Further, the

studied antenna is fabricated and tested. The measured results of

the return loss are also in agreement with the simulated results

using SEMCAD X shown in Figure 3. Over the five operating

bands of GSM850/900/1800/1900/UMTS, the impedance match-

ing is all better than 6-dB return loss. The simulated (SEMCAD

Figure 1 Geometry of the planar WWAN monopole slot antenna for tablet device application. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com]

Figure 2 Comparison of the simulated return loss of the antenna

obtained using HFSS and SEMCAD X simulation software. [Color fig-

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

wileyonlinelibrary.com]
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X) antenna efficiency that includes the mismatching loss of the

antenna is also shown in Figure 4. The antenna efficiency is all

larger than 60% over the WWAN bands, indicating that the

studied antenna has good antenna efficiency for practical

applications.

3. BODY SAR SIMULATION MODEL

Figures 5 and 6 show the body SAR simulation model for the

antenna based on the simulation software SEMCAD X version

14 [14]. In the body SAR testing, a flat phantom shown in Fig-

ure 5 is used to simulate the human body [10]. The flat phantom

is formed by filling a 2-mm thick plastic elliptic cylindrical con-

tainer with tissue simulating liquid [15]. The parameters of both

the plastic container and the tissue simulating liquid are given in

the figure. According to the body SAR regulation [10], there are

five conditions required to be tested. The first one is the bottom

face condition in which the display is parallel to the flat phan-

tom and the back surface of the tablet device is in direct contact

against the flat phantom as shown in Figure 6(a). The other four

conditions are related to the user-selectable display orientations

(the display perpendicular to the flat phantom), which include

two landscape conditions [primary and secondary landscape, see

Fig. 6(b)] and two portrait conditions [primary and secondary

portrait, see Fig. 6(c)]. Since the antennas in the secondary land-

scape and portrait conditions have a large distance (>100 mm)

to the flat phantom, the obtained body SAR values for 1-g tissue

are expected to be much less than the limit of 1.6 W/kg, and

hence, the two conditions are skipped in the body SAR testing

in this study. In the following section, the body SAR results for

the three conditions of bottom face, primary landscape, and pri-

mary portrait are analyzed.

4. BODY SAR RESULTS

To begin with, the results of the simulated return loss for the

antenna in free space and in the bottom face, primary landscape,

and primary portrait conditions are presented in Figure 7.

Although there are relatively large shiftings of the return loss in

the lower band (GSM850/900) for the antenna in the primary

landscape condition owing to the presence of the flat phantom,

the impedance matching is still better than about 6-dB return

loss. For the bottom face condition, some small degradation in

the impedance matching for frequencies at about 2.1 GHz is

seen; the impedance matching, however, is still better than about

5 dB. For the primary portrait condition, very small variations

compared to that in free space are seen. This is largely because

the antenna in the primary portrait condition has the largest dis-

tance to the flat phantom among the three different conditions.

Table 1 lists the obtained SAR values obtained using SEM-

CAD X for the antenna dimensions shown in Figure 1. The

return loss at each testing frequency is also shown. The five fre-

quencies at 859, 925, 1795, 1920, and 2045 MHz are the central

frequencies of the five WWAN operating bands. 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, and 2045 MHz for GSM1800/1900/UMTS opera-

tion. The input power is the same as that used for obtaining the

head SAR for the internal handset antennas [16–22]. The SAR

values for the three conditions all meet the limit of 1.6 W/kg.

Note that the SAR value for the primary portrait condition is the

lowest among the three conditions tested and is well below the

limit of 1.6 W/kg. This is reasonable since the distance between

the antenna and the flat phantom in the primary portrait condi-

tion is as large as 25 mm in this study, which is larger than 12

mm (t) in the bottom face condition and 3 mm (d) in the pri-

mary landscape condition.

Effects of the distance t in the bottom face condition and the

distance d in the primary landscape condition are further ana-

lyzed. Figure 8 shows the body SAR results for the distance t
varied from 8 to 12 mm in the bottom face condition. In this

study, the distance (7 mm) between the display ground and the

back surface of the tablet device is fixed. The decrease in the

distance t is caused by moving the antenna on the shielding

metal wall to be closer to the display ground, whereas other

dimensions are the same as in Figure 1. The body SAR values

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 4 Simulated antenna efficiency (mismatching loss included) of

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

available at wileyonlinelibrary.com]

Figure 5 Flat phantom for body SAR simulation model. [Color figure

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

wileyonlinelibrary.com]
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are in general increased with a decrease in the distance t. At
2045 MHz, large SAR value (2.06 W/kg) is seen for t ¼ 10

mm. This is partly because the antenna is closer to the flat phan-

tom and partly because the impedance matching is greatly

enhanced to be 18.4 dB for t ¼ 10 mm. The latter increases the

near-field emission of the antenna and hence increases the SAR

values. From the return loss shown in the figure, it also indicates

that the impedance matching of the antenna is sensitive to its

relative location in the tablet device and its distance to the flat

phantom. For t ¼ 8 mm, larger SAR values than 1.6 W/kg are

observed (1.69 W/kg at 925 MHz and 2.0 W/kg at 1795 MHz),

which makes the antenna fail to meet the 1-g SAR limit for

practical applications.

Figure 9 shows the body SAR results for the distance d var-

ied from 2 to 4 mm in the primary landscape condition. Other

Figure 6 Body SAR simulation model for the antenna. (a) Bottom face condition. (b) Landscape condition. (c) Portrait condition. [Color figure can be

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

Figure 7 Comparison of the simulated return loss for the antenna in

free space and in bottom face, primary landscape, and primary portrait

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

available at wileyonlinelibrary.com]
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dimensions are the same as in Figure 1. In this case, relative

location of the antenna in the tablet device is not changed. This

also explains the observation that smaller variations are seen in

the return loss when compared with that in the case in Figure 8.

For d ¼ 4 mm, smaller SAR values are seen, which is reasona-

ble because the antenna has a larger distance to the flat phan-

tom. For d ¼ 2 mm, increased SAR values are seen. At 925

MHz, the SAR value is 1.62 W/kg, which exceeds the 1-g SAR

limit for practical applications. At other frequencies, the SAR

values still meet the limit of 1.6 W/kg.

Finally, the SAR results of the antenna as a function of the

location s along the shielding metal wall of the display panel

are studied. Results for the bottom face and primary landscape

conditions are respectively shown in Figures 10(a) and 10(b).

Again, since the relative location of the antenna along the

shielding metal wall is changed for both conditions, the imped-

ance matching is greatly varied as seen in the case in Figure. 8.

Also note that for s ¼ 62.5 mm, the antenna is located at about

the center of the shielding metal wall. For the bottom face con-

dition [Fig. 10(a)], the obtained SAR values all meet the limit

of 1.6 W/kg. This suggests that for the bottom face condition,

the distance t between the antenna and the flat phantom is the

most important factor in the body SAR.

For the primary landscape condition [Fig. 10(b)], large varia-

tions in the body SAR for different values of s are seen. The

body SAR variations are also much larger than that seen in the

bottom face condition in Figure 10(a). However, it is interesting

to note that the body SAR values for s ¼ 62.5 mm are the

smallest among the three different locations. This may be attrib-

uted to the condition that the antenna in the case of s ¼ 62.5

mm is generally symmetric with respect to the display ground,

which may result in more smooth surface current distributions

excited on the shielding metal wall and the display ground. This

leads to a decrease in the strength of the total near-field emis-

TABLE 1 Body SAR Results of the Antenna for 1-g Tissue; t 5 12 mm, d 5 3 mm, s 5 10 mm

Frequency (MHz) 859 925 1795 1920 2045

Input power (Watt) 0.25 0.25 0.125 0.125 0.125

1-g SAR (W/kg) Bottom face 1.19 1.30 1.17 0.99 0.89

Primary landscape 0.82 1.35 1.29 1.03 0.94

Primary portrait 0.27 0.27 0.28 0.25 0.14

Return loss (dB) Bottom face 19.9 8.9 13.5 8.6 5.8

Primary landscape 6.5 8.2 25.1 12.7 7.9

Primary portrait 16.9 10.2 9.9 9.9 6.9

The return loss shows the impedance matching level of the antenna at each testing frequency.

Figure 8 Body SAR values as a function of the distance t between the antenna and the flat phantom in the bottom face condition. Other dimensions

are the same as in Figure 1. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]

Figure 9 Body SAR values as a function of the distance d between the antenna and the flat phantom in the primary landscape condition. Other dimen-

sions are the same as in Figure 1. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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sion of the tablet device in the flat phantom, which results in

decreased body SAR values.

5. CONCLUSIONS

The body SAR results of a planar WWAN monopole slot

antenna suitable for tablet device applications have been pre-

sented and analyzed. As the WWAN monopole slot antenna has

a two-dimensional planar structure, the distance between the

antenna in the tablet device and the flat phantom in the bottom

face condition can be maximized. This distance (t in Fig. 1) has

been shown to be an important factor in the body SAR for the

bottom face condition. To meet the 1-g SAR limit of 1.6 W/kg,

the distance t is required to be 12 mm in this study. For the pri-

mary landscape condition, the distance (d in Fig. 1) between the

antenna and the flat phantom is also an important factor. In

addition, the relative location (s in Fig. 1) of the antenna with

respect to the display ground is also important in achieving

decreased body SAR values. For the primary portrait condition,

since the antenna has a large distance of 25 mm to the flat phan-

tom, small SAR values in this condition are obtained. The

obtained results indicate that it is very promising for the planar

WWAN monopole slot antenna to be applied in the tablet device

to meet the body SAR regulation required for practical

applications.
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ABSTRACT: A novel series-fed microstrip array antenna with a

miniaturized feeding network suitable for wireless local area network
(WLAN) and radio frequency identification (RFID) applications is

presented. This array works with 10 patch elements and utilizes artificial
transmission lines (ATL) to design the feeding network to well reduce the
whole size. Compared to conventional series-fed array designs, the

proposed array can achieve not only a small size of merely 14 (L) � 230
(W) mm2 but also a wide operating bandwidth from 5 to 5.94 GHz.

Experimental results exhibit that fairly good broadside radiation pattern
with adequate half-power beamwidth for practical application can be
obtained with our array design. Therefore, the proposed microstrip array

antenna with a compact size is well suitable to be integrated within the
WLAN/RFID systems as a transmitting antenna.VC 2011 Wiley Periodicals,

Inc. Microwave Opt Technol Lett 53:1727–1730, 2011; View this article

online at wileyonlinelibrary.com. DOI 10.1002/mop.26120

Key words: series-fed microstrip array antenna; artificial transmission

line; half-power beamwidth; WLAN; RFID

1. INTRODUCTION

In recent years, microstrip array antennas with several attractive

advantages such as low cost and easy fabrication have been

widely utilized for various communication systems as a trans-

mitting antenna. For achieving better communication quality,

the microstrip array antenna must be developed with adequate

operating bandwidth as well as wide half-power beamwidth to

meet practical application. To this end, many array antenna

designs have been devoted to tackling different demands [1–6].

Two array antennas using U-shaped slot to broaden the operat-

ing bandwidth were reported in [1, 2]. By properly using L-

probe [3], tooth-like-slot [4], and inverted feeding structure [5],

the beamwidth of the patch array could be widened to cover a

large communication area. To have a compact array size, on the

other hand, a taper array antenna with series-fed structure was

also discussed in [6]. However, these prior array designs cannot

achieve all desirable characteristics including compact size,

wideband operation, and large coverage for practical application.

In this letter, we, thus, propose a compact printed series-fed

1 � 10 microstrip array antenna for wireless local area network

(WLAN: 5.725–5.85 GHz) and radio frequency identification

(RFID: 5.725–5.875 GHz) operations. This array is consisted of

10 radiating elements and a miniaturized feeding network. By

properly using artificial transmission lines (ATL) to construct

the feeding network, the array size can be reduced significantly.

Compared with previous array designs presented in [1–6], the

proposed array antenna behaves not only a more compact size

of merely 14 (L) � 230 (W) mm2 to be easily integrated into

the WLAN/RFID systems as a transmitting antenna but also a

wide operating bandwidth from 5 to 5.94 GHz. Properties such

as high antenna gain and good sidelobe level (SLL) over the

operating frequency band are also obtained with our array

design. Hence, the proposed patch array, with enough half-

power beamwidth to enlarge the service range, is well satisfac-

tory for WLAN/RFID operations. Details of the array design are

then described in Section 2, and a fabricated prototype of the

array is also tested and analyzed in Section 3. Parameters

regarding half-power beamwidth and SLL are carefully tabulated

Figure 1 Geometry of the proposed series-fed microstrip array

antenna. (L1 ¼ 14 mm, L2 ¼ 14 mm, L3 ¼ 9.9 mm, L4 ¼ 1.4 mm, W1

¼ 230 mm, W2 ¼ 14 mm, W3 ¼ 6.4 mm, W4 ¼ 0.5 mm, W5 ¼ 0.2 mm,

W6 ¼ 2.8 mm, W7 ¼ 0.9 mm, and W8 ¼ 0.2 mm)
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