Radiation patterns at the two resonant frequencies of the
structure for each polarization are shown in Figures 17 and 18.
Results are presented for E Plane and H Plane, respectively,
at 4.84 and 5.66 GHz. These results illustrate the excellent
sectoral properties of the antenna. In the vertical plane the
radiation is directive with low side lobes, in the horizontal
plane these figures present an interesting sectoral pattern
of 60°.

6. CONCLUSION

This manuscript proposes an original application of MPRS-FSS
materials to build bipolar dual-band sectoral antennas with sev-
eral advantages.

MPRS-ESS structures and a patch fed by two probes were
combined to realize bipolar dual-band capabilities. The study of
MPRS-FSS structures showed us that their electromagnetic prop-
erties allow designing high gain antennas design.

This article has shown the possibility for MPRS-FSS anten-
nas to radiate in vertical and horizontal polarization with a sec-
toral pattern in azimuth.

This antenna is an excellent candidate for several applica-
tions owing to its multiband properties. The proposed structure
dispenses with the need for complex feeding mechanisms of
patch array antennas.
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ABSTRACT: A WWAN/LTE printed loop antenna for tablet computer
application is presented. The printed loop antenna is a half-wavelength
loop strip coupled-fed by a patch monopole, which performs not only

as a coupling feed but also as an efficient radiator for the antenna. By
embedding a printed distributed inductor in the loop strip, dual-resonance
excitation of the half-wavelength mode of the coupled-fed loop antenna is
obtained, which forms the antenna’s lower band at about 800 MHz to
cover the LTE700/GSM850/900 operation (704-960 MHz). The antenna’s
upper band is formed by both the resonant modes contributed by the
patch monopole and the higher order resonant modes contributed by the
loop strip. The upper band shows a large bandwidth (>1 GHz) to cover
the GSM1800/1900/UMTS/LTE2300/2500 operation (1710-2690 MHz).
Further, with a planar and compact structure (12 x 75 mnt’), the
antenna is suitable to be disposed in the limited space inside the tablet
computer and meets the body specific absorption rate (SAR)

requirement (<1.6 W/kg for 1-g body tissue) for practical applications.
Details of the proposed antenna and its body SAR results are presented.
© 2011 Wiley Periodicals, Inc. Microwave Opt Technol

Lett 53:2912-2919, 2011; View this article online at
wileyonlinelibrary.com. DOI 10.1002/mop.26377

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

1. INTRODUCTION

The loop antennas have recently found promising applications in
the mobile communication devices, especially in the mobile
handset as internal antennas [1-14]. The internal loop antennas
are attractive for mobile devices mainly because along the reso-
nant path of the loop antenna there are generally no open ends
with null currents, which is different from the traditional monop-
ole or shorted monopole antennas [15-19]. In this case, the prob-
lem with strong near-field electric fields at the open end as
occurred for the traditional monopole antennas can be avoided.
The closed resonant path of the loop antenna can hence lead to
smaller coupling effects between the antenna and nearby system
ground plane of the mobile devices. Further, with the near-field
electric field being weaker, the specific absorption rate (SAR)
[20-22] values of the human tissue exposed to the antenna’s radi-
ation can be expected to be smaller. This feature makes the loop
antenna attractive for practical applications in the handheld devi-
ces such as the handsets and tablet computers in which decreased
near-field emission to achieve low head SAR or body SAR [23]
values is demanded for the embedded internal antennas.

In this article, we demonstrate a promising printed loop
antenna embedded with a distributed inductor for tablet com-
puter applications. The antenna can cover the eight-band
WWAN/LTE operation and meet the body SAR specification
(SAR value for 1-g body tissue less than 1.6 W/kg) required for
practical applications [24]. The antenna has a planar structure
and is easy to be printed on an FR4 substrate at low cost. The
printed loop strip is coupled-fed using a patch monopole which is

DOI' 10.1002/mop



loop strip

A

38.6 >

T <« 19.5——>
12 & 5 »

patch monopole

l *0.5
x

!

{
0.8-mm thick FR4 substrate

Is
];—‘1'15—H

A: feeding point, via to a coaxial line on back side

C,D: grounding point to shielding wall

virtual tablet device housing
(172 x 212 x 12 mm’)

[ e R S S e A S BT S R e e R 1

A
o
<= printed distributed inductor,
length = 36 mm
i t= 12

Figure 1 Geometry of the WWAN/LTE coupled-fed printed loop antenna embedded with a distributed inductor for tablet computer applications.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]

encircled by the loop strip. Owing to the presence of the distrib-
uted inductor, whose effect is similar to that of a lumped chip in-
ductor [23], a dual-resonant half-wavelength loop mode can be
excited to cover the desired 704-960 MHz (704-787/824-894/
880-960 MHz) band for the LTE700/GSM850/900 operation.
Also, the patch monopole which performs as a coupling feed and
an efficient radiator as well contributes resonant modes to com-
bine with the higher order resonant modes of the coupled-fed
loop strip to form a wide upper band for the antenna to cover the
desired 1710-2690 MHz (1710-1880/1850-1990/1920-2170/
2300-2400/2500-2690 MHz) band for the GSMI1800/1900/
UMTS/LTE2300/2500 operation. Operating principle of the pro-
posed antenna is discussed in the article. Results of a fabricated
prototype of the proposed antenna are also presented.

It is also noted that for the traditional laptop computers with a
foldable two-section structure, their embedded internal antennas
are generally mounted at the top edge of the display panel such
that the antennas generally have a distance of larger than 20 cm to
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the user’s body [25-28]. In this case, the body SAR is not required
to be tested [24]. However, the tablet computers are generally of a
one-section slate type and their internal antennas are to be
mounted along the perimeter of the display panel. In this condi-
tion, the internal antennas are generally with a small distance of
much less than 20 cm to the user’s body in practical applications.
Hence, the body SAR for the internal tablet computer antenna is
required to be tested and should meet the limit of 1.6 W/kg for 1-g
body tissue. The body SAR simulation models including the bot-
tom face, landscape, and portrait conditions [24] for different ori-
entations of the antenna to the flat phantom which contains tissue
simulating liquid (TSL) [29] to simulate a portion of the user’s
body are described. The obtained body SAR results are analyzed.

2. PROPOSED ANTENNA

Figure 1 shows the geometry of the eight-band WWAN/LTE
coupled-fed printed loop antenna with a distributed inductor for
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Figure 2 Photo of the fabricated antenna. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com]

tablet computer applications. In this study, the tablet computer
or tablet device with a 9.7-in display is considered. The tablet
computers with a similar display size as studied here have been
commercially available. The antenna is printed on a 0.8-mm-
thick FR4 substrate (relative permittivity, 4.4 and loss tangent,
0.02) of size 12 x 75 mm? and is mounted along the front edge
of the shielding wall of the display panel such that a large dis-
tance between the antenna and the bottom surface of the com-
puter housing shown by the dashed line in the figure can be
obtained. Note that in this study the computer housing is a vir-
tual housing only. The antenna is mounted at a distance of 12
mm (¢) to the back side of the housing, and the distance to the
top surface of the housing is 4 mm (d).

The shielding wall has a width of 5 mm and a length of 150
mm, which is generally added to provide some isolation
between the internal antenna and the display, although it usually
results in some degrading effects on the impedance matching of
the internal antenna. By including the shielding metal wall in
this study, the proposed antenna with a planar structure of 12 x
75 mm? on a 0.8-mm-thick FR4 substrate can still generate two
wide operating bands to respectively cover the desired eight-
band operation.

The display ground of size 150 x 200 mm? is for supporting
the 9.7-in display of the tablet computer. The display is assumed
to have a thickness of 5 mm and is disposed at the front side of
the tablet computer. Also note that the antenna is placed close
to one corner of the shielding wall with a distance of 15 mm,
leaving large space along the shielding wall such that more pos-
sible internal antennas can be accommodated along the shielding
wall.

The antenna mainly comprises a loop strip and a patch
monopole encircled therein. Both the loop strip and patch
monopole are efficient radiators, and the patch monopole also
performs as a coupling feed to excite the loop strip through the
coupling gaps shown in the figure. The front end (Point A) of
the patch monopole is the feeding point of the antenna, which is
connected through a via-hole in the FR4 substrate to a 50-Q
coaxial line along the shielding wall. The loop strip is bent to
achieve a compact size and has a length of about 210 mm
(excluding the Section BB’, the distributed inductor), which is
close to a half-wavelength at about 800 MHz. This makes the
loop strip capable of generating a half-wavelength resonant
mode in the desired lower band. However, it shows a narrow
bandwidth and is far from covering the desired 704-960 MHz
band. By further embedding a distributed inductor (Section BB’,
length about 35 mm and width 0.5 mm) whose effect is similar
to the use of a chip inductor of 8.2 nH (Fig. 6 in Section 2), a
dual-resonance excitation in the desired lower band is generated.
This leads to a wide lower band obtained for the antenna to
cover the desired 704-960 MHz band. This behavior is related
to the excitation of a resonant mode showing very large peak re-
sistance and reactance (Fig. 5 in Section 3), which is similar to
a parallel resonant mode or antiresonant mode, at frequencies
close to the original 0.5-wavelength loop mode at about 800
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MHz. This greatly improves the impedance matching for fre-
quencies at around 900 MHz or the high-frequency tail of the
0.5-wavelength loop mode, thus leading to significant bandwidth
enhancement of the antenna’s lower band.

In addition, the patch monopole alone can generate a wide
operating band in the desired upper band, with the impedance
matching close to 6-dB return loss or 3:1 VSWR, which is
widely used design specification for the internal mobile device
antennas for WWAN and LTE operation. By combing the
higher order modes generated by the loop strip with the wide
resonant mode contributed by the patch monopole, a very wide
upper band of larger than 1 GHz can be obtained to cover the
desired 1710-2690 MHz band. The proposed antenna can hence
cover the eight-band operation of the WWAN and LTE systems.

3. RESULTS AND DISCUSSION

Figure 2 shows the photo of the fabricated antenna. The antenna
is mounted at the shielding wall as shown in Figure 1 for test-
ing. Figure 3 shows the measured and simulated return loss of
the antenna. The simulated results are obtained using full-wave
electromagnetic field simulation software HFSS version 12 [30].
The simulated results agree with the measured data. Two wide
operating bands are obtained. The lower and upper bands can
cover the desired 704-960 and 1710-2690 MHz bands with im-
pedance matching better than the required 6-dB return loss (3:1
VSWR).

To analyze the effects of the patch monopole, the loop strip,
and the embedded distributed inductor, Figure 4 shows the simu-
lated return loss of the proposed antenna, the case with the patch
monopole only (R1), and the case with the patch monopole and
a simple loop strip (no printed distributed inductor; R2). For the
R1 case, a wide band showing impedance matching close to
6-dB return loss in the desired upper band is seen. This can be
seen more clearly in Figure 5 where the simulated input imped-
ance of the three antennas studied in Figure 4 is shown. For the
R1 case, there is a resonance at about 1920 MHz, and low
variations in the input resistance are observed, which leads to
the slow-varying return loss in the desired upper band seen in
Figure 4.

For the R2 case, a narrow resonant mode at about 800 MHz
is generated, which is a 0.5-wavelength loop mode contributed
by the loop strip. The loop strip also contributes higher order
resonant modes in the desired upper band to combine with the
resonant mode contributed by the patch monopole. This leads to
impedance matching enhancement in the desired upper band.
When the distributed inductor is further embedded in the loop
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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]

DOI' 10.1002/mop



0
@/ 10
2
3]
=
E 20 Proposed
o~ ¢ R1

A4 R2
30 -
500 1000 1500 2000 2500 3000
Frequency (MHz)

~

R1 (patch monopole only)

=l | I

R2 (w/o printed distributed inductor)

Figure 4 Simulated return loss (HFSS) of the proposed antenna, the
case with the patch monopole only (R1), and the case with the patch
monopole and a simple loop strip (no printed distributed inductor; R2).
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com]

strip, dual-resonance excitation in the desired lower band is
obtained. From Figure 5, it can be seen that the obtained dual-
resonance excitation is related to the excited resonant mode at
about 1.15 GHz having very large peak resistance and reactance,
which is similar to the characteristic of a parallel resonant mode
or antiresonant mode. This resonant mode leads to increasing
input resistance for frequencies at around 900 MHz or the high-
frequency tail of the 0.5-wavelength loop mode, thereby result-
ing in a dual-resonance excitation and significant bandwidth
enhancement in the desired lower band. Note that the parallel-
resonance behavior of the excited resonant mode at about 1.15
GHz is probably related to the embedded distributed inductor
which interacts with an equivalent capacitor formed in-between
the patch monopole and the loop strip. In addition, with the em-
bedded distributed inductor, further impedance matching
enhancement is also obtained for frequencies in the desired
upper band.

Figure 6 shows the simulated return loss of the proposed
antenna and the case (R3) with a chip inductor of 8.2 nH replac-
ing the printed distributed inductor (Section BB’) in the loop
strip. Other dimensions are the same as in Figure 1. From the
obtained results, similar dual-resonance excitation is obtained
for the proposed antenna and the R3 case. In the desired upper
band, more resonant modes are also seen for the proposed
antenna. This is largely because the distributed inductor also
increases the total length of the loop strip, which leads to the
excitation of more higher order loop resonant modes [23].

The radiation characteristics of the fabricated antenna are
also studied. The antenna was tested with the display ground
shown in Figure 1 and measured in a far-field anechoic chamber
(ETS-Lindgren measurement system, http://www.ets-lindgren.
com). Figure 7 shows the measured three-dimensional total-
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Figure 5 Simulated input impedance (HFSS) of the three antennas
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power radiation patterns at typical frequencies. Three radiation
patterns seen from the top, front, and side directions at each
testing frequency are presented. At lower frequencies (740 and
925 MHz), the radiation patterns in the azimuthal plane (x—y
plane) are close to omnidirectional. While at higher frequencies
(1795, 2045, and 2350 MHz), some radiation dips in the azi-
muthal direction are seen. The obtained radiation patterns gener-
ally show no special distinctions to those of the reported internal
WWAN antennas for the traditional laptop computers [31-34].
Figure 8 shows the measured antenna efficiency (mismatching
loss included) for the antenna. The radiation efficiency is about
52-67 and 57-77% for the desired lower and upper bands,
respectively. The efficiencies are all better than 50% for the
eight operating bands.

The body SAR [24] is then tested for the antenna to meet
the requirements for practical applications. Figure 9 shows the
body SAR simulation model for the antenna based on the simu-
lation software SEMCAD X version 14 [35]. In the simulation
model, a flat phantom is used to simulate the human body. The
flat phantom is formed by filling a 2-mm-thick plastic elliptic
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Figure 8 Measured antenna efficiency (mismatching loss included) of
the antenna. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com]

DOI 10.1002/mop



flat phantom

\ virtual tablet device housing _ _ _

—— 400 mm —>

210 A

e |
bottom view side view
(a)
re——400 mm — 5
200
Pl P2 |
Pl ! VP2
i 1
: :
P ]
bottom view side view
(b)
P3

P4

1 |
! 1
' :
| 1
| 1
1

P4~ = -- 1
bottom view side view
(©)

- ™ ~
Le ~
4 A
! )

4 it=12mm

g

shielding metal wall 21t€Nna

f e——— 600 mm—— /
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cylindrical container with TSL [29]. The lengths of the longer
and shorter axes of the container are 600 and 400 mm, respec-
tively. The height of the container is 200 mm. According to the
body SAR regulation [24], there are five conditions to be tested.
The first one is the bottom face condition [Fig. 9(a)] in which
the display is parallel to the flat phantom and the back surface
of the computer housing is in direct contact against the flat
phantom. The other four conditions are for the display oriented
perpendicular to the flat phantom, including two landscape con-
ditions and two portrait conditions. The landscape conditions
further includes the primary landscape and secondary landscape
conditions, while the portrait conditions also include the primary
portrait and secondary portrait conditions. For the primary land-
scape and primary portrait conditions, the testing configurations
are shown in Figures 9(b) and 9(c). For the secondary landscape
condition, the antenna is at the edge away from the flat phan-
tom. In this case, the antenna has a large distance (>100 mm) to
the flat phantom, and the obtained body SAR values for 1-g tis-
sue are expected to be much smaller than the limit of 1.6 W/kg.
So is the case for the secondary portrait condition in which the
antenna is at the corner away from the flat phantom and the
obtained body SAR values are also expected to be much smaller
than 1.6 W/kg. Hence, in this study, only the body SAR results
for the bottom face, primary landscape, and primary portrait
conditions shown in Figure 9 are tested.
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Results of the simulated return loss obtained using SEMCAD
X [35] 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 10. The simu-
lated results for the antenna in free space are similar to the
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Figure 10 Comparison of the simulated return loss (SEMCAD X) 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]
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TABLE 1 Body SAR Results of the Antenna for 1-g Body Tissue; t = 12 mm and d = 4 mm
Frequency (MHz) 740 859 925 1795 1920 2045 2350 2595
Input power (W) 0.125 0.25 0.25 0.125 0.125 0.125 0.125 0.125
1-g SAR (W/kg)
Bottom face 0.42 0.93 1.18 1.00 1.01 1.17 1.10 1.41
Prim. landscape 0.33 1.03 1.59 0.32 0.66 0.39 0.71 1.57
Prim. portrait 0.08 0.10 0.09 0.21 0.12 0.21 0.13 0.27
Return loss (dB)
Bottom face 10.6 5.9 5.5 7.5 12.9 9.6 8.8 7.5
Prim. landscape 22.8 7.1 5.6 30.5 10.5 16.7 14.5 14.8
Prim. portrait 7.5 5.4 5.4 8.1 8.4 9.0 8.6 10.7
Free space 6.5 6.0 6.6 13.1 6.7 8.3 7.9 104

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

TABLE 2 Body SAR Results of the Antenna as a Function of t for 1-g Body Tissue in the Bottom Face Condition; d = 4 mm

Frequency (MHz) 740 859 925
1-g SAR (W/kg)
t = 10 mm 0.56 1.24 1.58
t =12 mm 0.42 0.93 1.18
t = 14 mm 0.33 0.72 0.91
Return loss (dB)
t =10 mm 10.4 5.8 54
t =12 mm 10.6 5.9 5.5
t = 14 mm 10.7 6.0 5.5

1795 1920 2045 2350 2595
1.52 1.47 1.71 1.63 2.18
1.00 1.01 1.17 1.10 1.41
0.67 0.68 0.84 0.79 0.87
7.5 8.7 9.4 8.8 7.5
7.5 12.9 9.6 8.8 7.5
7.5 11.5 9.9 9.1 7.6

corresponding results shown in Figure 3 using HFSS. Owing to
the presence of the flat phantom, there are some variations in
the impedance matching of the antenna. For the frequencies in
the desired lower and upper bands, the return loss is still better
than about 5 and 6 dB, respectively.

Table 1 lists the simulated SAR values for the antenna
dimensions shown in Figure 1. Results obtained at the central
frequencies of the eight operating bands are shown. The input
power at each frequency is 0.25 W (24 dBm) at 859 and 925
MHz for GSMS850/900 operation and 0.125 W (21 dBm) at
1795, 1920, 2045, 740, 2350, and 2595 MHz for GSM1800/
1900, UMTS, and LTE operation. The SAR values for the all
three conditions meet the limit of 1.6 W/kg. Also note that the
SAR value for the primary portrait condition is the lowest
among the three tested conditions and is much smaller than 1.6
W/kg. This is mainly because the antenna in the primary portrait
condition has the largest distance to the flat phantom among the
three tested conditions.

Effects of the SAR values as a function of the distance ¢ in
the bottom face condition and the distance d in the primary
landscape condition are further analyzed. The results are listed
in Tables 2 and 3. In Table 2, the SAR results for the distance ¢
varied from 10 to 14 mm in the bottom face condition are pre-
sented. The body SAR values are increased with a decrease in

the distance 7. This is mainly owing to the antenna being closer
to the flat phantom. For higher frequencies at 2045, 2350, and
2595 MHz for t = 10 mm, SAR values larger than 1.6 W/kg are
also seen. As the distance ¢ is also the thickness of the computer
housing in this study, obtained results suggest that when the
thickness of the tablet computer is larger than about 12 mm, the
body SAR of the proposed antenna can meet the limit of 1.6 W/
kg for practical applications.

Table 3 lists the SAR values for the distance d varied from 3
to 5 mm in the primary landscape condition. Other dimensions
are the same as in Figure 1. For d = 5 mm, smaller SAR values
are seen, which is reasonable because the antenna has a larger
distance to the flat phantom. For d = 3 mm, increased SAR val-
ues are seen. At 925 and 2595 MHz, the SAR values are larger
than 1.6 W/kg, exceeding the limit for practical applications. At
other frequencies, the SAR values still meet the limit of 1.6 W/
kg. Obtained results indicate that the values of d and ¢ are im-
portant factors for the antenna to meet the body SAR limit for
tablet computer applications.

4. CONCLUSION

A printed loop antenna promising for WWAN/LTE operation in
the tablet computer has been proposed. The antenna has a

TABLE 3 Body SAR Results of the Antenna as a Function of d for 1-g Body Tissue in the Primary Landscape Condition;

t =12 mm

Frequency (MHz) 740 859 925 1795 1920 2045 2350 2595
I-g SAR (W/kg)

d =3 mm 0.37 1.18 1.85 0.41 0.72 0.43 0.78 1.79
d =4 mm 0.33 1.03 1.59 0.32 0.66 0.39 0.71 1.57
d =5 mm 0.29 0.89 1.37 0.26 0.57 0.35 0.62 1.38
Return loss (dB)

d =3 mm 18.9 7.6 6.2 31.5 11.8 17.3 14.5 14.7
d =4 mm 22.8 7.1 5.6 30.5 10.5 16.7 14.5 14.8
d =35 mm 28.8 6.8 5.1 29.6 9.0 15.9 14.5 14.9
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uniplanar structure and can be printed on an FR4 substrate at
low cost. The antenna is formed by a half-wavelength loop strip
and a patch monopole encircled therein. A bandwidth enhance-
ment technique of embedding a distributed inductor in the loop
strip to achieve a dual-resonance excitation in the desired lower
band to cover the LTE700/GSMS850/900 operation has been
shown. A wide upper band of larger than 1 GHz has also been
obtained by the resonant modes contributed by the patch monop-
ole and the higher order loop resonant modes contributed by the
loop strip. The obtained upper band covers the GSM1800/1900/
UMTS/LTE2300/2500 operation. The body SAR results of the
proposed antenna have also been studied. Results indicate that
the proposed antenna can meet the body SAR limit of 1.6 W/kg
and is promising for practical WWAN/LTE tablet computer
applications.
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