1.5-THz eight-step FZP and ordinary lenses/antennas become
comparable in focusing intensity/gain action. This result is not
due to a superior radiation performance of the FZP lens but
mostly to the big absorption loss in the bulky ordinary lenses at
terahertz waves. Finally, by use of a new design approach to the
terahertz grooved-dielectric FZP lens the unwanted focusing
shift from the design frequency is removed and better focusing
performance is obtained.

The FZP lenses are much smaller in thickness, volume, and
weight than the ordinary lenses and this leads to a creation of
lighter lens antennas. Besides, the diffractive plane-step FZP
lenses are easy for production and have better fabrication-error
tolerance. The application of terahertz FZP lenses and antennas
includes pico-range communication systems, radio telescopes,
and imaging and security systems among many others.
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ABSTRACT: The technique of embedding a distributed parallel
resonant circuit (PRC) and a lumped PRC, respectively, to enhance the
bandwidths of the lower and upper bands of a small-size tablet
computer antenna to cover the WWAN operation in the 824-960 and
1710-2170 MHz bands is presented. With the proposed technique, the
antenna occupies a small volume of 40 x 10 x 3.8 mm’ only and can
mainly be disposed on a thin FR4 substrate of 40 x 10 mm®. The
antenna comprises a feeding portion, a long shorted strip, and an
antenna ground. The shorted strip is short-circuited to the antenna
ground, which is then connected to the display ground in the tablet
computer. A lumped PRC and a distributed PRC are added at the front
and open ends of the feeding portion, respectively. The two PRCs,
respectively, generate a parallel resonance at the high-frequency tails of
the first two resonant modes at about 900 and 1800 MHz contributed by
the shorted strip to result in additional resonances occurred near the
two resonant modes, thereby resulting in additional resonant modes
excited in the desired antenna’s lower and upper bands. This behavior
greatly increases the operating bandwidths of the antenna’s lower and
upper bands, without additional resonant elements needed. Hence, small
size for the proposed WWAN antenna is obtained. Details of the
proposed antenna and the bandwidth enhancement techniques applied
therein are presented. © 2012 Wiley Periodicals, Inc. Microwave Opt
Technol Lett 54:1348-1353, 2012; View this article online at
wileyonlinelibrary.com. DOI 10.1002/mop.26811

Key words: mobile antennas, tablet computer antennas; WWAN
antennas, parallel resonant circuit; bandwidth enhancement

1. INTRODUCTION

To achieve two wide operating bands at about 900 and 1900
MHz to cover the GSMS850/900 and GSM1800/1900/UMTS
operation, respectively, in the tablet computer with a large dis-
play ground, the embedded antenna generally requires to have a
large size (typically at least 50 mm in length) along the display
ground edge [1-15]. This is mainly because the chassis (ground
plane) mode of the tablet computer generally cannot be excited
to assist in achieving a wide lower band for the embedded
antenna in the tablet computer, which is different from that in
the mobile handset [16—18]. Hence, the use of at least two or
multiple radiating elements (strip monopole or shorted strip
monopole elements in Refs. 1-9, monopole slot elements in
Refs. 10 and 11, and loop elements or combo strip monopole/
loop elements in Refs. 12—15) is generally required to generate
multiple resonant modes for the reported internal tablet com-
puter or laptop computer antennas. The at least two radiating
elements make the occupied volume not easy to be reduced to
achieve a compact antenna size.

In this article, we demonstrate a small-size internal WWAN
antenna using a single radiating shorted strip monopole element
for the tablet computer application. The antenna volume is 40 x
10 x 3.8 mm’ only, and its planar size of 40 x 10 mm? in the
plane parallel to the display ground of the tablet computer is
about the smallest among the reported WWAN antennas for the
tablet computer or laptop computer applications. To excite the
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Figure 1 Geometry of the proposed WWAN tablet computer antenna
with distributed and lumped PRCs. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com]

shorted strip, a feeding portion encircled therein and loaded
with a distributed parallel resonant circuit (PRC) and a lumped
PRC is applied. As the feeding portion is encircled by the
shorted strip and is not a resonant element to contribute resonant
modes, the feeding portion can have a small size to help
decrease the occupied size of the proposed antenna. The two
added PRCs can, respectively, generate a parallel resonance [19]
at the high-frequency tails of the first two resonant modes at
about 900 and 1800 MHz contributed by the shorted strip to
result in additional resonances occurred near the two resonant
modes. The additional resonances lead to additional resonant
modes generated in the desired antenna’s lower and upper
bands. Hence, the operating bandwidths of the antenna’s lower
and upper bands are greatly enhanced, without the use of addi-
tional resonant elements. Small size for the proposed WWAN
antenna is also obtained. Detailed operating principle of the
bandwidth enhancement using the proposed distributed and
lumped PRCs is described in the article. The proposed antenna
is fabricated and tested. Results of the proposed antenna are pre-
sented and discussed.

2. PROPOSED ANTENNA

Figure 1 shows the geometry of the proposed WWAN tablet
computer antenna. The antenna is mainly printed on a 0.8-mm
thick FR4 substrate of size 40 x 10 mm? The antenna com-
prises a feeding portion, a long shorted strip, and an antenna
ground. The shorted strip is short circuited to the antenna
ground, which is connected to the display ground in the tablet
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computer as shown in the figure. The display ground has a size
of 150 x 200 mmz, about the same size as that of a 9.7-in. tab-
let computer on the market [20]. The antenna is mounted verti-
cally at the shielding metal wall (size 5 x 200 mm?) along the
top edge of the display ground. The shielding wall is used to
accommodate the internal antennas and may also decrease possi-
ble coupling between the antennas and the display. The antenna
is also placed at a distance of 10 mm to one corner of the
shielding wall to allow more possible internal antennas to be
mounted along the shielding wall. In practical applications, there
are usually a variety of internal antennas required to be embed-
ded in the tablet computer.

The antenna ground of the proposed antenna is electrically
connected to the shielding wall at point D. The shorted strip
has a length of 90 mm and is short circuited to the antenna
ground. The shorted strip can contribute its first two resonant
modes at about 900 and 1800 MHz, and there is a widened
section of width (w) 3 mm and length 30 mm connected to the
shorted strip to improve the bandwidths of the two excited res-
onant modes. The widened section is oriented to be parallel to
the shielding wall and is cut from a 0.2-mm thick copper plate
in the experiment. The shorted strip is also extended substan-
tially as a rectangular spiral strip to minimize the antenna
size. Also note that with the open end of the shorted strip
(where there is generally strong near-field electric field
because of null surface currents) encircled within the shorted
strip, it can be expected that possible coupling between the
antenna and other embedded antennas (if any) nearby can be
minimized.

The feeding portion is also encircled by the shorted strip.
The central part of the feeding portion is a simple rectangular
strip of size 3 x 13 mm? At its front end, a lumped PRC is
added, whereas at its open end, a distributed PRC is disposed.
The lumped PRC consists of a 3.9-nH chip inductor and a 2.7-
pF chip capacitor, both connected in parallel. This lumped PRC
can generate a first parallel resonance at about 1200 MHz,
which is at the high-frequency tail of the resonant mode at about
900 MHz generated by the shorted strip. The first parallel reso-
nance will cause an additional resonance (zero reactance) at
about 1000 MHz, which leads to an additional resonant mode
occurred to combine the one at about 900 MHz to form a wide
lower band for the antenna to cover the GSM850/900 operation
(824-960 MHz).

The distributed PRC is formed by a long narrow (width 0.3
mm) strip closely coupled to the shorted strip with a coupling
gap of width 0.3 mm. The long narrow strip provides a distrib-
uted inductance [21], whereas the coupling between the section
(length ¢ in the figure) of the narrow strip and the shorted strip
provides a distributed capacitance [22]. This distributed PRC
leads to a second parallel resonance generated at about 2650
MHz. This parallel resonance can result in an additional reso-
nance occurred at about 2150 MHz, which is at the high-fre-
quency tail of the resonant mode at about 1800 MHz. An addi-
tional resonant mode nearby the one at about 1800 MHz can
hence be generated, and both are formed into a wide upper band
for the antenna to cover the GSM1800/1900/UMTS operation
(1710-2170 MHz).

To feed the antenna, a 50-Q mini coaxial line is used, whose
central conductor and outer grounding sheath is connected to
point A (front end of the lumped PRC) and point B at the
antenna ground, respectively. The antenna is also fabricated and
tested. The photograph of the fabricated antenna is shown in
Figure 2, and obtained results of the proposed antenna are pre-
sented and discussed in Section 3.
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Figure 2 Photograph of the fabricated antenna. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com]

3. RESULTS OF PROPOSED ANTENNA

Figure 3 shows the measured and simulated return loss for the
proposed antenna. Two wide operating bands to cover the
desired lower and upper bands for the penta-band WWAN oper-
ation (the shaded regions in the figure) are obtained. The imped-
ance matching for frequencies over the desired lower and upper
bands is better than 3:1 VSWR or 6-dB return loss, which is the
widely used design specification of the internal WWAN antenna
for mobile devices [23-25]. Good agreement between the meas-
ured data and the simulated results obtained using full-wave
electromagnetic field simulator, high-frequency structure simula-
tor (HFSS; Ref. 26), is observed.

Note that for both the lower and the upper bands, two reso-
nant modes are excited. The second modes in both the lower
and the upper bands are excited mainly owing to the two paral-
lel resonances generated by the distributed and lumped PRCs in
the feeding portion. This behavior can be seen more clearly
from the simulated input impedance for the proposed antenna
shown in Figure 4. The first and second parallel resonances are
generated at about 1200 and 2650 MHz, respectively. The first
parallel resonance results in a new resonance at about 1000
MHz and leads to the second resonant mode excited in the
antenna’s lower band. The second parallel resonance also results
in a new resonance, which is at about 2150 MHz and leads to
the second resonant mode excited in the antenna’s upper band.
The dual-resonance behavior in both the lower and the upper
bands leads to enhanced bandwidths to cover the desired 824—
960 and 1710-2170 MHz bands.

The respective effects of the lumped and distributed PRCs
are also analyzed. Figure 5 shows the simulated return loss and
input impedance for the proposed antenna and the case without
the distributed PRC. As shown in Figure 5(a) for the simulated
return loss, when the distributed PRC is not present, the second
resonant mode in the antenna’s upper band disappears and the
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Figure 3 Measured and simulated return loss for the proposed
antenna. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com]
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Figure 4 Simulated input impedance for the proposed antenna. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com]
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Figure 5 Simulated (a) return loss and (b) input impedance for the
proposed antenna and the case without the distributed PRC (Antl).
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com]

DOI' 10.1002/mop



a
=
@210 |
3 due to distributed
PRC
=
E 20 |
é — =15 mm
=26¢6¢ (=12 mm
A= (=9 mm
30 L ‘ L ‘
500 1500 2500 3500
Frequency (MHz)
(a)
600
due to distributed
PRC
. 400
g =15 mm
S 00 —
s -——-Tm
8
3 0 -
—% ; ‘
E t=12 mm
B =200 | -~ Re
= -¥- Tm
=
-400 =9 mm
—— Re
-4~ Tm
-600 e - :
500 1500 2500 3500
Frequency (MHz)
(b)

Figure 6 Simulated (a) return loss and (b) input impedance as a func-
tion of the length ¢ in the distributed PRC. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com]

first resonant mode also becomes narrow banded. This behavior
can be confirmed from the simulated input impedance shown in
Figure 5(b), in which it is seen the second parallel resonance at
about 2650 MHz disappears when the distributed PRC is not
present. On the other hand, the second resonant mode in the
lower band is still present, although it shows poor impedance
matching. It can also be seen that there are some variations in
the first parallel resonance occurred at about 1200 MHz [see
Fig. 5(b)], when the distributed PRC is not present. The results
indicate that the distributed PRC will also have some effects on
the first parallel resonance generated by the lumped PRC.

Figure 6 shows the simulated return loss and input imped-
ance as a function of the length ¢ in the distributed PRC. Results
for the length ¢ varied from 15 to 9 mm are presented. Results
show that the second parallel resonance can be controlled by
adjusting the length ¢, because it can lead to some variations in
both the distributed inductance and the capacitance in the dis-
tributed PRC. With a properly selected length ¢, good excitation
of the second resonant mode in the upper band can be obtained.
It can also improve the impedance matching of the first resonant
mode in the upper band.

Effects of the lumped PRC are analyzed. Figure 7 shows the
simulated return loss and input impedance for the proposed
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antenna and the case without the lumped PRC. From the simu-
lated input impedance shown in Figure 6(b), the first parallel
resonance disappears when the lumped PRC is not present.
Accordingly, the bandwidth of the antenna’s lower band is
greatly decreased. Although the second parallel resonance is
generated by the distributed PRC, the input impedance of the
first resonant mode in the upper band is also affected by the ab-
sence of the lumped PRC. In this case, dual-resonance excitation
cannot be obtained in the upper band as well [see Fig. 7(a)].
The results indicate that the lumped PRC will also cause some
effects on the impedance matching for frequencies over the
upper band.

Figure 8 shows the simulated return loss as a function of the
width w of the widened section in the shorted strip. Results for
the width w varied from 1 to 3 mm are presented. Improvements
on the impedance matching of the antenna’ lower and upper
bands are seen. Hence, the presence of the widened section in
the shorted strip is helpful in widening the antenna’s operating
bandwidth.

Measured radiation characteristics of the proposed antenna
are presented in Figures 9 and 10. The antenna was measured in
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Figure 7 Simulated (a) return loss and (b) input impedance for the
proposed antenna and the case without the lumped PRC (Ant2). [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com]
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Figure 8 Simulated return loss as a function of the width w of the
widened section in the shorted strip. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com]

a far-field anechoic chamber, and the measured antenna effi-
ciency includes the mismatching loss. As shown in Figure 9, the
measured antenna efficiency is about 52-69% and 50-64% over
the GSMS850/900 and GSM1800/1900/UMTS bands, respec-
tively. The obtained antenna efficiency is acceptable for practi-
cal applications [27]. The measured three-dimensional (3D) radi-
ation patterns of the proposed antenna are plotted in Figure 10.
The full 3D patterns and half 3D patterns with the cross-sec-
tional cut at the x—z plane at five representative frequencies in
the antenna’s lower and upper bands are shown. The radiation
patterns at lower frequencies of 859 and 925 MHz are no longer
close to dipole-like patterns as seen for the internal handset
antennas [28-33]. This is mainly because the display ground of
the tablet computer is relatively much larger than the system
ground plane of the mobile handset or smartphone. For all the
radiation patterns obtained at lower and higher frequencies, large
asymmetry in the radiation patterns is also seen. The radiation
in the half-plane in the —y direction is seen to be stronger than
that in the +y direction. This behavior is related to the excited
surface currents excited on the display ground, which leads to
the asymmetric radiation patterns observed.

4. CONCLUSIONS

A WWAN tablet computer antenna using distributed and lumped
PRCs to achieve small size (40 x 10 x 3.8 mm?) and wideband

Frequency (MHz)

Lod700_ 1800 1900 2000 2100 2200
S :4— GSM1800/1900/UMTS —lrl‘
= 80
<@
g
5 60
&
= 40
«
=
g 20
< l«— GSM850/900 —»!
- 0 1 |

800 850 900 950 1000

Frequency (MHz)

Figure 9 Measured antenna efficiency (mismatching loss included) of
the proposed antenna. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com]
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Figure 10 Measured radiation patterns of the proposed antenna.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com]

operation (824-960/1710-2170 MHz) has been proposed and
experimentally studied. The distributed and lumped PRCs can
generate two parallel resonances to result in two new resonant
modes excited in the desired antenna’s lower and upper band,
thereby greatly enhancing the operating bandwidths of the
antenna. Detailed effects of the bandwidth enhancement using
the distributed and lumped PRCs have been studied. Good radia-
tion characteristics over the WWAN operating bands have also
been obtained. With the obtained results, the proposed antenna
is promising for practical tablet computer applications.
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ABSTRACT: Simulated theoretical results and experimental verifications
are presented for a Frequency selective surface with slotted, perfectly
conducting square patch elements. The frequency selective surface (FSS)
structure acts like a band-reject filter having three broad stop bands in
parts of C, X, and Ku band. Due to symmetrical nature of the design, the
FSS is insensitive to variations of RF incidence angle for 90° rotations of
the FSS. Simulated theoretical investigations are done by Ansoft
Designer® software. Experimental investigation is performed using
standard microwave test bench. © 2012 Wiley Periodicals, Inc. Microwave
Opt Technol Lett 54:1353-1355, 2012; View this article online at
wileyonlinelibrary.com. DOI 10.1002/mop.26843

Key words: frequency selective surface; band-reject filter;
multifrequency operation; polarization independent

1. INTRODUCTION

The use of frequency selective surfaces has been successfully
proven as a potential means to increase the communication
capabilities for satellites [1]. In Voyager, Galileo, and Cassini
space missions, the dual-reflector antennas with a frequency
selective surface (FSS) subreflector made it possible to share the
main reflector among different frequency bands [2-5]. The
growing demands on potential multifunctional antennas for radio
communications require complex FSS with multiband require-
ments. Complex multiband FSSs are designed by combining one
or more of the following techniques: layered or stacked FSS,
perturbation of a single-layered FSS [6], or the use of multireso-
nant elements such as the concentric rings [7]. The FSS used in
Cassini is an example of a complex structure, where two single-
layer FSS with multiresonant elements are stacked to obtain the
needed performance [8].

In this article, however, we have achieved a multiresonating
FSS simply by introducing a slot in each of the square path ele-
ment of the FSS structure. This technique of obtaining multiple
resonant results in a lighter structure, reduced size, less costly,
and a simplified design of the FSS, compared to the above-men-
tioned techniques.

We have analyzed the proposed Frequency Selective Surface
structure theoretically by Ansoft Designer® software, which
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