
transmission zeros Tz1 and Tz3 are separately created near the

lower cut-off frequency of the first passband and the second

passband due to the main path signal counteraction [8], and the

location of the transmission zeros Tz2 and Tz4 near the upper

cut-off frequencies are mainly controlled by the short-circuited

stubs [11]. To deepen the upper-stopband, the transmission zero

Tz5 is created in the upper-stopband owing to source-load cou-

pling. As l4 increases, the transmission zero Tz5 moves near the

upper cut-off frequencie. Considering the out-band performance,

we choose l4 ¼ 8.65 mm.

After studying the characteristic of the compact and high se-

lectivity dual-band dual-mode microstrip BPF with source-load

coupling, a filter is fabricated on the RT/Duroid 5880 substrate

through the standard printed circuit board (PCB) fabrication pro-

cess, and its photograph is shown in Figure 6. The filtering per-

formance is measured by Agilent network analyzer N5230A.

The simulated and measured frequency responses shown in Fig-

ure 7 agree with each other. It can be seen that the insertion

losses are 1.62 and 1.42 dB, and S11 is 18 and 24.2 dB at 1.575

and 5.2 GHz, respectively. The 3-dB bandwidths are 0.1 GHz

from 1.55 to 1.65 and 0.24 GHz from 5.1 to 5.34 GHz. There-

fore, the relative 3-dB bandwidths are 6.3 and 4.6% at 1.58 and

5.2 GHz, respectively. Five transmission zeros (Tz1, Tz2, Tz3,
Tz4, and Tz5) are located at 1.23, 1.84, 4.62, 5.81, and 6.38 GHz

to result in sharp skirt, with an attenuation level of less than

�27.2dB. The upper-stopband in experiment is extended up to 8

GHz with an insertion loss better than �23.2 dB.

4. CONCLUSIONS

In this letter, a compact and high selectivity dual-band dual-

mode microstrip BPF with the source-load coupling is proposed

using one single short-circuited stub loaded SIR. The resonator can

generate one odd mode resonant frequencies and one even mode

ones in each band, and the even mode ones can be only deter-

mined by the short-circuited stub at the central. The filter utilizes

the resonator’s fundamental odd and even mode resonant frequen-

cies and second harmonic resonant frequencies to generate two

passbands. Five transmission zeros are created near the passband

edges and in the upper-stopband to improve the selectivity. The

measured result agrees with the electromagnetics (EM) simulation.
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ABSTRACT: A small-size multiband planar antenna can be obtained
using a long parasitic shorted strip and a monopole feed encircled by

the same. Such a configuration can lead to a small antenna size for
multiband operation, and a promising design with a small size of 12 �

Figure 7 Simulated and measured frequency responses of the dual-

band microstrip BPF
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35 mm2 for covering three-band LTE700/2300/2500 operation (704–787/
2300–2400/2500–2690 MHz bands) in the tablet computer is presented.

The antenna is easy to fabricate on one surface of an FR4 substrate and
is composed of an inverted-L strip as the monopole feed and a long
parasitic shorted strip encircling the inverted-L monopole. The long

shorted strip is parasitically excited to generate a 0.25-wavelength
resonant mode at about 750 MHz to cover the LTE700 operation, while
the inverted-L monopole generates a 0.25-wavelength resonant mode at

about 2.5 GHz to cover the LTE2300/2500 operation. Details of the
proposed antenna are described. Radiation characteristics of the

antenna and its body specific absorption rate results for tablet computer
applications are also presented. VC 2011 Wiley Periodicals, Inc.

Microwave Opt Technol Lett 54:81–86, 2012; View this article online at

wileyonlinelibrary.com. DOI 10.1002/mop.26507

Key words: mobile antennas; internal tablet computer antennas;
multiband antennas; LTE antennas; small antennas

1. INTRODUCTION

The long-term evolution (LTE) operation is becoming demanded

for modern mobile devices such as the smartphones, laptop

computers, and tablet computers. The LTE operation can pro-

vide much higher communication data rate than the wireless

wide area network (WWAN) operation and mainly include three

operation bands of the LTE700 (704–787 MHz), LTE2300

(2300–2400 MHz), and LTE2500 (2500–2690 MHz). Some

promising WWAN/LTE internal antennas for mobile devices

have also been reported [1–11]. These antennas can cover all

the operating bands of the WWAN and LTE operations and are

attractive to be used in the mobile devices as the main internal

antenna for voice and data communications. However, it is

noted that the LTE is best suited for the multiple-input multiple-

output (MIMO; Refs. 12–14) operation. For the LTE MIMO

operation, a second LTE antenna will be required to be embed-

ded in the mobile devices to combine with the main antenna

(WWAN/LTE antenna) to form a 1 � 2 LTE array to achieve

much higher communication data rates. For this application, a

three-band LTE700/2300/2500 antenna with a size much smaller

than the main antenna (WWAN/LTE antenna) will be very

attractive for the LTE MIMO operation in the mobile devices.

In the published papers for the present, however, there are very

few promising LTE antennas that occupy a small size and are

capable of covering all the LTE700/2300/2500 bands for mobile

device applications.

In this article, we present a small-size planar printed LTE

antenna which is easy to fabricate and requires a small size of 12

� 35 mm2 for covering the three-band LTE700/2300/2500 opera-

tion in the tablet computer. The proposed antenna applies the

design technique of using a long parasitic shorted strip and a

monopole feed encircled by the same to achieve multiband opera-

tion with a small antenna size. The long parasitic shorted strip

contributes to its fundamental (0.25-wavelength) resonant mode

at about 750 MHz to cover the LTE700 operation. The monopole

feed in this study is an inverted-L strip which contributes to its

fundamental (0.25-wavelength) resonant mode at about 2.5 GHz

to cover the LTE2300/2500 operation. In addition to the small

size for multiband operation obtained for the antenna, it is easy

to adjust the resonant modes contributed, respectively, by the

long parasitic shorted strip and the inverted-L monopole encircled

by the same. Detailed operating principle of the proposed antenna

is described. Radiation characteristics of the antenna and its body

specific absorption rate (SAR; Ref. 15–17) results for 1-g tissue

in the bottom face and edge (landscape and portrait) conditions

[15] for tablet computer applications are also analyzed.

2. DESIGN CONSIDERATIONS OF PROPOSED LTE ANTENNA

Figure 1 shows the geometry of the proposed small-size multi-

band planar printed antenna for the LTE700/2300/2500 opera-

tion in the tablet computer. The antenna is printed on one sur-

face of an FR4 substrate of size 12 � 35 mm2, relative

permittivity 4.4, and loss tangent 0.02, and it is mounted along

the front edge of the metal wall at one edge of display ground.

The metal wall has a size of 5 � 105 mm2, which is connected

to one edge of the display ground of dimensions 105 � 140

mm2. In the study, both the metal wall and the display ground

are made by a 0.2-mm-thick copper plate, and the display

ground supports a 7-in. display; that is, a 7-in. tablet computer

is considered in this study, which is commercially available for

the present.

The antenna comprises a long parasitic shorted strip and an

inverted-L monopole encircled by the same. The antenna is fed

using a 50-X minicoaxial line (see the photo in Fig. 2 for the

Figure 1 Geometry of the proposed internal LTE700/2300/2500

antenna for tablet computer application. [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]
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fabricated antenna connected to a 50-X minicoaxial line), whose

central conductor is connected to the feeding point (point A) of

the inverted-L monopole, and outer grounding sheath is con-

nected to the grounding point (point B) at the antenna ground

(size 6 � 2 mm2) which is further connected to the metal wall.

Note that the antenna is also mounted close to one corner of the

metal wall with a distance of 5 mm. This can allow other possi-

ble internal antennas to be accommodated along the metal wall.

The parasitic shorted strip has a length of about 90 mm

(close to 0.25-wavelength at 750 MHz), with its front end short-

circuited to the antenna ground. The parasitic shorted strip can

generate a 0.25-wavelength resonant mode at about 750 MHz to

cover the LTE700 operation. Its widened open end of width 4.4

mm and length (t) 24.5 mm can enhance the bandwidth and

decrease the resonant frequency of the excited resonant mode.

The inverted-L monopole has a length of 21 mm (close to 0.25-

wavelength at 2.5 GHz) and contributes to a 0.25-wavelength

resonant mode for the LTE2300/2500 operation. With the para-

sitic shorted strip encircling the inverted-L monopole, a compact

configuration for the antenna can be obtained. Further, the

desired antenna’s lower band for the LTE700 operation and

upper band for the LTE2300/2500 operation can be easily con-

trolled, respectively, by the parasitic shorted strip and the

inverted-L monopole. In addition, a portion of the parasitic

shorted strip can combine with the inverted-L monopole to pro-

vide an additional loop resonant path (loop ADB, see Fig. 1 and

Ant2 in Fig. 4), which contributes to additional resonant mode

for the antenna. Higher-order resonant modes of the parasitic

shorted strip are also generated which further increases the

bandwidths of the antenna. Detailed operating principle and

the excited resonant modes of the antenna will be discussed in

Section 3.

3. RESULTS OF PROPOSED ANTENNA

The proposed antenna was fabricated (see Fig. 2, a photo of the

fabricated antenna) and tested in this study. Figure 3 shows the

measured and simulated return loss of the antenna tested with

Figure 5 Simulated input impedance for the proposed antenna and the

case with the inverted-L monopole only (Ant1). [Color figure can be

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

Figure 4 Simulated return loss for the proposed antenna, the case

with the inverted-L monopole only (Ant1), and the case with the

inverted-L monopole and a portion of the shorted strip (Ant2). [Color

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

wileyonlinelibrary.com]

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]

Figure 6 Measured antenna efficiency (mismatching loss included) for

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

which is available at wileyonlinelibrary.com]
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the display ground and metal wall. Simulated return loss is

obtained using the simulation software HFSS version 12 [18].

Agreement between the simulation and measurement is seen. On

the basis of the 3:1 VSWR or 6-dB return loss, a widely used

design specification for the internal WWAN and LTE mobile

device antennas, the obtained bandwidths cover the LTE700

operation in the 704–787 MHz and the LTE2300/2500 operation

in the 2300–2400/2500–2690 MHz. Note that there are five reso-

nant modes excited below 4 GHz for the antenna. Among them,

Mode 1 at about 750 MHz, Mode 2 at about 2 GHz, and Mode

5 at about 3.5 GHz are mainly contributed by the parasitic

shorted strip, with Mode 1 the 0.25-wavelength mode of the par-

asitic shorted strip and Modes 2 and 5 the higher-order resonant

modes of the parasitic shorted strip. Mode 3 at about 2.4 GHz

and Mode 4 at about 3 GHz are related to the inverted-L

monopole, with Mode 3 the 0.25-wavelength mode of the

inverted-L monopole and Mode 4 contributed by the loop path

ADB seen in Ant2 in Figure 4.

Figure 4 shows the simulated return loss for the proposed

antenna, the case with the inverted-L monopole only (Ant1),

and the case with the inverted-L monopole and a portion of the

shorted strip (Ant2). The corresponding simulated input imped-

ance for the proposed antenna and Ant1 is shown in Figure 5.

For Ant1, a resonant mode excited at about 2.5 GHz is

shown in Figure 4, which coincides with the condition of a reso-

nance (zero reactance) occurred at about 2.5 GHz as shown in

Figure 5 for both the proposed antenna and Ant1. When the par-

asitic shorted strip is added to form the proposed antenna, addi-

tional resonant modes at about 0.75, 2.0, 3.0, and 3.5 GHz are

generated (note that the one at 3.0 GHz is contributed by the

loop path ADB), and the impedance matching of the resonant

mode at about 2.5 GHz contributed by Ant1 is also improved to

cover the LTE2300/2500 operation. The resonant mode at about

0.75 GHz covers the LTE700 operation, while the resonant

mode at about 2.5 GHz covers the LTE2300/2500 operation. In

addition, it is interesting to note that the resonant mode at about

3.5 GHz is promising to cover the WiMAX operation in the 3.5

GHz band [19–21].

Figure 8 Body SAR simulation models. (a) Flat phantom simulating

the body tissue. (b) Bottom face SAR model. (c) Primary landscape

SAR model. (d) Primary portrait SAR model. (e) Body SAR values for

1-g body tissue. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com]

Figure 7 Measured three-dimensional total-power radiation patterns

for the proposed antenna. [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 open-end section

length t of the parasitic shorted strip. Other parameters 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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Radiation characteristics of the fabricated antenna with the

display ground and metal wall were also measured in a far-field

anechoic chamber. Figure 6 shows the measured antenna effi-

ciency which includes the mismatching loss. Over the LTE700

and LTE2300/2500 bands, the efficiency is varied, respectively,

in about 50–76% and 62–80%. The measured antenna efficiency

is all better than about 50% and good for practical applications.

Figure 7 plots the measured three-dimensional total-power radia-

tion patterns for the antenna. Note that the display ground is in

the y–z plane in the figure. At 740 MHz, dipole-like radiation

pattern is seen, which is similar to that observed at about 900

MHz for many reported internal WWAN mobile handset anten-

nas [22–26]. This behavior indicates that although the display

ground supporting a 7-in. display in this study is as large as 105

� 140 mm2, which is about or larger than twice that (about 100

� 60 mm2) of the system ground plane of conventional smart-

phones, the radiation patterns of the LTE internal antennas are

still dominated by the system ground plane of the mobile de-

vice. At 2350 and 2595 MHz, the radiation patterns are also

similar to those seen at about 2 GHz for the reported internal

WWAN mobile handset antennas [22–26]. The obtained results

suggest that the radiation patterns of the internal LTE antenna in

the tablet computer with a 7-in. display show similar behavior

as those observed for the internal WWAN mobile handset

antennas.

Figure 8 shows the body SAR simulation models based on

the simulation software SEMCAD X version 14 [27] and the

obtained 1-g SAR values. The flat phantom used to simulate the

body tissue is shown in Figure 8(a). Inside the flat phantom is

the tissue simulating liquid [28]. The body SAR testing condi-

tions include the bottom face condition shown in Figure 8(b)

and two edge conditions (primary landscape and primary por-

trait) shown in Figure 8(c) and (d). The obtained 1-g SAR val-

ues are listed in the table in Figure 8(e). Note that the antenna

in the two other edge conditions of secondary landscape and

secondary portrait has a large distance of larger than 50 mm to

the flat phantom and will have a very small SAR values (usually

less than 0.1 W/kg for 1-g tissue). Hence, the two other edge

conditions are not tested in the study. The return loss given in

the table indicates the impedance matching level of the antenna

at each testing frequency. The input power for the SAR testing

is 0.125 W (21 dBm) for the LTE operation. The obtained

SAR values for 1-g tissue are all less than 1.6 W/kg, making the

proposed antenna promising for practical tablet computer

applications.

4. PARAMETRIC STUDY

A parametric study of some design parameters of the antenna is

also conducted. Figure 9 shows the simulated return loss as a

function of the open-end section length t of the parasitic shorted

strip. Results for the length t varied from 16.5 to 24.5 mm are

presented. No effects on Mode 3 which is mainly contributed by

the inverted-L monopole are seen, while there are some varia-

tions seen for the other four modes (Modes 1, 2, 4, and 5), espe-

cially Modes 1, 2, and 5 which are mainly controlled by the par-

asitic shorted strip. For Mode 4, as discussed in Figures 4 and 5,

it is controlled by the loop path ADB and hence in part affected

by the parasitic shorted strip.

Figure 10 shows the simulated return loss as a function of

the open-end section length d of the inverted-L monopole. Large

effects on Modes 3 and 4 are seen. However, significant effects

on Modes 1, 2, and 5 are also observed. This is probably

because the variation in the length d also affects the excitation

of the parasitic shorted strip, thus resulting in the excitation of

Modes 1, 2, and 5. From the results, the desired operating bands

for the antenna to cover the LTE700 and LTE2300/2500 opera-

tion can be effectively adjusted by tuning the length t in the par-

asitic shorted strip and the length d in the inverted-L monopole,

respectively.

5. CONCLUSIONS

A small-size planar LTE700/2300/2500 antenna suitable for tab-

let computer applications has been proposed. The antenna has

also been fabricated and tested. The antenna has a planar struc-

ture and is easy to fabricate by printing on an FR4 substrate of

size 12 � 35 mm2. The two desired operating bands for cover-

ing the LTE700 (704–787 MHz) and LTE2300/2500 (2300–

2690 MHz) are easily, respectively, controlled by the parasitic

shorted strip and the inverted-L monopole of the antenna. Good

radiation characteristics for frequencies over the three LTE

bands have been observed. The antenna is also promising to

meet the 1-g SAR limit of 1.6 W/kg required for practical appli-

cations in the tablet computer.
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ABSTRACT: A compact size slot antenna designed for ultrawideband
(UWB) applications is proposed. The slot embedded into the antenna
was comprised an open-ended hemicircular slot and a narrow

rectangular slot. To achieve good impedance matching within the
desired band of interest, the 50 X microstrip feed-line is loaded with an

elliptical slot, while an extended substrate was protruded above the
upper edge of the antenna. The experimental results such as return
losses, radiation patterns, and gain properties are studied, and good

characteristics are demonstrated. Typical frequency domain responses
are also measured to ensure that the proposed antenna can provide
stable signal transmission within the UWB spectrum. VC 2011 Wiley

Periodicals, Inc. Microwave Opt Technol Lett 54:86–91, 2012; View

this article online at wileyonlinelibrary.com. DOI 10.1002/mop.26514
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1. INTRODUCTION

The ultrawideband (UWB) systems for short distance mobile

communication applications are widely studied after the release

of UWB spectrum in 2002 from the Federal Communication

Commission that covers 3.1–10.6 GHz. As the antenna is one of

the most important elements in a UWB communication system,

a UWB antenna that exhibits a 7.5 GHz bandwidth, with an

omnidirectional radiation pattern and a stable transmission char-

acteristic, is desirable for the commercial domain. A variety of

UWB antennas have been extensively studied recently in the

open-literature [1–8]. To achieve the desirable antenna perform-

ances such as near omnidirectional pattern, steady gain, and

good transmission characteristics, while exhibiting the advan-

tages such as low-cost and ease in fabrication, the planar

monopole antenna designs are commonly proposed. However,

conventional planar UWB antennas may exhibit a large aperture

size (larger than 0.6ko), which results in difficulty to integrate

with mobile communication devices with compact sizes. Thus,

planar UWB antennas with close-end slot designs are proposed

[9–14], so that wideband characteristics can be achieved while

enable a size reduction in antenna size. However, these designs

[9–14] have demonstrated unstable antenna’s gain due to smaller

radiating area of the antennas. To overcome the disadvantages

mentioned above, planar UWB antennas with open-ended slots

are proposed [15–21]. By simply loading one or more open-

ended slots (slits) into the ground plane (can also be considered

as the radiating element in this case), the desirable UWB spec-

trum can be achieved with compact size as small as 0.28k �
0.145k [15], 0.27k � 0.16k [16], and 0.3k � 0.135k (Ref. 21;

refer to 3.0 GHz). From the aforementioned references in the

open-literature, such design method with electrical dimension of

around 0.25k � 0.15k is rarely reported.

Therefore, in this article, a compact size (0.25k � 0.15k)
UWB antenna with 10 dB bandwidth operating from 3.09 GHz

up to more than 11.0 GHz is proposed. Besides exhibiting a

86 MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 54, No. 1 January 2012 DOI 10.1002/mop


