
patterns, which are normalized to their maximum values, have a

tendency to form dipole-like shapes and omnidirectional patterns

in the E- and H-planes. These plots indicate that the measured

radiation patterns have good characteristics. The measured aver-

age gain (efficiency) of the proposed antenna is shown in Figure

5. By toggling the PIN diode ON/OFF mode, a significant

improvement of the measured frequency responses of the aver-

age gain (efficiency) is achieved.

4. CONCLUSION

A frequency reconfigurable PIFA using a PIN diode has been

proposed in this article. Despite having a simple structure, the

proposed antenna can concurrently cover various bands, includ-

ing LTE, GSM850, GSM900, DCS, PCS, and UMTS. The simu-

lated and measured results for reflection coefficient, radiation

patterns, and average gain (efficiency) showed good characteris-

tics over all bands. As a result, the proposed antenna meets our

requirements and is suitable to be adapted for use in wireless

mobile phone applications.
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ABSTRACT: For eight-band LTE/WWAN operation (704–960/1710–

2690 MHz) in the Ultrabook or thin-profile tablet computer, a planar
antenna of simple structure and small size is presented. The proposed

antenna is obtained by modifying a simple planar inverted-F antenna
and can be printed on one surface of a thin FR4 substrate of size 10 3

45 mm2 only. The antenna’s lower band bandwidth is greatly widened
by embedding a proper chip capacitor of 2.7 pF at the feeding strip.
This chip capacitor combines with the antenna’s shorting strip can con-

trol the excitation of a parallel resonance to modify the impedance
matching of the antenna’s lower band such that a widened bandwidth is
easily obtained to cover the LTE700/GSM850/900 operation. Con-

versely, the antenna’s upper-band bandwidth is also greatly enhanced
by using a coupled section in the antenna’s radiating strip and adding a

parasitic shorted strip near the feeding strip, which lead to multiple res-
onant modes excited to form a wide bandwidth (>1 GHz) to cover the
GSM1800/1900/UMTS/LTE2300/2500 operation. Owing to its small size

and simple structure, the proposed antenna is very suitable to be applied
in achieving an antenna array with high isolation for MIMO or dual

talk (dual WWAN) operation. Promising high-isolation antenna arrays
formed by the proposed antennas are presented. The obtained isolation
between the antennas in the antenna array is better than 12 dB, and the

envelope correlation coefficient is less than 0.15 for frequencies over
the LTE/WWAN bands. Details of the proposed antenna and

antenna array are presented. VC 2013 Wiley Periodicals, Inc. Microwave

Opt Technol Lett 55:1928–1934, 2013; View this article online at

wileyonlinelibrary.com. DOI 10.1002/mop.27725

Key words: mobile antennas; tablet computer antennas; LTE/WWAN
antennas; antenna array; small-size antennas

1. INTRODUCTION

For applications in the Ultrabook or thin-profile tablet com-

puters, the embedded antennas with planar structure and small

size are demanded such that they can be disposed at very lim-

ited space therein. For the long-term evolution/wireless wide

area network (LTE/WWAN) operation in the 704–960/1710–

2690 MHz bands, the demands of planar structure and small

size for the embedded antennas are very challenging, especially

when at least two LTE/WWAN antennas with high isolation

there between are required to be embedded in the limited space

inside the tablet computer for LTE multiple-input–multiple-out-

put (MIMO) or dual talk (dual WWAN) operation. Many LTE/

WWAN antennas that have been reported for the tablet com-

puters or conventional laptop computers show a three-dimen-

sional structure [1–6] and their occupied antenna volumes range

from about 10 3 55 3 4 mm3 [1] to 10 3 80 3 3.6 mm3 [4],

which makes these reported antennas less attractive for thin-pro-

file tablet computer applications. Some planar LTE/WWAN

antennas suitable to be printed on a thin dielectric substrate to

have a thin profile have also been reported recently [7–12], and

the antenna’s footprint requires from about 11.2 3 96 mm2 [12]

to about 10 3 60 mm2 [8] to cover the LTE/WWAN bands.

When considering that at least two LTE/WWAN antennas are

required to be embedded in modern mobile devices to perform

LTE MIMO operation or for dual talk (dual WWAN) function,

the planar LTE/WWAN antennas have a smaller size than the

reported ones [7–12] are still demanded. In addition, the antenna

structure for achieving wideband or multiband operation should

be as simple as possible, which can lead to simple coupling

mechanism between such two antennas for frequencies over all

the operating bands. This will make it relatively convenient in

obtaining good isolation between the antennas of the antenna

array formed using the same.

In this article, a small-size planar LTE/WWAN antenna and

an antenna array formed using the same for thin-profile tablet

computer application is presented. The proposed antenna is suita-

ble to be printed on one surface of a 0.8-mm-thick FR4 substrate
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of size 10 3 45 mm2 only. Further, the antenna has a simple

structure and is obtained by modifying a simple planar inverted-F

antenna (PIFA). It is found that the antenna’s lower band can be

greatly enhanced by simply adding a proper chip capacitor at the

antenna’s feeding strip, while the antenna’s upper band can also

be greatly enhanced by forming a coupled section in the anten-

na’s radiating strip and adding a short parasitic shorted strip. The

antenna’s lower and upper bands can, respectively, cover the

desired 704–960 MHz and 1710–2690 MHz for the LTE700/

GSM850/900 and GSM1800/1900/UMTS/ LTE2300/2500 opera-

tions. The bandwidth-enhancement techniques applied for the pro-

posed antenna to achieve eight-band LTE/WWAN operation will

be analyzed. In addition, owing to the small size and simple

structure of the proposed antenna, it is very attractive to be

applied in forming an antenna array with high isolation for

MIMO or dual talk (dual WWAN) operation. Promising high-iso-

lation antenna arrays formed by the proposed antennas are pre-

sented. Experimental studies are also conducted, and the obtained

isolation between the antennas in the antenna array is better than

12 dB for frequencies over the LTE/WWAN bands. The envelope

correlation coefficient less than 0.15 over the LTE/WWAN bands

is also obtained. Details of the proposed antenna and the antenna

array formed using the same are presented.

2. PROPOSED ANTENNA

The geometry of the proposed small-size planar LTE/WWAN

antenna for tablet computer application is shown in Figure 1.

The antenna is mounted along the longer edge and is near a cor-

ner of the supporting metal plate for the display. This antenna

arrangement is denoted as antenna 1 in this study. Note that the

supporting metal plate is selected to have a size of 200 3 150

mm2, which are reasonable dimensions for a 9.7-inch tablet

computer. The antenna has a planar structure of length 45 mm

and height 10 mm above the top edge of the supporting metal

plate and is printed on one surface of a 0.8-mm thick FR4 sub-

strate of size 45 3 10 mm2, relative permittivity 4.4, and loss

tangent 0.024. The antenna is mainly formed by a PIFA with a

2.7-pF chip capacitor embedded at the antenna’s feeding strip

and a coupled section formed in the antenna’s radiating strip

(denoted as strip 1 in the figure). A short parasitic shorted strip

of length about 17 mm (strip 2 in the figure), which does not

increase the size of the antenna, is also added near the antenna’s

feeding strip to provide an additional resonant mode at about

2.6 GHz to widen the bandwidth of the antenna’s upper band.

First, note that the chip capacitor at the feeding strip com-

bines with the antenna’s shorting strip to form a parallel-reso-

nance (PR) portion, which can control the impedance property

of an excited parallel resonance [13,14] at about 1.4 GHz so as

to modify the impedance matching of the antenna’s lower band

nearby. In the proposed design, a wide operating band to cover

the desired 704–960 MHz band for the LTE700/GSM850/900

operation is obtained. In the PR portion, the shorting strip is

short-circuited to the supporting metal plate, and the length d is

the distance between the shorting strip and the feeding strip. By

varying the length d, the excitation of the parallel resonance can

Figure 1 Geometry of the proposed small-size planar LTE/WWAN antenna for tablet computer application (the antenna along the longer edge and

near a corner of the supporting metal plate for the display, denoted as antenna 1 in this study). [Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com]
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be fine-adjusted to fine-tune the impedance matching of the

antenna’s lower band such that the desired wide operating band

is obtained.

For the coupled section in strip 1 of length about 110 mm, it

has a long section with a gap of 0.5 mm. This long coupled sec-

tion can cause increased coupling between the antenna’s higher

order resonant modes. This is mainly because, along the long

coupled section, the higher order resonant modes will have null

surface currents, at which strong electric fields will occur.

Hence, strong coupling for the antenna’s higher order resonant

modes can be expected, which can cause the first and second

higher-order resonant modes of strip 1 to occur at close frequen-

cies (one at about 1.7 GHz and another at about 2.1 GHz in this

study) to form a wider operating band. By further combining

the resonant mode contributed by the parasitic shorted strip, a

very wide bandwidth of larger than 1 GHz can be obtained for

the antenna’s upper band to cover the desired 1710–2690 MHz

for the GSM1800/1900/UMTS/LTE2300/2500 operation.

To show the results of the proposed antenna in Figure 1

(antenna 1), Figure 2 shows the simulated reflection coefficient

S11 and antenna efficiency (mismatching losses included). The

simulated results are obtained using the three-dimensional full-

wave electromagnetic field simulator HFSS version 14 [15]. It

can be seen in Figure 2(a) that two wide operating bands are

obtained and acceptable impedance matching (better than about

3:1 VSWR or S11 5 26 dB) is obtained for frequencies over the

desired operating bands of 704–960 and 1710–2690 MHz (the

shaded frequency regions in the figure). In Figure 2(b), the

antenna efficiency is about 60% over the antenna’s lower band

and ranges about 55–86% over the antenna’s upper band. Note

that the lowest antenna efficiency of about 55% is seen at about

1.8 GHz at which the impedance matching is about 25 dB

(S11), and such antenna efficiencies are still good for practical

applications. It is generally acceptable for practical applications,

when the antenna efficiency of the embedded antenna is at least

about 40% [16,17].

Effects of the parasitic shorted strip can be seen clearly in

Figure 3, in which the simulated S11 of antenna 1 with and with-

out strip 2 (parasitic shorted strip) is shown. A resonant mode

occurred at about 2.6 GHz is contributed by strip 2, which com-

bines with two higher order resonant modes of strip 1 at about

1.7 and 3.1 GHz to form a very wide operating band to cover

the desired 1710–2690 MHz band. The wide lower band cover-

ing the desired 704–960 MHz band is contributed by strip 1

excited at its fundamental mode and the PR portion that greatly

enhances the lower-band bandwidth.

Effects of the length d in the PR portion are also analyzed.

Figure 4 shows the simulated S11 [Fig. 4(a)] and input imped-

ance (solid curves for real part and dashed curves for imaginary

part) [Fig. 4(b)] of antenna 1 for the length d varied from 7.5 to

11.5 mm. As seen in Figure 1, the length d is the distance

between the feeding strip and the shorting strip. When a larger

length d is selected (d 5 11.5 mm in the figure), the excited par-

allel resonance will occur at closer frequencies to the fundamen-

tal resonant mode of strip 1. This behavior will cause large

variations in the impedance of the fundamental resonant mode

and hence degrade the impedance matching thereof. By select-

ing a proper length (d 5 9.5 mm in the figure), a dual-resonance

for the antenna’s lower band can be obtained, which greatly

widens the bandwidth of the antenna’s lower band. Conversely,

when a smaller length d is selected (d 5 7.5 mm in the figure),

the excited parallel resonance will occur at closer frequencies to

the higher order resonant modes of strip 1 and cause large

effects on the impedance matching thereof. In this case, the

obtained bandwidth of the antenna’s upper band is greatly

decreased.

Effects of the chip capacitor in the PR portion are shown in

Figure 5, in which the simulated S11 [Fig. 5(a)] and input im-

pedance (solid curves for real part and dashed curves for imagi-

nary part) [Fig. 5(b)] of antenna 1 for the chip capacitor C
varied from 1.5 to 3.9 pF are presented. It is seen that when a

proper C (1.5 pF shown in the figure) is selected, good imped-

ance matching for both the lower and upper bands are observed.

However, when a smaller C is chosen, the lower-band band-

width is quickly decreased, and degraded impedance matching

for frequencies over the upper band is also seen. Conversely,

when a larger C is chosen, the lower-band bandwidth is also

decreased, although small effects on the impedance matching

for frequencies over the upper band are observed. The results

indicate that choosing a proper C is important for the proposed

antenna, which can lead to good impedance matching obtained

for frequencies over the desired lower and upper bands.

Figure 2 (a) Simulated reflection coefficient S11 and (b) antenna effi-

ciency (mismatching losses included) of antenna 1. [Color figure can be

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

Figure 3 Simulated S11 of antenna 1 with and without strip 2 (para-

sitic shorted strip). [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com]
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3. ANTENNA ARRAY FORMED USING THE PROPOSED
ANTENNA

Promising antenna arrays formed using the proposed antenna are

studied. One promising antenna array (array I) is shown in the

inset of Figure 6, in which two proposed antennas (antenna 1 in

Fig. 1 and antenna 2 with same dimensions as antenna 1) are

mounted at opposite corners of the longer edge of the supporting

metal plate. Figure 6(a) shows the simulated S parameters of the

antenna array, and Figure 6(b) shows the simulated antenna effi-

ciency (mismatching losses included) of antennas 1 and 2. Note

that owing to the small size of the proposed antenna, the dis-

tance between the two antennas is as large as 90 mm, although

there is limited space in the tablet computer. In this case, small

effects on S11 and S22 are observed, and the impedance match-

ing of antenna 1 and 2 for frequencies over the lower and upper

bands is generally about the same as seen in Figure 2 for the

antenna standalone. For the coupling or isolation between two

antennas, it is seen that S21 over the lower and upper bands is

respectively less than 213 and 217 dB, which are good for

practical applications [18]. The antenna efficiencies of antenna 1

and 2 are also seen to be about the same as those of the antenna

standalone [see Fig. 2(b)], except that the antenna efficiencies

over the lower band are about 50–60% which is slightly less

than about 60% seen in Figure 2(b).

Another promising antenna array (array II) as seen in Figure

7 is also studied. The two antennas (antenna 1 in Fig. 1 and

antenna 3 with same dimensions as antenna 1) are mounted at

two adjacent edges of one corner of the supporting metal plate

as shown in the inset of Figure 7. Figure 7(a) shows the

Figure 4 Simulated (a) S11 and (b) input impedance (solid curves for

real part and dashed curves for imaginary part) of antenna 1 as a func-

tion of length d. [Color figure can be viewed in the online issue, which

is available at www.interscience.wiley.com]

Figure 5 Simulated (a) S11 and (b) input impedance (solid curves for

real part and dashed curves for imaginary part) of antenna 1 as a func-

tion of chip capacitor C. [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com]

Figure 6 (a) Simulated S parameters of the antenna array formed by

antenna 1 mounted near one corner as shown in Figure 1 and antenna 2

mounted near the opposite corner of the longer edge of the supporting

metal plate (array I). Dimensions of antenna 2 are the same as those of

antenna 1. (b) Simulated antenna efficiency (mismatching losses

included) of antennas 1 and 2. [Color figure can be viewed in the online

issue, which is available at www.interscience.wiley.com]
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simulated S parameters of the antenna array, and Figure 7(b)

shows the simulated antenna efficiency (mismatching losses

included) of antenna 1 and 3. In this case, the two antennas are

close to each other. Owing to small spacing between the two

antennas which causes increased coupling, some degradation on

S11 and S22 for frequencies over the lower band is seen, as com-

pared with the results of the antenna standalone shown in Figure

2(a). The antenna efficiencies over the lower band are seen to

be about 40–48% [Fig. 7(b)], which is also smaller than the

results for the antenna standalone shown in Figure 2(b). How-

ever, with antenna efficiencies better than 40%, it is still accept-

able for practical applications in the lower band of about 700–

960 MHz [16,17]. For frequencies over the upper band, very

small effects on S11, S22, and antenna efficiency are seen. For

S21, it is less than about 211 and 219 dB, respectively, over

the lower and upper bands, which are still acceptable for practi-

cal applications [18]. The obtained results indicate that the

antenna array shown in Figure 7 is promising for practical appli-

cations and will be experimentally studied.

4. EXPERIMENTAL STUDIES AND DISCUSSION

The antenna array (array II) shown in Figure 7 was fabricated

and tested. The photos of the fabricated array II are shown in

Figure 7 (a) Simulated S parameters of the antenna array formed by

antenna 1 mounted as shown in Figure 1 and antenna 3 mounted along

the shorter edge and near a corner of the supporting metal plate (array

II). Dimensions of antenna 3 are the same as those of antenna 1. (b)

Simulated antenna efficiency (mismatching losses included) of antennas

1 and 3. [Color figure can be viewed in the online issue, which is avail-

able at www.interscience.wiley.com]

Figure 8 (a) Photo of the fabricated prototype of array II in Figure 7.

(b) Measured S parameters of the fabricated array II. [Color figure

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

www.interscience.wiley.com]

Figure 9 Envelop correlation coefficient qe obtained from measured S

parameters of array II in Figure 7(b). [Color figure can be viewed in the

online issue, which is available at www.interscience.wiley.com]

Figure 10 Measured antenna efficiency (mismatching losses included)

of antennas 1 and 3 of array II. [Color figure can be viewed in the

online issue, which is available at www.interscience.wiley.com]
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Figure 8(a), and the measured S parameters are shown in Figure

8(b). The measured S11, S22, and S21 are similar to the simulated

results shown in Figure 7. The measured S21 is less than 212

and 221 dB over the lower and upper bands, respectively. The

envelop correlation coefficient qe obtained from the measured S
parameters [18,19] in Figure 7(b) is shown in Figure 9. It is

seen that the envelop correlation coefficient is less than 0.14

over the lower band and is generally very close to 0 over the

upper band. The obtained results are very good for practical

MIMO applications [18].

Figure 10 shows the measured antenna efficiency (mismatch-

ing losses included) of antennas 1 and 3 of the fabricated array

II. The antenna efficiencies are also seen to agree with the simu-

lated results shown in Figure 7(b). The antenna efficiencies are

about 40–55% and 52–81% over the lower and upper bands,

respectively. The measured three-dimensional radiation patterns

of antennas 1 and 3 of array II are plotted in Figure 11. For

antenna 3, it is seen that strong radiation is seen in the 1y
direction at lower frequencies (740 and 925 MHz), while at

higher frequencies (1795, 2045, and 2500 MHz), strong radia-

tion is generally directed to the –y direction. This behavior sug-

gests that the supporting metal plate with the excited surface

currents thereon also contributes to the radiation at lower fre-

quencies. However, at higher frequencies, the supporting metal

plate mainly functions like a reflector. As for antenna 1, strong

radiation is also directed to the 1y direction at lower frequen-

cies, while at higher frequencies, the radiation in the upper

hemisphere is seen to be stronger. This behavior also suggests

that the supporting metal plate functions like a radiator at lower

frequencies and like a reflector at higher frequencies.

5. CONCLUSION

A small-size planar LTE/WWAN antenna and the antenna array

formed using the same suitable for thin-profile tablet computer

applications have been proposed. The antenna has a simple

structure and is easy to implement by printing on a surface of a

thin FR4 substrate. The total antenna size is only 10 3 45 mm2,

yet it can provide two wide operating bands to cover the 704–

960 and 1710–2690 MHz bands for LTE/WWAN operation.

The antenna is a modified PIFA, and the applied bandwidth-

enhancement techniques have been discussed in this study. In

addition, because of the small size of simple structure of the

proposed antenna, promising antenna arrays formed using the

same have been studied. Over the operating bands, the antenna

arrays show good isolation between the antennas and good radi-

ation characteristics as well. The obtained results suggest that

the proposed antenna and the antenna array formed using the

same are promising for practical MIMO or dual talk (dual

WWAN) operation in the thin-profile tablet computers.
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ABSTRACT: This work proposes a wide tuning oscillator mixer that
operates from 56 to 64 GHz and is based on 90 nm CMOS technology.
The circuit of a voltage control oscillator (VCO) comprises a mixer core

and a coupled line marchand balun. The balanced mixer is symmetric,
inherently broadband, and dependent on an LO balun that is combined

with the parasitic capacitances from the mixer. The VCO is used in a 60
GHz push–pull circuit to generate the second harmonic, and a 30 GHz
dielectric resonator is utilized to stabilize the fundamental oscillation

frequency. The LC-tank oscillator also functions as a single-balanced
LO load for the mixer core. A theoretical expression for the conversion

gain of the self-oscillating mixer is given, taking into account the time-
varying nature of the LO load impedance. Measurements show that the
mixer has a conversion gain of 3.4 dB. Its output P1 dB is 212.4 dBm.

The chip consumes 17.9 mW of dc power and it occupies an area of
0.64 mm2 without pads. VC 2013 Wiley Periodicals, Inc. Microwave Opt
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1. INTRODUCTION

The demand for a high data rate explains the massive interest in

the unlicensed band, which has a large available bandwidth of 7

GHz (57–64 GHz in the USA, 59–66 GHz in Japan, and 57–66

GHz in Europe). This is supported by standards and applications

that are led by such as WiHD, WiGig and 802.15c. Interest in

IEEE802.15 communications systems for indoor and high-speed

wireless applications has led to significant progress in broad-

band mmW integrated circuits and wireless personal area net-

works, the aim of which is to provide data rates of 2 to 3 Gbit/s

or even higher.

Mixers and voltage control oscillator (VCO) are often

designed in a modular fashion, meaning that, to a large extent,

they are designed as isolated blocks that are eventually intercon-

nected together. However, if the mixer and its VCO are viewed

as an unified circuit, new and interesting design concepts

emerge [1,2]. The resulting circuits are usually called self-oscil-

lating mixers, or SOMs for short [3–5]. The SOMs’ oscillator

frequency tuning is determined by the variable device used in

the resonating tank, for instance, varactor diodes; varactor

diodes commonly control the tuning range in a typical LC

VCO. Therefore, in an LC VCO varactor size should be care-

fully chosen to maximize the tuning range However, the para-

sitic parameters within the resonating tank elements seriously

constrain the frequency tuning range. This limiting effect

becomes more obvious as frequency increases [6–8].

This article proposes a new self-mixing technique that uses a

mixer as a following stage of the push–push VCO core to gener-

ate the second harmonic. Therefore, the range of tunable fre-

quencies in the desired frequency band is twice as wide as that

available in the VCO core.

2. CIRCUIT DESIGN

Figure 1 shows the proposed functional block diagram. The sec-

ond harmonic of the VCO output frequency is obtained and

peaked at the common node of the cross-couple pair using the

push–push technique. VCO can generate the second harmonic

signals (2FLO) with the differential harmonic signals (12FLO

and 22FLO) at the output nodes of the balun. In the mixer cir-

cuit of the single-balance structure, accurate differential 2FLO is

generated in the local oscillator signal. The output signal of the

down-conversion mixer is considered where the input RF signal

is mixed by a LO signal and then an intermediate frequency

(IF) is obtained at the output terminal.

Figure 2 shows the proposed circuit. To widen the range of

operating frequencies and improve the phase noise performance

following frequency mixing, the VCO must have a wide tuning

range and favorable phase noise. The capacitance tuning ratio of

a VCO can be expressed as [8].

Tuning Ratio 5
Ct;max 1Cflx

Ct;min 1Cflx

(1)

Where Ct,max and Ct,min are the maximum and minimum var-

actor capacitances, respectively, and Cflx is the fixed parasitic

capacitance. Based on Eq. (1), the frequency tuning range can

be increased by either increasing the varactor capacitance or

reducing the parasitic capacitance. A higher varactor capacitance

typically results in degradation of the quality factor of the LC-

tank. Therefore, in the proposed VCO design, the NMOS-only

cross-coupled pair (M1–M2) is adopted to generate negative re-

sistance. Such an NMOS-only structure introduces less parasitic

capacitances than the CMOS structure or the PMOS-only struc-

ture. The MOS varactor (Ct) of the accumulation-type provides

the appropriate Ct,max/Ct,min ratio (202fF/51fF) with a quality

factor of 11.8–22.4 at 30 GHz, as shown in Figures 3(a) and

3(b). This particular topology requires a lower operating

Figure 1 Function block diagram of our proposal circuits
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