
conversion has been achieved with a range of 1460–1640 nm,

giving a bandwidth of 180 nm. A four-wave-mixing conversion

efficiency of �20 dB is achieved within a 70 nm tuning range

within a 3.9 dB fluctuation. An OSNR of 30 dB is also realized

within the same tuning range.
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ABSTRACT: An isolation technique for two small-size triband wireless
wide area network (WLAN) multiple-input multiple-output (MIMO)

laptop computer antennas covering the 2.4/5.2/5.8 GHz bands is

presented. The proposed WLAN MIMO antennas have measured

isolation of better than �21 dB in the 2.4 GHz band and �32 dB in the
5.2/5.8 GHz bands in this study. In addition to enhanced isolation
achieved, good antenna efficiencies of better than about 70 and 90%,

respectively, in the 2.4 GHz and 5.2/5.8 GHz bands are obtained for the
two antennas. The WLAN MIMO antenna array having a planar

structure of size 9 � 55 mm2 is to be mounted at the top edge of the
supporting metal plate of the laptop display. The two antennas can be
fabricated at low cost on a thin FR4 substrate and are of a simple

structure comprising a driven strip and a shorted strip, which provides
two wide operating bands to cover the 2.4 and 5.2/5.8 GHz bands.

Between the two antennas, there is an isolation element formed by a
protruded ground plane and a spiral open slot embedded therein. The
isolation element leads to enhanced isolation between the antennas in

the 2.4/5.2/5.8 GHz WLAN bands and good antenna efficiencies for the
antennas as well. Details of the isolation technique for the WLAN
MIMO antennas are described, and the obtained results are presented

and discussed. VC 2012 Wiley Periodicals, Inc. Microwave Opt Technol

Lett 55:382–387, 2012; View this article online at

wileyonlinelibrary.com. DOI 10.1002/mop.27279

Key words: mobile antennas; wireless wide area network antennas;

antenna isolation; multiple-input multiple-output antennas; laptop
computer antennas

1. INTRODUCTION

The 2.4/5.2/5.8 GHz tri-band WLAN (wireless wide area net-

work) MIMO (multiple-input multiple-output) operation [1] has

been demanded to achieve enhanced signal transmission and

reception for mobile communications. For laptop computer

applications, the WLAN MIMO operation requires a compact

WLAN antenna array having enhanced isolation between the

antennas and good radiation efficiencies for the antennas as

well. The isolation techniques that have been reported for

related applications include the use of a T-shaped ground plane

between the antennas [2–6], a neutralization line connected

between the antennas [7, 8], a ground wall and a connecting

line added between the antennas [9], two planar inverted-F

antennas with their shorting strips or plates oriented to face each

other [10, 11], slot resonators embedded in the ground plane

between the antennas to decrease the effects of the excited sur-

face currents flowing from one port to another [12–14], and so

on. However, the WLAN antennas applied in these studies may

not be compact or suitable for the internal laptop computer

antenna applications or the applied isolation techniques are not

promising to achieve improved isolation in multiple operating

bands.

Recently, to achieve enhanced isolation in the 2.4/5.2/5.8

GHz WLAN bands, the technique of applying a dual-band strip

resonator disposed between two WLAN laptop computer anten-

nas to trap the near-field radiation from one antenna to another

has been reported [15]. The applied dual-band strip resonator

can achieve isolation (S21) better than �18 dB over the 2.4/5.2/

5.8 GHz bands for the two WLAN antennas. To achieve a much

enhanced isolation in the 2.4/5.2/5.8 GHz WLAN bands, we

present in this article a new isolation technique of using an iso-

lation element formed by a protruded ground plane and a spiral

open slot embedded therein for a high-isolation WLAN MIMO

antenna array. The measured isolation between antennas for the

WLAN MIMO antenna array is better than �21 dB in the 2.4

GHz band and �32 dB in the 5.2/5.8 GHz bands in this study.

In addition to much enhanced isolation between antennas, good

antenna efficiencies of better than about 70 and 90%, respec-

tively, in the 2.4 and 5.2/5.8 GHz bands are obtained for the

two antennas. The proposed antenna array has a planar structure
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of size 9 � 55 mm2 and is suitable to be mounted at the top

edge of the supporting metal plate of the laptop display. Details

of the proposed WLAN MIMO antenna array are described, and

operating principle of the applied isolation technique is

addressed. The obtained results are presented and discussed.

2. PROPOSED WLAN MIMO ANTENNA ARRAY

Figure 1 shows the geometry of the high-isolation WLAN MIMO

laptop computer antenna array with an isolation element formed

by a protruded ground plane and a spiral open slot embedded

therein. The antenna array [a photo of the fabricated prototype is

shown in Figure 2(a)] is mounted at the top edge of the support-

ing metal plate of the laptop display. The dimensions of the sup-

porting metal plate are 260 � 200 mm2, which is a reasonable

size of the laptop computer equipped with a 13-inch display

panel. In the experiment, the supporting metal plate is fabricated

from a 0.2-mm thick copper plate as seen in Figure 2(b).

The WLAN antenna array has a planar structure and is printed

on a 0.8-mm thick FR4 substrate of size 9 � 55 mm2, relative

permittivity 4.4, and loss tangent 0.024. The two antennas

(antenna1 and antenna2) have a similar geometry of a driven strip

and a shorted strip. The antennas have a wide lower band to

cover the 2.4 GHz WLAN operation (2400�2848 MHz) and a

wide upper band to cover the 5.2/5.8 GHz WLAN operation

(5150–5350/5725–5875 MHz). The 2.4 GHz band is formed by a

quarter-wavelength resonant mode generated by the shorted strip.

The 5.2/5.8 GHz bands are formed by a quarter-wavelength reso-

nant mode generated by the driven strip and a higher order reso-

nant mode generated by the shorted strip. Both the two antennas

occupy a small size and can be disposed in a small clearance

region of 6 � 18.5 mm2. Each antenna is connected to a 50-X
coaxial line [see Fig. 2(b)], with the central connector and outer

grounding sheath of the coaxial line, respectively, connected to

point A1 (A2) and B1 (B2). Note that there is a ground pad of

width 3 mm in the antenna array, and the ground pad is con-

nected to the top edge of the supporting metal plate in the study.

The ground pad makes it convenient to mount the WLAN

antenna array at the top edge of the supporting metal plate. Also,

note that the dimensions of the two antennas are slightly different

from each other, which is owing to the different locations of the

two antennas at the top edge of the supporting metal plate and

hence the dimensions of the antennas are required to be fine

adjusted such that good impedance matching for both antennas in

the desired 2.4/5.2/5.8 GHz WLAN bands is obtained.

To enhance the isolation between the two antennas, an isola-

tion element formed by a central protruded ground and a spiral

open slot embedded therein is proposed. The central protruded

ground can lead to improved isolation between the two antennas

in the 5.2/5.8 GHz bands. The behavior is similar to that used in

Ref. 16 for the LTE (long-term evolution) MIMO array in the

mobile handset in which it is helpful to improve the isolation

between two LTE antennas. Some isolation improvement in the

5.2/5.8 GHz bands can be achieved owing to the protruded

ground in-between the two antennas. This behavior is mainly

because the protruded ground can direct some excited surface

currents in the ground pad toward the top edge of the protruded

ground and hence decrease the excited surface currents flowing

from one antenna to another. Improved isolation can thus be

Figure 1 Geometry of the high-isolation WLAN MIMO laptop com-

puter antenna array with an isolation element formed by a protruded ground

plane and a spiral open slot embedded therein. [Color figure can be viewed

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

Figure 2 (a) Photo of the fabricated WLAN MIMO antenna array. (b)

Photo of the antenna array mounted at the top edge of the supporting

metal plate for the laptop display. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com]
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obtained, although the improvement isolation is about 6 dB only

(from about �15 to �21 dB in the 5.2/5.8 GHz bands in this

study). However, in the 2.4 GHz band, the protruded ground

shows no effects on improving the isolation between the two

antennas.

By embedding a spiral open slot of length 60 mm, about

half-wavelength at about 2.45 GHz, in the protruded ground,

enhanced isolation between the antennas in the 2.4 GHz band

can be achieved. This behavior is owing to the spiral open slot

acted as a resonator [17, 18] at about 2.45 GHz, which effec-

tively traps the exited surface currents flowing in the ground

pad for frequencies in the 2.4 GHz band. Hence, decrease cou-

pling (measured S21 less than �21 dB in the 2.4 GHz band)

between the antennas can be obtained. Further, in the 5.2/5.8

GHz bands, the spiral open slot can also be a resonant element

to effectively trap the excited surface currents in the ground

pad. By incorporating a small tuning slit of length 1.5 mm to

fine adjust the isolation effect of the protruded ground, much

enhanced isolation (measured S21 less than �32 dB in the 5.2/

5.8 GHz bands) between the antennas in the 5.2/5.8 GHz can be

obtained. That is, the proposed isolation element can lead to a

high-isolation 2.4/5.2/5.8 GHz WLAN MIMO antenna array.

3. RESULTS OF THE WLAN MIMO ANTENNA ARRAY

The proposed WLAN MIMO antenna array was fabricated and

tested. Figure 3 shows the measured and simulated S parameters

of the antenna array mounted at the top edge of the supporting

metal plate as shown in Figure 1. The simulated results of S11,

S22, and S21 obtained using the three-dimensional full-wave elec-

tromagnetic field simulator HFSS version 14 [19] are presented

in Figure 3(a), while the measured data are shown in Figure

3(b). The simulated results generally agree with the measured

data. Based on the bandwidth definition of 10-dB return loss,

the operating bandwidths of antenna1 and antenna2 cover the

2.4 GHz and 5.2/5.8 GHz WLAN bands. The measured isolation

(S21) in the 2.4 GHz band is better than �21 dB. In the 5.2 and

5.8 GHz bands, the isolation is seen to be better than �32 and

�34 dB, respectively.

To analyze the isolation effects, the simulated electric-field

distributions in the open slot and the surface current distribu-

tions in the protruded ground plane at 2442, 5250, and 5800

MHz are shown in Figures 4(a) and 4(b). The results are

obtained for antenna1 being excited. At 2442 MHz, the results

indicate that the spiral open slot is at resonance [20] and trap

the excited surface currents flowing from antenna1 to antenna2.

This leads to very weak surface currents at the feeding point of

antenna2, and hence enhanced isolation between the two anten-

nas is obtained. Also, strong surface currents in the shorted strip

of antenna1 are seen, which confirms that the 2.4 GHz band is

mainly contributed by the quarter-wavelength resonant mode of

the shorted strip. While at 5250 MHz, center frequency of the

5.2 GHz band, strong surface currents in the driven strip are

seen, which suggests that the 5.2 GHz band is contributed by

the quarter-wavelength resonant mode of the driven strip. In the

5.2 GHz band, the isolation improvements are also seen to be

related to the spiral open slot trapping the excited surface cur-

rents flowing from antenna1 to antenna2.

As for operating at 5800 MHz, the driven strip and the

shorted strip in its higher order resonant mode are seen to be

excited. For the isolation improvement in the 5.8 GHz band, it

is seen to be mainly owing to the narrow strip, which is adjacent

to the tuning slit and the spiral open slot, trapping the excited

surface currents flowing from antenna1 to antenna2. Note that

the narrow strip is formed owing to the spiral open slot embed-

ded in the protruded ground plane. Very weak surface currents

near the feeding port of antenna2 are seen. This behavior results

in a very good isolation of about �40 dB as seen in Figure 3(a).

It should also be noted that the isolation in the 5.8 GHz band

and the 5.2 GHz band as well can be fine adjusted by selecting

a proper length of the tuning slit to effectively trap the surface

currents flowing from antenna1 to antenna2 [Fig. 4(b)]. Effects

of the tuning slit on the isolation between antennas are presented

in Figure 5, in which the simulated S21 for the tuning-slit length

t varied from 0 to 3 mm is shown. It is seen that the isolation in

the 2.4 GHz band is generally not affected. While in the 5.2/5.8

GHz band, the isolation can be effectively fine adjusted by the

tuning slit.

Effects of the spiral open slot are analyzed with the aid of

Figure 6. The simulated S parameters for the slot lengths of 55

and 50 mm are, respectively, shown in Figures 6(a) and 6(b).

As the isolation over the 2.4 GHz band is mainly owing to the

spiral open slot acting as a resonator to trap the excited surface

currents, the length of the spiral open slot is important and can

be adjusted to control the isolation level for frequencies in the

2.4 GHz band. When the slot length decreases, as seen in the

figure, the dip of the isolation (S21) curve near the 2.4 GHz

band is shifted to higher frequencies. Also, the isolation in the

5.2/5.8 GHz bands is affected. This behavior indicates that the

spiral open slot also contributes a higher order resonance to

decrease the isolation in the 5.2/5.8 GHz bands. This higher

Figure 3 (a) Measured and (b) simulated S parameters of the pro-

posed WLAN MIMO antenna array mounted at the top edge of the sup-

porting metal plate as shown in Fig. 1. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com]
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order resonance is also shifted to higher frequencies when the

slot length decreases. In the proposed design, the length of the

spiral open slot is selected to be 60 mm (results shown in Fig.

3), which shows good isolation results for frequencies over the

2.4/5.2/5.8 GHz bands.

More isolation analysis is conducted with the aid of Figure

7, in which the simulated S parameters for the case without the

protruded ground plane, the case with the protruded ground

plane only, and the case with the protruded ground plane and

the spiral open slot therein (no tuning slit in the ground pad) are

presented. In Figure 7(a), when there is no protruded ground

plane, the S21 is only about �15, �15, and �14 dB in the 2.4,

5.2, and 5.8 GHz bands. With the presence of the protruded

ground only [Fig. 7(b)], no effects on the S21 in the 2.4 GHz

band are seen and the S21 is decreased to be about �20 and

�22 dB in the 5.2 and 5.8 GHz bands. In Figure 7(c), it shows

that when the protruded ground plane and the spiral open slot

therein are present, the S21 is decreased to be less than �20,

�24, and �32 dB in the 2.4, 5.2, and 5.8 GHz bands, respec-

tively. By further using a tuning slit (that is, the proposed

design) to fine adjust the S21 in the 5.2/5.8 GHz bands, the S21

can be less than �26 and �35 dB in the 5.2 and 5.8 GHz bands,

respectively (Fig. 5). Note that from the measured data shown

in Figure 3, the S21 is less than �21, �32, and �34 dB in the

2.4, 5.2, and 5.8 GHz bands, respectively.

Measured radiation characteristics of the proposed WLAN

MIMO antenna array were also measured. Figure 8 shows the

measured antenna efficiency of the antenna array. The antenna

efficiency includes the mismatching loss of the antenna. Results

show that in the 2.4 GHz band, the antenna efficiency is

better than about 62%. While in the 5.2/5.8 GHz bands, the

antenna efficiency is better than about 82%. The measured

Figure 4 (a) Simulated electric-field distributions in the open slot and (b) surface current distributions in the protruded ground plane at 2442, 5250,

and 5800 MHz. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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three-dimensional total-power radiation patterns of the antenna

array at 2442, 5250, and 5800 MHz are shown in Figure 9. The

radiation patterns are shown in their front views, that is, the

observers seeing into the �x direction. Stronger radiation is seen

in the �y direction for antenna1 at all frequencies. This is

mainly because antenna1 is disposed near the right corner of the

top edge and backed by the protruded ground. For antenna2,

stronger radiation is seen in the þy direction at 2442 MHz. For

higher frequencies at 5250 and 5800 MHz, the radiation is less

asymmetric as seen at 2442 MHz or the corresponding frequen-

cies of antenna1. This radiation characteristic is related to

antenna2 disposed in the inner side of the antenna array and its

Figure 5 Simulated S21 as a function of the tuning-slit length t. Other

parameters are the same as in Fig. 1. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com]

Figure 6 Simulated S parameters for different lengths of the spiral

open slot in protruded ground plane. (a) Slot length ¼ 55 mm. (b) Slot

length ¼ 50 mm. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com]

Figure 7 Simulated S parameters for (a) the case without the pro-

truded ground plane, (b) the case with the protruded ground plane only,

and (c) the case with the protruded ground plane and the spiral open slot

therein (no tuning slit in the ground pad). [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com]
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relative location along the top edge of the supporting metal

plate. By moving the antenna array along the top edge of the

supporting metal plate, it is expected that some variations in the

radiation patterns of antenna1 and antenna2 as compared to

those shown in Figure 9 will be seen.

4. CONCLUSION

A high-isolation 2.4/5.2/5.8 GHz triband WLAN MIMO antenna

array for laptop computer applications has been proposed. A

new isolation element formed by a central protruded ground and

a spiral open slot embedded therein have been shown to effec-

tively enhance the isolation between the antennas in the pro-

posed antenna array. Experimental results showed that the isola-

tion between antennas can be better than �21, �32, and �34

dB in the 2.4, 5.2, and 5.8 GHz bands, respectively. The operat-

ing principle of the proposed antenna array has also been ana-

lyzed in detail. The proposed WLAN MIMO antenna array also

has attractive properties of small size and planar structure,

which makes it very promising for applications in the slim lap-

top computers with a thin profile.
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Figure 9 Measured three-dimensional total-power radiation patterns

of the proposed WLAN MIMO antenna array at 2442, 5250, and 5800

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

at wileyonlinelibrary.com]
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