
filter occupies a small size of 8.7 mm by 2.4 mm. For the mea-

surement, a 5-mm long microstrip feed line is added at both

input and output. Figure 6 demonstrates the EM-simulated and

experimental results of the proposed filter, where excellent

agreement is obtained. The measured insertion loss is found to

be less than 0.8 dB at the center frequency of the UWB pass-

band. The measured return loss is better than 13 dB over the

whole UWB passband. The filter shows the two new transmis-

sion zeros at the lower and upper edges of the desired passband,

which enhanced the selectivity of the lower and the upper skirts

of the UWB passband.

4. CONCLUSIONS

A compact UWB BPF using new microstrip parallel-coupled

line structure has been developed and proposed in this letter.

The filter has been constructed of only two sections of three-

coupled lines, which is a quarter wavelength long at the mid-

band frequency. To allow the filter to exhibit exhibits two new

symmetric transmission zeros around the UWB passband, one of

the outer coupled lines of each section was shorted to the

ground. As a result, the two new transmission zeros around the

passband enhanced the selectivity of both edges of the UWB

passband significantly. The transmission zeros can be located at

the desired frequency by adjusting the width or the length of the

coupled lines or also by changing the gap between them. The

desired bandwidth can be obtained where the bandwidth is re-

versely proportional to the gap between the coupled lines. The

design is successfully realized and verified by full-wave EM

simulation and the experiment. A good agreement between the

expected and measured results is obtained and it validates the

efficiency of the proposed new coupled line structure and corre-

sponding filter design technique.
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ABSTRACT: A triple-band multi-input multi-output (MIMO) antenna is

presented. The proposed antenna consists of a C-shaped monopole

antenna that provides dual-band resonant antenna. By protruding an

L-shaped parasitic strip on the ground plane, a third band as well as

enhancement of the isolation between two ports in MIMO array is

achieved. The proposed antenna can cover 2.1–2.6, 3.3–4, and 5.4–6

GHz, which are allocated for WLAN and WiMAX applications. The

proposed triple-band antenna structure is used in different two-element

MIMO arrays. Simulation results show that the S11, S12, and S22 of the

MIMO arrays are independent of the position of the two-element. The

results show good S-parameters, high peak gain and radiation

efficiency, and stable radiation patterns among the triple-band coverage.
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1. INTRODUCTION

Multi-input multi-output (MIMO) systems that utilize multiple

antennas to increase channel capacity without sacrificing addi-

tional spectrum or transmitted power have received a great deal

of attention recently. In modern wireless communication sys-

tems, high data rate is required over band limited channels.

MIMO antenna should provide high radiation efficiency, low en-

velope correlation, and high isolation between the signal ports.

To achieve maximum channel capacity, the array is also

required having a high gain and wide lobe pattern [1]. To obtain

an antenna, which can be used for MIMO applications, different

Figure 6 EM-simulated and measured performances of the proposed

UWB coupled lines filter. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com]
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shapes of printed antenna are reported in the literature. Several

triple-band MIMO antennas are given in Refs. 1–3. In Ref. 1, it

is shown that different MIMO arrays provide high peak gain,

good envelope correlation and good S-parameters among three

bands. However, this structure is unable to cover 3.5 GHz for

WiMAX. In Ref. 2, the MIMO array can only be used in or-

thogonal configuration to provide suitable S-parameters. Also, a

planar triple-band MIMO array with invert-F structure is pre-

sented in Ref. 3 for 2.4/5.2/5.8 GHz bands. A MIMO antenna

with two sets of printed radiators and slits on the ground plane

operating at 2.4 GHZ for WLAN application is presented in

Ref. 4. In Ref. 5, a dual-band printed diversity antenna for

UMTS (2000 MHz) and WLAN (2400 MHz) is presented.

The design of modern communication systems demand mul-

tiband antenna which can cover both WLAN and WiMAX for a

single system. Different studies focused on the design of printed

antennas which operate at WLAN and WiMAX frequency

bands. A monopole antenna with branch slit is given in Ref. 6

and covers 2.3–2.9, 3.1–4, and 4.9–6 GHz which fits the require-

ment of WiMAX operation antenna. The antenna covers 2.4,

3.5, and 5 GHz. A dual-wideband antenna for WLAN/WiMAX

application is given in Ref. 7, which covers 2.4/5.2/5.8 GHz

(WLAN) and 2.5/3.5/5.5 GHz (WiMAX). A very small-sized

penta-band hand-shaped monopole antenna for 2.4/3.3/3.7/5.2/

5.8 GHz is presented in Ref. 8 for WLAN and WiMAX

application.

In this article, a printed triple-band antenna is presented for

2.4/5.8 GHz WLAN and 2.5-/3.3-/3.5-/3.7-/5.5-GHz WiMAX. A

C-shaped monopole patch is provided with dual-band behavior.

By protruding an additional L-shaped strip above the ground

plane, the third band is achieved. The S-parameters of two-ele-

ment arrays of the proposed antenna in different configurations

are investigated, and the results of the pair that provides the best

S-parameters, radiation patterns, mutual coupling and envelope

correlation are given. All the simulations are carried out using

the commercially available software package HFSS.

2. MULTIBAND ANTENNA DESIGN

It is known that the C-shaped monopole antenna can provide

dual-band behavior due to two resonance paths [9]. By changing

the lengths of the two different paths, the center frequencies of

dual-band operation can be tuned. The top view of the dual-

band antenna is shown in Figure 1(a). The substrate of the

antenna is 18 � 40 mm2 and prototyped on FR4 which is er ¼
4.4, tan d ¼ 0.02, and h ¼ 1 mm. The dual-band radiator is

excited by a microstrip-fed line. The width of the fed line is

1.86 cm to achieve 50-X characteristic impedance. At the bot-

tom side of the substrate, a rectangular plane is used as a ground

plane. The bottom view of the dual-band antenna is presented in

Figure 1(b). The length of the ground plane is 8 cm. By using

an additional protrudent open-circuit strip that is shown in Fig-

ure 1(c), a triple-band monopole antenna is achieved. The pro-

posed antenna covers 2.1–2.6, 3.3–4, and 5.4–6.1 GHz that cor-

responds to 2.4-/5.8-GHz WLAN and 2.5-/3.3-/3.5-/3.7-/5.5-

GHz WiMAX, respectively. Figure 2 shows the S11 of the pro-

posed antenna with and without the L-shaped protrudent strip on

the ground plane. It is obvious that the L-shaped path is mostly

responsible for 3.3–4 GHz.

3. MIMO DESIGN

The triple-band antenna is considered for 2.1–2.6, 3.3–4, and

5.4–6.1 GHz for WLAN/WiMAX application. This antenna ele-

ment can be arranged in different ways for use in MIMO appli-

cations. The performance of an antenna array suitable for

MIMO systems depends on various parameters such as S-param-

eters, envelope correlation, peak gain and stable radiation pat-

terns. Seven possible configurations that any two such monopole

antennas can be arranged in beside each other are presented in

Figure 3. The spacing between different array elements is

obtained by choosing the lowest space between two radiators.

The substrate dimension of the Figures 3(a)–3(c) are 18 � 80

mm2. Also in this figure, the minimum possible spacing between

two radiators is 20.5, 16.5, and 6.5 mm respectively. The sub-

strate dimension of the Figures 3(d)–3(f) are 24 � 72 mm2.

Also in this figure, the minimum possible spacing between two

radiators is 8.5, 10.5 and 12.5 mm, respectively. The substrate

dimension of the Figures 3(g)–3(h) are 39.5 � 55.5 mm2. Also

in this figure, the minimum possible spacing between two radia-

tors is 11.25. The relevant simulated S-parameters of the MIMO

arrays are given in Figure 4. It is obvious that by using a protru-

dent L-shaped strip on the ground plane, S11 and S22 of the two

elements in various configurations of MIMO array have not

changed from the single triple-band antenna. Different array

configurations show changes in mutual coupling of the antenna.

It is also seen that the various parallel configurations of the two-

element arrays have good results, while in Refs. 1 and 2 the or-

thogonal configuration provides only low mutual coupling in

MIMO arrays. From Figure 4, it can be seen that the horizon-

tally flipped two-element of the array structure seen in Figure

3(a) has mutual coupling of less than 20 dB. The configuration

of Figure 3(a) is fabricated on FR4 with 1 mm thickness. The

measured S-parameters of the proposed prototype MIMO array

Figure 2 Simulated S11 of the proposed antenna with and without L-

shaped strip. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com]

Figure 1 Propose multiple-band antenna, (a) C-shaped radiator, (b)

simple rectangular ground plane, and (c) ground plane with additional

L-shaped strip. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com]
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Figure 3 Different MIMO configurations of the propose triple-band antenna. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com]

Figure 4 S-parameters of the proposed triple-band antenna in MIMO configurations (a)–(h) relevant to the Figure 5, (i) measured results of the pro-

posed MIMO array of Figure 5(a). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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are presented in Figure 4(i) and shows good agreement with

those of the simulation.

4. RESULTS AND DISCUSSION

To confirm the quality of the proposed triple-band antenna for

MIMO applications, several parameters should be given. The en-

velope correlation of a MIMO array antenna can be computed

from the S-parameters by using the following formula [1]:

qe ¼
S11 � S21 þ S12 � S22j j2

1� S11j j2� S21j j2
� �

1� S22j j2� S12j j2
� �

�

�

�

�

�

�

Figure 5 shows the measured envelope correlation of the pro-

posed MIMO array. The value of the envelope correlation is

less than 0.005, which is practically acceptable. The measured

radiation efficiency of the proposed MIMO array among the tri-

ple-band for WLAN/WiMAX application is given in Table 1.

From the results, it can be seen that radiation efficiency of the

proposed MIMO array is always greater than or equal to 90%.

The radiation patterns of the proposed MIMO array at 2.4, 3.5,

and 5.8 GHz are given in Figure 6. It is clear that the WLAN/

WiMAX MIMO antenna has stable radiation patterns in both

principal planes. The proposed triple-band MIMO antenna is

constructed and shown in Figure 7.

The low mutual coupling, good impedance matching, low en-

velope correlation, high radiation efficiency and stable radiation

patterns in both principal planes confirm that the proposed

MIMO array is a good candidate for use in WLAN/WiMAX

MIMO systems.

5. CONCLUSIONS

A triple-band printed monopole antenna for WLAN/WiMAX

application is presented. The proposed antenna covers 2.4-/5.8-

GHz WLAN and 2.5-/3.3-/3.5-/3.7-/5.5-GHz WiMAX. Different

types of two-element MIMO arrays of the triple-band antenna

are simulated. The proposed construction of the vertically

flipped MIMO array of the triple-band antenna provides several

features desirable for MIMO systems, such as low mutual cou-

pling, good impedance matching, low envelope correlation,

appropriate peak gain, high radiation efficiency and good radia-

tion patterns; features which are desired for MIMO systems.

Figure 5 Measured envelope correlation of the proposed triple-band

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

is available at wileyonlinelibrary.com]

TABLE 1 Measured Radiation Efficiency of the Proposed

MIMO Array

Frequency (GHz) 2.4 3.7 5.8

Radiation efficiency 92% 94% 90%

Figure 6 Measured radiation patterns of the proposed triple-band

MIMO antenna (a) H-plane, (b) E-plane. [Color figure can be viewed in

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

Figure 7 Constructed triple-band MIMO antenna. [Color figure

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

wileyonlinelibrary.com]
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Also, it is shown that the measured results correlate well with

simulations.
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ABSTRACT: In this article, a new miniaturization technique for a

circular wire patch antenna is presented. This technique consists in

adding cylindrical skirts to the two metallic circular plates. A

parametric study carried out for this new design shows that this new

shape gives one more degree of freedom to control the resonance

frequency and allows us to optimize the matching of this smaller

radiating element in the desired operation band. VC 2012 Wiley

Periodicals, Inc. Microwave Opt Technol Lett 54:1325–1327, 2012;

View this article online at wileyonlinelibrary.com. DOI 10.1002/

mop.26761

Key words: antenna miniaturization techniques; monopolar radiation

pattern; wire patch antenna; Zigbee standard

1. INTRODUCTION

For several years, one of the main challenges in the antennas

technology is focused on the reducing of their global dimen-

sions, which are often too important independently of the appli-

cation. In this kind of research, it has been shown that a micro-

strip antenna can be used below its well-known classical

fundamental mode by including ground wires connecting the

patch antenna to the ground plane [1] [2]. Because of their low-

profile, large bandwidth and monopolar type radiation pattern,

wire patch antennas are interesting but their ground planes are

generally too cumbersome compared with the size of the radiat-

ing element. The structure presented in this article has the

advantage to work with a very small ground plane, concurrently

with the properties of the antenna described in Refs. 1 and 2

and has smaller dimensions. The methodology proposed to

achieve a miniaturized wire patch antenna is applied for Zigbee

wireless applications [3], because its geometry is also very suita-

ble to the integration of the RF electronic stage under the natu-

ral protection created by the ground plane and the skirt.

2. ANTENNA DESIGN AND WORKING PRINCIPLE

Figure 1 presents the initial antenna geometry [4]. The structure

is made up of two circular metallic plates realised in 0.3-mm

copper sheets on air substrate to provide the largest bandwidth.

The upper plate, which is considered as the radiating element, is

center fed by a coaxial probe. Two ground wires connect this

upper plate to the ground plane. The addition of these shorting

wires connecting the upper patch to the lower one (considered

as the ground plane of these kind of antennas) is the particular-

ity of wire patch antennas [1, 2, 5]. These shorting pins, located

symmetrically on each side of the coaxial probe feed, can be

considered as equivalent inductances set in parallel with the

patch ***capacitance’s, which create a parallel resonance

located below the well-known classical fundamental mode of

the antenna. Our purpose is here to design a smaller low profile

circular wire patch antenna dedicated to 2.4–2.5-GHz Zigbee

application. Several solutions exist to reduce the size of this

kind of antennas [6, 7] using however stacked patches to keep a

very large bandwidth. Our goal is to find an efficient miniaturi-

zation technique to reduce the dimensions of the initial circular

wire patch antenna (Fig. 1) to obtain a new smaller antenna hav-

ing the same performance. However, by reducing the size of

any antenna, it is well known that a shift to higher frequencies

is generally obtained. To reduce the dimensions of these kind of

antennas without changing their operation frequency, our tech-

nique consists in increasing vertically the size of the upper patch

by bending the metallic plate to form a cylindrical skirt. After a

first parametric study, we have observed that for some consid-

ered dimensions, it was not possible with this new parameter to

place the resonance frequency in the desired band. Furthermore

for some cases, the adaptation level was not sufficient for our

application. That is why the same technique was also applied to

the ground plane, allowing to obtain a new freedom degree

which makes possible a better control of the performance of this

antenna in terms of resonance frequency and adaptation level

and reduces its overall dimensions (Fig. 2).

Figure 1 Initial antenna geometry

DOI 10.1002/mop MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 54, No. 5, May 2012 1325


