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Abstract—The development of a miniaturized two-element 
printed MIMO antenna with a triple-band performance for 
WiFi and WiMAX operability is presented in this paper. The 
proposed antenna configuration incorporates two small-sized 
square copper patches printed on a standard FR-4 substrate 
with an overall size of 40×27.2 mm2. The two patches are 
furnished with slots into the form of split-ring resonators and 
fed from two extended microstrip lines with trimmed ground 
planes to allow for triple-band operation. A neutralizing line 
connecting the two patches is also incorporated into the 
antenna structure to improve isolation. Double-sided 
metamaterial grid is included to fill the space between the two 
antenna elements providing thereby for enhanced radiation 
efficiency and improved isolation for the second band. 
Practical results clearly depict the triple band performance 
with a slight slip in the second and third bands form the ones 
predicted by simulation covering the following ranges of 
frequencies: (2.4-2.485) GHz, (5.1-5.35) GHz for Wi-Fi (IEEE 
802.11) and (3.35-3.8) GHz for Wi-max (IEEE 802.16.2005). 
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I. INTRODUCTION

The performance of wireless communication systems could 
to a far extent be improved by the employment of multiple-
input multiple-output (MIMO) technology. MIMO antennas 
play a central role in enabling this technology representing 
the RF frontend of MIMO transceivers implemented by an 
increasing number of wireless devices such as WiFi and 
WiMAX routers. The commercially available designs, 
however, employ monopole antennas with wide enough 
separation to increase isolation and improve diversity, what 
makes them quite bulky for surface mounted or very slim 
installations. A printed miniaturized MIMO antenna with 
good inter-element isolation would help to reduce the 
footprint of such devices making them more amenable for 
non-protruding installations. 

Closely spaced antennas, however, will cause 
unwanted mutual coupling and low antenna efficiency, thus 
reducing the performance of the MIMO system. To reduce 
the mutual coupling, various methods had been proposed in 
the literature. Capacitive loaded loops used on the top side 
and in the ground plane of the printed antenna to improve 

the isolation of the two bands were proposed in [1]. Hybrid 
fractal shape planar monopole antenna where T-shape strip 
is inserted and rectangular slot is etched at top side of 
ground plane to respectively to improve the impedance 
matching and isolation between the antennas were proposed 
in [2]. In [3], defected ground structure was used to 
suppress the effect of the surface current between elements 
of the proposed antenna. Also [4-7] presented four-element 
MIMO antenna configurations which incorporated 
neutralization line, meander line resonator, and a 
decoupling network as isolators. The development of 
metamaterial enhanced MIMO antennas has been a viable 
area of research over the past decade, too. Antenna 
engineers and researchers had come up with a variety of 
designs employing a variety of techniques to meet the needs 
of different design applications. The metamaterial was 
employed in those designs to reduce the mutual coupling, to 
minimize the antenna size, and to enhance the antenna 
bandwidth and efficiency as in [8-10], where rectangular 
loop, spiral and s-shaped resonators placed in the space 
between the antenna elements to provide high levels of 
isolation. Metamaterial was also inspired as part of the 
patch surface of small printed monopole antennas as in [11]. 
In [12] split ring resonators were used to improve the 
MIMO antenna efficiency and to reduce the mutual 
coupling between its elements. 

This work presents a new attempt to achieve even 
more miniaturization, greater inter-element isolation, and 
improved radiation efficiency through the utilization of a 
metamaterial configuration in the design of a triple-band 
two-element printed MIMO antenna. The metamaterial 
design will be sought to be part of one or both of the 
antenna printed layers (on either side of a standard substrate 
material). In contrast to some of the designs proposed in the 
published literature which incorporate vertically aligned 
metamaterial slabs to form the substrate which is both 
costly and high-profile, the design to be investigated in this 
work should prove much less complicated and low-profile, 
a feature widely sought by many communication systems 
applications. The frequency bands that are intended to be 
covered by this design include two WiFi bands and two 
WiMAX band, namely, the bands depicted in Table1. 
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Table 1 WiFi and WiMAX Standard Operating Bands [13] [14]. 

System 
Design Operating 

Bands 
Frequency Range 

(GHz) 

WiFi 
IEEE 

802.11 

2.4 GHz 2.4-2.485 

5 GHz 
5.2 GHz 5.15-5.35 
5.5 GHz 5.47-5.725 
5.8 GHz 5.725-5.875 

WiMAX 
IEEE 

802.16 

3.5 GHz 3.4-3.6 

3.7 GHZ 3.6-3.8 

II. THE TRIPLE-BAND ANTENNA CHARACTERISTICS

The triple-band printed MIMO antenna design is
started with the development of a single-element microstrip 
antenna with a rectangular patch of width W=36.6 mm and 
length L=27.6mm, printed on a dielectric substrate of 
thickness h=1.6 mm2 and relative permittivity =4.4, to 
operate with a resonance frequency of 2.45 GHz. For the 
MIMO design two such elements are used, and for the triple 
band performance split-ring resonators (SRRs) are 
introduced into the patch area. A neutralizing line and a 
metamaterial mat are also incorporated into the final 
antenna design to improve the 10 dB impedance bandwidth, 
gain, and efficiency and to minimize the antenna size. The 
triple-band performance of the antenna will be thoroughly 
investigated to identify the parameters affecting the 
introduction of each band in the frequency response of the 
proposed antenna. This step is then followed by a fine 
tuning step to achieve the required triple band operation. 

A. The Two-Element MIMO Antenna without SRR

The initial MIMO antenna configuration in this
case is depicted in Fig. 1 and its dimensions are given in 
Table 2. The simulated reflection coefficient performance 
of the antenna patch without SRR is shown in Fig. 2 where 
it can be seen that there is a single band covering the range 
2.22-2.78 GHz and amounting to a total bandwidth of 560 

MHz. 

Figure 1 The configuration of two-element MIMO antenna 
without the SRR. 

Table 2 The parameter setting of the MIMO antenna of 
Fig. 1. 

Parameter Value (mm) 
W 9 
L 9 
f 0.5 
s 31.5 

Wt 2.95 
Lt 16.7 
Wg 40 
Lg 3.5 

Figure 2 The reflection coefficient responses of the two-
element MIMO antenna without the SRR. 

B. The Two-Element MIMO Antenna with Single Internal
SRR 

The MIMO antenna configuration in this case is 
depicted in Fig. 3 and its dimensions are given in Table 3. 
The simulated reflection coefficient performance of the 
antenna with single internal SRR is shown in Fig. 4 for 
different values of the SRR width parameter, a. Evidently, 
there is a single usable band between 2 and 3 GHz, and 
only a notch in the response starts to appear between 4 and 
5 GHz moving upward with the increment of a. This notch 
will not turn into a fully usable band until the addition of 
the second (external) SRR. 

Figure 3 The configuration of two-element MIMO antenna 
with single internal SRR. 

Table 3 The parameter setting of the MIMO antenna of 
Fig. 3. 

Parameter Value (mm) Parameter Value (mm) 
W 9 Wg 40 
L 9 Lg 3.5 
e 1 a 0.3 
f 0.5 b 0.6 
s 31.5 c 5.4 

Wt 2.95 
d 5.4 

Lt 16.7 

Figure 4 The reflection coefficient responses of the two-
element MIMO antenna with single internal SRR for 

different SRR widths (a). 
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C. The Two-Element MIMO Antenna with Single External 

SRR 

The MIMO antenna configuration in this case is 
depicted in Fig. 5 and its dimensions are given in Table 4. 
The simulated reflection coefficient performance of the 
antenna patch with single external SRR is shown in Fig. 6 
for different values of the SRR width parameter, a. 
Evidently, there are two usable bands, one between 2 and 
2.5 GHz while the other one is between 3 and 4 GHz. The 
second band is moving upward with the increase in a. 

 

 
Figure 5 The configuration of two-element MIMO antenna 

with single external SRR. 

 
Figure 6 The reflection coefficient responses of the two-

element MIMO antenna with single external SRR for 
different SRR widths (a). 

 
After studying each parameters of the antenna to 

find the best antenna parameters and to get the requested 
triple band, two designs of the MIMO antenna will 
explained in the next two sections. 

 

III. BEST IMPEDANCE BANDWIDTH 

ANTENNA DESIGN   
Using two MIMO antennas with split ring resonators 
printed on the patch antenna and decrease the ground length 
to produce the triple bands, Table 4 shown the parameters 
of the best performance with the newly introduced 
parameters defined as depicted in Fig. 7.  

The simulation results for the reflection coefficient 
and isolation characteristics are depicted in Fig. 8 also the 
corresponding E-plane cuts at the center frequencies of the 
operating bands of interest are depicted in Fig 9. 

 
 

Table 4 The parameters values of the design MIMO 
antenna for the best the reflection coefficient 

Parameter 
Value 
 (mm) 

Parameter 
Value 
 (mm) 

W 8.7 d 5.1 

L 8.9 g 0.5 

a 0.3 e 1 

b 0.7 Lt 13.5 

c 5.1 Wg 19.3 

Lg 3.5 n 7.5 

s 12.8 f 1.4 
 

 
Figure 7 Two-element MIMO antenna configuration and 

parameter definition. 
 

 
(a) 

 
(b) 

Figure 8 Reflection coefficient (a) and isolation (b) 
responses of the two-element MIMO antenna design of 

Fig.1 with the parameter setting of Table 2. 
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(a) (d) 

  
(b) (e) 

  
(c) (f) 

 
Figure 9 (a), (b) and (c)  E-plane cuts when one of the 
elements is excited while the other is terminated in a 

matched load at 2.4, 3.55 and 5.25 GHz. (d), (e) and (f) 
3Dradiation pattern when both elements are equally excited 

at 2.4, 3.55 and 5.25 GHz. 
 

Table 5 summarizes the results obtained for the antenna 
gain (G), directivity (D), and efficiency for the three bands 
of interest and for both excitation scenarios. 

 
Table 5 The gain, directivity, and efficiency of the three 

bands when only a single element is driven and when both 
elements are equivalently driven. 

 
Band 
(GHz) 

No. of 
Antennas 

Gain 
(dB) 

Directivity 
(dB) 

Efficiency 
(%) 

2.320 - 
2.485 

1 2.2 5.25 45 

2 2 3 75 

3.250 - 
3.825 

1 2.73 4.25 70 

2 3.89 3.9 99 

5.10 - 
5.41 

1 0.5 3.83 45 

2 2.95 4.78 60 

 

IV. MIMO ANTENNA PERFORMANCE WITH A 

TWO-SIDED METAMATERIAL GRID AND 

NEUTRALIZING LINE. 
The isolation between the two antenna elements could be 
improved using a neutralizing line as depicted in Fig.10 
[20]. The NL works as a distributed inductance acting to 
neutralize the inherent capacitive coupling effect between 
the closely aligned patch radiators. This helps reducing the 
mutual impedance between the two antenna elements at 
their excitation ports helping thereby to increase the 
isolation between them.  

  

 
Figure 10 The configuration of two-element MIMO antenna 

with the (NL) where K=4.5mm and U=0.25 mm. 

 
The printed metamaterial cell geometry and parameter 
definitions are depicted in Fig. 11, and the parameters are 
set as shown in Table 6 [21]. Finite two-dimensional grids 
of these printed cells will be incorporated on the front and 
back sides of the antenna as shown in fig. 12 

 
Figure 11 The geometry and parameters of metamaterial 

unit cell [21]. 

 
Table 6 The parameters description and values of 

metamaterial unit cell. 
 

Parameter Description 
Value 
(mm) 

L1 Length of the metamaterial cell 1.5 

L2 Width of the metamaterial cell 0.25 

L3 Distance between two cells 0.25 

L4 
Distance between metamaterial and 
TL 

0.75 
 

 
The simulation results for the reflection coefficient and 
isolation characteristics are depicted in fig.13 also the E-
plane cuts at the center frequencies of the operating bands 
of interest are depicted in fig 14. 
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(a) 

 
(b) 

Figure 12 The configuration of two antenna MIMO with the 
(NL) and                metamaterial use in both the front and 

ground layer (a) Front view, (b) Rear 
 

 
(a) 

 
(b)                                                                                                                       

Figure 13 The reflection coefficient (a) and isolation (b) 
responses of the two-element MIMO antenna design of 

Fig. 17 with the parameter setting of Table 4, 4.2 

K=4.5mm2 and U=0.25 mm2. 

  

(a) (d) 

  
(b) (e) 

  
(c) (f) 

 
Figure 14 (a), (b) and (c) E-plane cuts when one of the 
elements is excited while the other is terminated in a 

matched load at 2.45, 3.55 and 5.25 GHz. (d), (e) and (f) 3D 
radiation pattern when both elements are equally excited at 

2.45, 3.55 and 5.25 GHz. 
 

Table 7 summarizes the results obtained for the antenna 
gain (G), directivity (D), and efficiency for the three bands 
of interest and for both excitation scenarios. 
 

Table 7 The bandwidth, Isolation, Gain, Directivity and 
efficiency of the three bands with NL and metamaterialin 

both layer of two cases. 

 
 
 
 
 
 
 

Band 
(GHz) 

Isolatio
n (dB) 

No: of 
Antenn

a 

G 
(dB) 

D 
(dB) 

Efficiency 
(%) 

2.40-2.49 13 
1 0.9 3.19 60 

2 2.55 3 90 

3.35-3.80 13.5 
1 2.9 4.16 75 

2 3.9 4 99 

5.09 - 5.55 12 
1 2 4.25 60 

2 4.05 5.02 80 
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V. PRACTICAL RESULTS

Two network measurements were performed using Agilent 
ENA Series network analyzer (model E5071C) for the two 
prototype in figs 15 and 16. The variation of the reflection 
coefficients (S11,S22) and the isolation (S21,S12) versus 
frequency were measured for the two designs. Table 8 
present the bandwidth and isolation of the simulation and 
measurement results for the two prototypes both result 
clearly shows the three bands for the first design: (2.2-2.7) 
GHz, (3.5-4.5) GHz, and (5.8-6.8) GHz; and for the second 
design (2.35-2.7) GHz, (3.45-4.45) GHz, and (5.6-6.6) GHz. 
In addition, it can be noticed that the isolation is more than 
16 dB in all of the bands for both prototypes. Figure 17 and 
18 show the reflection coefficient and the isolation of the 
practical and simulation measurements for the first and 
second design. 

(a)  (b)
Figure 15 A prototype of the best triple band performance 

MIMO antenna. 
(a) Front view; (b) Rear view.

(a)  (b)
Figure 16 A prototype of the NL and metamaterial-

enhanced MIMO antenna. (a) Front view; (b) Rear view. 

Table 8 The Bandwidth and Isolation of the Simulation and 
Measurement Results for the two Prototypes. 

Prototype 
Simulation Results Measurement Results 

Bandwidth Isolation Bandwidth Isolation 

First 

2.320-2.485 5 2.25-2.65 16.5 

3.25-3.825 10 3.50-4.50 16.2 

5.10 - 5.41 15 5.80-6.80 18.5 

Second 

2.40-2.49 13 2.35-2.60 17 

3.35-3.80 13.5 3.45-4.45 22 

5.09-5.55 12 5.6-6.6 16.5 

(a) 

(b) 
Figure 17 Simulated and measured reflection and isolation 
characteristics of the best triple band performance MIMO 
antenna design. (a) Reflection coefficient; (b) Isolation. 

(a) 

(b) 
Figure 18 Simulated and measured reflection and isolation 

characteristics of the NL and metamaterial-enhanced 
MIMO antenna design. (a) Reflection coefficient; (b) 

Isolation. 
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VI.  CONCLUSIONS

In this work, a metamaterial-enhanced two-
element MIMO antenna which covers the following ranges 
of frequencies: (2.4-2.485) GHz, (5.1-5.35) GHz for Wi-Fi 
(IEEE 802.11) and (3.35-3.8) GHz for Wi-max (IEEE 
802.16.2005) has been designed, simulated, and fabricated. 
The proposed design makes use of three main geometrical 
constructs to achieve the above goal. Firstly, it incorporates 
SRR construct along with a reduced-length ground plane to 
produce the triple band performance of interest. Secondly, it 
incorporates a neutralizing line construct to improve the 
isolation between the two antenna elements. Finally, it 
incorporates a double-sided metamaterial grid to bring even 
more improvement in terms of isolation and radiation 
efficiency. The inclusion of the aforementioned design 
constructs helped achieving antenna miniaturization while 
maintaining the desired performance characteristics. The 
final antenna design dimensions are only 40×27.2 mm2 
compared to the initial single-band (WiFi) MIMO design 
with the dimensions of 130×80 mm2.For the proposed 
MIMO array antennas with metamaterial, the radiation 
patterns within the operating frequency bands are relatively 
acceptable compared with omnidirectional ones. 

The proposed antenna performance has been 
verified using Advance Design System (ADS) software 
package version 2013 from Agilent Inc. and it has been 
fabricated and tested successfully. The measurements of the 
fabricated antenna are almost similar to the simulation 
results but they are not typically the same due to the limited 
ability of the fabrication facilities. 
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