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Abstract—In this paper, a μ-Negative metamaterial (MNG) is 
utilized for mutual coupling reduction between dual-band 
printed monopole antennas used in Multiple Input Multiple 
Output (MIMO). A dual-band MNG metamaterial is designed to 
specifically possess negative effective permeability at the two
resonant frequencies where the antennas are operating. MNG is 
inserted between the two printed monopoles (back to back) to 
decrease the correlation between them. The printed monopole 
antennas were designed to operate in the Wireless Local Area 
Network (WLAN) bands 2.45 GHz and 5.2 GHz. Antenna 
characteristics such as, scattering parameters far-field radiation 
patterns with and without the presence of MNG are provided. 
The design of the MNG unit cell and its effective constitutive 
parameters are also provided. Design and simulations are 
conducted using Ansoft’s HFSS software which is based on the 
Finite Element Method (FEM). The proposed technique achieved 
a 14 dB reduction in mutual coupling at 2.45 GHz and 13 dB at 
5.2 GHz. A gain of 2 dB higher than the normal case at the 
second band is observed while it is maintained the same on the 
first band. Furthermore, the MNG based antenna system 
maintains a relatively low profile (16 mm) which is convenient for 
compact systems and hand-held devices. 

Keywords- MIMO, MNG, Metamaterial, Mutual coupling, Printed 
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I. INTRODUCTION

     The reduction of mutual coupling between closely spaced 
antennas is necessary to the performance of Multiple Input 
Multiple Output (MIMO) systems since mutual coupling 
affects the current distribution, phase, input impedance and 
radiation pattern in each antenna element which in turn 
significantly reduces the capacity of MIMO systems [1], [2]. 
Generally, antenna elements must be spaced by Ȝ/2 in order to 
achieve low correlation and hence higher isolation between the
elements, where Ȝ is the free space wavelength [3]. However, 
degradation occurs when antenna elements are in close 
proximity, due to near-field effects, surface waves and reactive 
mutual coupling between the elements [3], [4]. Several 
techniques have been recently reported to reduce mutual 

coupling between radiating elements in MIMO systems. Some 
of these techniques are based on the use of Electromagnetic 
Band Gap (EBG) structures [5], defected ground plane [6], 
and the use of μ-negative metamaterial (MNG) structures [7].
The use of 180° hybrid couplers proposed in [8] is an 
alternative technique to de-correlate highly-coupled monopole 
antennas. In [7], MNG structures have been used to reduce the 
mutual coupling between two high profile monopoles. The 
achieved reduction in mutual coupling was 20 dB. In this 
paper, we utilize MNG to reduce the mutual coupling between 
two closely separated low profile printed monopoles intended 
for applications that require compact space, i.e., handheld 
devices and miniaturized sensor nodes. Printed monopoles 
were chosen due to the demand for small size, ease of 
fabrication and low cost in the development of low-power 
communication devices. Moreover, printed quarter wavelength 
monopole antennas are easy to design; they have a relatively 
wide bandwidth and can be flexibly tuned by slight changes in 
their lengths/widths. 
In this work, a dual band μ-negative (MNG) metamaterial is
developed in order to efficiently suppress the electromagnetic 
coupling between the proposed antennas. The dual-band MNG 
metamaterial is designed to specifically have negative 
permeability at two frequencies where the antennas are 
operated. The MNG is inserted between the two antennas
(back to back) to decrease the correlation between them as will 
be shown in a later section.
One efficient way of realizing MNG metamaterials is to use 

Split Ring Resonators (SRRs) which provide negative 
permeability when excited with a specific polarization [9], 
[10].  
The design of the proposed antenna and MNG is introduced 

in Section II, where both geometries and characteristics of the
antenna-metamaterial system are illustrated. The performance 
results of the antenna system with and without MNG 
metamaterial are compared in Section III. Finally, we 
conclude the paper in Section IV. 
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II. DESIGN 

A. Antenna Element
    The proposed antenna is a modification of the design 
presented in [11]. However, we have achieved more than 50% 
reduction in size in addition to an increase in gain and 
efficiency while maintaining almost the same bandwidth. As 
can be seen in Fig. 1, the proposed antenna comprises two 
monopole branches, both operated as quarter wavelength 
structures. They are fed by a 2 mm wide, 50 � microstrip line. 
Both of the two branches and the microstrip line are printed on 
the same side of a 35 mm x 25 mm flexible Kapton substrate, 
45 μm in thickness and a dielectric constant of 3.5 and a loss 
tangent of 0.003.  On the other side of the substrate, a 12 mm 
x 25 mm flexible copper ground plane is adhered below the 
microstrip line (the shaded area in Fig. 1). The upper branch of 
the monopole controls the first (dominant) mode (2.45 GHz) 
of the antenna while the lower branch controls the second 
band (5.2 GHz). Ansoft High-frequency structure simulator 
(HFSS) [12] was used to optimize the necessary parameters to 
achieve a dual resonance at 2.45 GHz and 5.2 GHz for the 
intended WLAN applications. It should also be noted that the 
dimensions of the ground plane can affect bandwidths of the 
two modes [11].
Two identical antennas were designed and separated (back to 

back) by 15 mm (Ȝ/9 and Ȝ/4 at 2.45 GHz and 5.2 GHz 
respectively, where Ȝ is the free space wavelength) to study 
the effect of mutual coupling between them. The S-parameters 
results along with the farfield radiation patterns will be 
discussed in the following section.
Fig. 1 shows the fabricated antenna and the dimensions of the 
design. 

(b)
Figure 1. (a) Geometry of the antenna showing its dimensions (all dimensions
are in millimeter).

B. μ-Negative Metamaterial
     As we mentioned earlier, the correlation between any two
antennas within a MIMO system should be kept as low as 
possible in order to improve the performance and capacity of
MIMO systems. In this research, we utilize MNG 
metamaterial to decrease the mutual coupling between the 
radiating elements. One efficient way of realizing MNG 
metamaterials is to use SRRs. When SRR structures are with a 

magnetic field H polarized parallel to their axes, they provide 
negative permeability over a certain frequency range which 
would prevent the existence of real propagating modes within 
the medium [9]. This behavior would be utilized to reduce the 
mutual radiation coupling between the radiating elements of 
the proposed antenna.
Here, we propose a dual band MNG unit cell consists of a 
concentric combination of Edge-Coupled Split Ring Resonator 
(EC-SRR) and a Broadside-Coupled Square Ring Resonator 
(BC-SRR) with dimensions chosen to provide an effective 
negative permeability at the desired two bands. Fig. 2 shows 
the geometry and dimensions of the proposed MNG unit cell.  
The retrieved values of the permeability were -9 at 2.45 GHz 
and -4 at 5.2 GHz. The permeability retrieval method is based
on a procedure reported in [13].

Figure 2. Dimensions (in millimeter) of the proposed MNG (a) Front view (b) 
Side view. 

A group of 8 sets of MNG slabs were inserted between the 
antennas. Each set consists of 3 unit cells. The optimized 
separation distance between the MNG slabs is 2.5 mm. The 
slabs were oriented vertically as shown in Fig. 3 to provide the 
required polarization for the MNG. 

Figure 3. Perspective view of the printed monopole antennas with MNG 
inserted between them to reduce the mutual coupling. The polarization of the 
E and H fields are also shown to elaborate the MNG excitation.
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III. PERFORMANCE AND RESULTS

A. S-Parameters
The simulated S-parameters for the proposed antenna system 
with and without MNG are shown in Fig. 4. The antennas 
(without MNG) resonate at 2.5 GHz and 5.2 GHz with a return 
loss of -20 dB and -44 dB respectively. From the transmission 
coefficient S12, we observe a large reduction in mutual coupling 
when the MNG metamaterial is inserted between the radiating 
elements. The mutual coupling measured in terms of S12, is -6 
dB and -12 dB at 2.5 GHz and 5.2 GHz respectively compared 
to -20 dB and -25 dB at 2.5 GHz and 5.2 GHz for the design 
with MNG structures. We also notice a shift in the second 
resonance frequency for the MNG case (around 120 MHz) 
which can be compensated for by slightly adjusting the lower 
monopole branch width in order to keep the patch resonance 
frequency identical in both cases. This shift is caused by the 
capacitive coupling with the BC-SRR. Due to the lossy nature 
of the SRR, the return loss increased for the MNG case from -
20 dB to -12 dB and from -44 dB to -32 dB for the first and the 
second band respectively.

Figure 4. S-Parameters for the antenna system with and without MNG.

   It is also worth mentioning that the -10 dB bandwidths 
remained the same in both cases (180 MHz and 340 MHz at 
2.5 GHz and 5.2 GHz respectively) which cover the assigned 
WLAN bands.

B. Farfield Radiation Patterns

Far-field radiation patterns for the printed monopole 
antennas with and without MNG metamaterial are 
presented in Fig. 5. When the combined radiation pattern is 
simulated, one element is connected to a 50 � feed while
the other is terminated with a 50 � load. It is shown that the 
antennas without MNG have a typical omni-directional 
radiation pattern of a monopole/dipole antenna. On the 
other hand, we notice that the effect of MNG which 

partially prevents propagating modes converts the radiation 
pattern to a hemi-spherical type; this effect is clearer in the 
first resonance rather than the second. This effect is due to 
the fact the effective negative permeability is more 
“dominant” in the first band than the second (-9 versus -4 at 
2.45 GHz and 5.2 GHz respectively).  

(a)

(b)                                          

(c)

Figure 5. E-plane farfield radiation pattern (a) antenna without MNG (b) 
Lower and upper antennas at 2.45 GHz with MNG (c) Lower and upper 
antennas at 5.2 GHz with MNG.
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IV. CONCLUSION

In this paper, mutual coupling between closely-spaced ultra 
thin printed monopole antennas is investigated particularly
for MIMO systems performance. Specially designed dual 
band MNG metamaterial were utilized to significantly 
reduce the mutual coupling between the radiating elements 
of the proposed dual band printed monopoles. According to 
the S-parameters and farfield radiation patterns, the design 
with the proposed MNG metamaterial provides significant
isolation between the antennas compared to the design 
without MNG with the same elements spacing. A reduction 
in mutual coupling of 14 dB and 13 dB at 2.45 GHz and 5.2 
GHz respectively was achieved for the antenna system with 
MNG while the -10 dB bandwidth was maintained the same. 
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