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Abstract. A design of a compact size mu-negative half 
mode composite right left handed metamaterial antenna, 
using only series capacitive loading, for MIMO application 
is presented. The proposed configuration is simple as it is 
realized using via free configuration. The MIMO antenna 
is formed using two antenna elements designed to operate 
at 5.8 GHz for wireless applications. The overall MIMO 
antenna size is only 2.6 × 2.6 cm2 with in-between 
separation 1.8 mm (0.034 0). Moreover, the ports mutual 
coupling reduction between the two antenna elements, 
achieved without using extra structure, is lower than  
–20 dB. Compared to conventional two microstrip patch 
MIMO antennas, our proposed configuration has more 
than 50% size reduction and 9 dB enhancement in the mu-
tual coupling for the same separation. The antenna design 
principles, full wave simulations, experimental measure-
ments are introduced with good agreement. Finally, MIMO 
parameters are extracted and discussed.  
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1. Introduction 
Left handed metamaterials (LHMs) have gained great 

interest in past few years in RF/microwave circuit applica-
tions. They have been realized in planar transmission line 
approach, which is basically based on loading a transmis-
sion line (TL) with series capacitors and shunt inductors. 
This transmission line is used to be called a composite right 
left handed (CRLH) TL [1] or negative refractive index 
(NRI) TL [2]. Mainly these TLs are characterized by 
backward waves whose propagation consonant is non-lin-
ear, frequency dependent and engineered characteristic 
impedance. Based on these properties, many compact and 
multi-band novel antennas have been proposed in the liter-
ature by several groups [3–13]. The need for different 
properties has encouraged the researchers to introduce 

different configurations of CRLH cell by increasing its 
order such as extended CRLH TL [14], generalized NRI 
TL [15], [16]. However, these approaches increase the 
opportunity for more multi band at the expense of increas-
ing the design complexity. On the other hand, it has been 
pointed out that Epsilon-negative and Mu-negative struc-
tures have imaginary propagation constants such that they 
have a band stop resonance properties [17], [18]. Conse-
quently, they have been applied in many antennas realiza-
tions employing Epsilon-negative [19], [20] and Mu-nega-
tive [21], [22]. These structures are simpler than conven-
tional CRLH cells and easier in design. 

In the MIMO system, two or more antennas are used 
on both the transmitter and receiver sides to enhance the 
channel capacity [23], [24]. However, closely-spaced an-
tenna elements suffer from severe degradation in their 
diversity performance; due to mutual coupling among the 
antenna elements. Therefore, reducing the mutual coupling 
between antenna elements is essential for better perfor-
mance of MIMO systems. Several works have been carried 
out to reduce the mutual coupling effect between antenna 
elements in MIMO systems such as using electromagnetic 
band gap structures [25]. Also, using defected ground 
structures (DGSs) etched in different shapes in the ground 
plane has been employed [26], [27]. However, these struc-
tures suffer from complexity and large size. Therefore, 
different attempts to enhance the isolation have been sug-
gested [28], [29]. Recently, it has been suggested that the 
different antenna orientations for current reversal can re-
duce the mutual coupling problem [30–32]. 

In this paper, we introduce a new two elements met-
amaterial MIMO antenna. The antenna element is con-
structed as a Mu-negative resonant structure. The realiza-
tion has been suggested as half mode realization of CRLH 
cell by employing series capacitive load only. The pro-
posed MIMO antenna has a compact size and very low 
coupling isolation without using extra structure. The per-
formance of the designed MIMO antenna has been vali-
dated using the electromagnetic full wave simulations. 
Finally, the simulated results are confirmed by experi-
mental measurements. 
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2. Half Mode CRLH MIMO Antennas 

2.1 Half Mode CRLH Antenna Concept  

The CRLH transmission line resonating antenna is 
based on open circuit termination of one or more CRLH 
cells as shown in Fig. 1(a). In the figure, LL and CL are 
corresponding to the loading shunt inductor and series 
capacitor whereas LR and CR are corresponding to the 
patristic element of the loaded transmission line. For N 
CRLH cells, the design condition for the antenna is to 
achieve integer multiple of half wave progressive phase. 
This can be expressed in terms of a constant integer n, the 
total antenna physical length d, and the guided propagation 
constant as 

 phase N d n   .  (1) 

where  is the propagation constant along the CRLH TL, 
defined as 
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Balanced CRLH TL has a continuous passband with 
no stopband between the right and left handed pass bands. 
The transition frequency between the two bands is associ-
ated with zero propagation constant . It has been shown in 
[33], [34] that the resonance frequency of the zeroth order 
antenna is either the shunt branch resonance frequency fsh 
or the series branch resonance frequency fse which are 
identical. However, it has been explained that for the open 
circuit resonance mode of the zeroth order mode CRLH 
antenna, the energy storage is within the shunt branch. The 
resonant frequencies for the shunt branch f0sh and the series 
branches f0se can be written as 
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Based on this fact, in case of employing such antenna 
in MIMO system to reduce the mutual coupling between 
antenna elements, it is suggested in this paper to design the 
open circuit antenna element as shown in Fig. 1(b). In other 
words, the half mode cell is suggested to be realized using 
the series combination only (CL and LR). Thanks to this 
configuration, the energy storage will be minimized and 
eliminated and hence the mutual coupling will be reduced. 
Also, this structure is simpler than full CRLH case since it 
does not require a shunt inductance. 

2.2 Microstrip Half Mode CRLH MIMO 
Antenna Structure 

The 2D layout of the half mode single cell CRLH 
metamaterial antenna is illustrated in Fig. 2. The antenna is 

 
Fig. 1. The equivalent circuit model of the CRLH TL antenna: 

(a) The full mode case. (b) The practical mu-negative 
half mode. 

formed from series interdigital capacitors CL and two para-
sitic elements which are corresponding to the RH parame-
ters (the series inductor LR and the shunt capacitor CR). The 
proposed configuration is simple since it needs no via con-
nection to the ground. The antenna is printed on FR4 sub-
strate with relative permittivity of 4.4, a dielectric loss 
tangent of 0.025 and thickness of 1.6 mm. 

The single antenna element is arranged in a two-ele-
ments MIMO configuration whose 2D layout is shown in 
Fig. 3(a). A comparison between the suggested half mode 
CRLH MIMO antenna and the conventional patch antenna 
have been established. The 2D layout of two elements 
patch MIMO antenna is shown in Fig. 3(b). As shown in 
the figure, the distance between the edges of two antenna 
elements is only 1.8 mm which equals 0.034 0 at 5.8 GHz 
in both cases. From Fig. 3, it can be observed that the pro-
posed antenna has compact size (26 × 26 mm2) but the two-
elements patch antenna have size of (54 × 30 mm2) which 
is more than double size of the proposed one in Fig. 3(a).  

The geometrical design of the antenna layout was 
done by calculating the loading element CL in (4) so that 
the  antenna  has  a  resonance  at  5.8  GHz.  Then  CL was 

 
Fig. 2. The 2D layout of single cell half mode CRLH antenna, 

finger width (Wc = 0.2 mm) and separation (Sc = 
0.2 mm), (tc = 0.2 mm). 
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(a) 

 
(b) 

Fig. 3. The 2D layout of (a) half mode CRLH MIMO antenna, 
s = 1.8 mm, (b) the two elements patch MIMO antenna 
with separation equal to 1.8 mm. 

realized as interdigital capacitor. This can be expressed 
mathematically as [1] 

 
      5

f r3.937 10 1 0.11 3 0.252 pFC l n       (5) 

where lf is the capacitor finger length, n is the capacitor 
number of fingers. The capacitor width and spacing were 
selected to match the 50  feeding microstrip transmission 
line width. The right handed inductor was specified by the 
patristic inductance of the whole cell length. The design of 
the proposed MIMO antenna was validated by studying the 
scattering parameter magnitudes. As shown in Fig. 4(a), the 
antenna operates at 5.8 GHz at which the return loss is 
lower than –10 dB approximately; similar results for patch 
MIMO antenna are observed. On the other hand, the mu-
tual coupling of the half mode MIMO antenna in terms of 
the transmission coefficient S21 magnitude equals –21 dB 
as shown in Fig. 4(b) whereas it is –12 dB in patch MIMO 
antenna. Compared to the proposed half mode CRLH 
MIMO antenna, we can claim that the proposed configura-
tion has 9 dB enhancements in the isolation between the 
two output ports.  

3. Half Mode CRLH MIMO Antenna 
Performance 
The evaluation performance of the half mode CRLH 

MIMO antenna is done by investigating the envelope cor-
relation, the diversity gain, and total active reflection coef-
ficient (TARC). When the correlation between two antenna 

elements is low, the diversity gain is high and vice versa. 
Therefore, the correlation between two antenna elements 
has to be as low as possible to achieve high performance in 
MIMO system. The envelope correlation of stub free 
MIMO antenna is shown in Fig. 5. It is noticed that the 
envelope correlation coefficient equals 0.02 (–34 dB) at 
5.8 GHz. The relationship between the envelope correlation 
and the diversity gain has been calculated as [35] 
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 10 1Gapp    where e  . (7) 

The diversity gain of the stub free MIMO antenna is 
illustrated in Fig. 6. It is clear that the diversity gain of the 
antenna equals 9.89.  

The last parameter used to measure the performance 
of the MIMO antenna is TARC. TARC is defined as the 
ratio of the square root of the total reflected power divided 
by the square root of the total incident power. The TARC 
meaning can be defined as the return loss of the whole 
MIMO antenna elements. The TARC has been calculated 
from the scattering parameters of a two antenna elements 
as [35] 

 
Fig. 4. The scattering parameter magnitudes of simulated 

results of half mode CRLH MIMO antenna and patch 
MIMO antenna: (a) S11, (b) S21. 
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Fig. 5. The envelope correlation coefficient of the half mode 

CRLH MIMO. 

 
Fig. 6. The diversity gain of the half mode CRLH MIMO 

antenna. 

 
Fig. 7. The TARC of the half mode CRLH MIMO antenna. 
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where θ is considered variable angle which is related to the 
phase of excitation signal. A random phased excitation 
vectors have been used to calculate average TARC and the 
MIMO channel is assumed to be Gaussian and multipath 
spread in the propagation channel. TARC is calculated at 
each random phase between 0° and 180°. However, only 
two phases 0° and 180° are demonstrated as shown in 
Fig. 7. It is obvious that from Fig. 7 the two MIMO anten-
nas demonstrate the same TARC with two used phases 0° 
and 180° which equals –18 dB. 

4. Experimental Results 
The photograph of the fabricated MIMO antenna 

printed on FR4 substrate is shown in Fig. 8. The simulated 
and measured scattering parameter magnitudes are shown 
in Fig. 9. It is clear from the simulated results that the 
return loss is more than –10 dB and the mutual almost  
–21 dB. The measured results illustrate that there are small 
frequency shifts between the measured and simulated 
results. The return loss is 13 dB at 5.9 GHz and the mutual 
coupling equals –15 dB. The small shift in frequency be-
ween the simulated and measurement results is due to the 

 
Fig. 8. Photograph of the fabricated half mode CRLH MIMO 

antenna. 

 
Fig. 9. The simulated and measured scattering parameter 

magnitudes of the half mode CRLH MIMO antenna: 
(a) S11 results, (b) S21 results. 
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                        (a)                                                        (b) 

  
                        (c)                                                        (d) 

Fig. 10. The simulated and measured directive gain of half 
mode CRLH MIMO antenna at 5.8 GHz:  
(a) E plane at port 1, (b) H plane at port 1,  
(c) E plane at port 2, (d) H plane at port 2. 

imperfection of full wave simulation conditions and the 
fabrication accuracy which cannot be totally avoided. 
However, it can be still considered a good agreement be-
tween the simulated and measured results is achieved. 

The measurements of antenna radiation pattern have 
been done inside an anechoic chamber. The simulated and 
measured directive gain pattern in both E (XZ) and H (YZ) 
planes of the half mode MIMO antenna are shown in 
Fig. 10. This was obtained assuming the excitation at port 1 
and port 2, respectively, while other port is matched. It is 
obvious that a good agreement is achieved between the 
measured and simulated results. Finally, we can conclude 
that the introduced antenna patterns confirm that the pro-
posed antenna can be used for various wireless communi-
cation applications. The simulated efficiency of the pro-
posed antenna equals 45%. This relatively small efficiency 
is due to the compact microstrip size and losses introduced 
by the used FR4 substrate.  

5. Conclusion 
A design of a mu-negative half mode CRLH MIMO 

based antenna has been introduced. The MIMO antenna 
consists of two antenna elements which operate at 5.8 GHz 
for wireless applications. The distance between the edges 
of two antenna elements has been achieved to be only 
0.034 0. Also, less than –20 dB mutual coupling between 
two antenna elements has been achieved with current re-
versal and without using any extra complicated structure. 
The proposed MIMO antenna has the advantage of com-
pactness (its size is only 2.6 × 2.6 cm2). A good agreement 
has been achieved between simulated and measured results. 
The retrieved MIMO performance parameters proved low 
correlation coefficient, high diversity gain and small 
TARC. 
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