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Abstract—A novel compact four element multiple input multiple
output (MIMO) antenna is proposed. The antenna is composed of
four E-shaped patch elements and operates at 5.8 GHz. The single E-
shaped patch antenna, operate at this frequency is designed using the
Invasive Weed optimization algorithm. This algorithm is then applied
to design the selected orthogonal polarization arrangement for two and
four element MIMO antenna for high degree of isolation. In order to
measure the array performance under MIMO signaling conditions a
multi-port metric is used to characterize the compact array rather
than the scattering matrix characterization. The designed antennas
have low profile, easy fabrication, low cost and good isolation. The
simulation and measurement results of reflection coefficient, mutual
coupling and radiation pattern are presented.

1. INTRODUCTION

Multi-Input Multi-Output (MIMO) antenna systems have attracted
considerable interest as an effective way of improving reliability and
increasing the channel capacity [1]. MIMO antennas are suitable for
the 4th generation mobile communication systems requiring high speed
and high quality transmission involving large amount of data transfer.
Wireless LAN systems that employ MIMO technology and achieve data
transmission speeds of greater than 100 Mbits/sec have been reported
in [2]. The use of MIMO technology in small terminals causes high
degree of coupling and spatial correlation between antenna elements
thus affecting the MIMO channel capacity.
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The primary aim of MIMO antenna design is to reduce correlation
between received signals. A significant parameter for the correlation is
the mutual coupling since it may marginally change the performance
of the system especially at the receiver end. Mutual coupling describes
the electromagnetic interactions that exist between antenna elements
of an antenna array. One consequence of these interactions is the
distortion of the radiation pattern of each element of the multi-element
system compared to the radiation pattern of each isolated element.
Higher mutual coupling may result in lower antenna efficiencies and
higher correlation coefficients. The effect of mutual coupling on
capacity of MIMO wireless channels is studied in [3]. One of the most
critical parameter affecting mutual coupling and correlation is due to
spacing between the elements, spatial diversity. Analytical studies have
shown that for minimal or no mutual coupling, the distance between
typical antenna elements needs to be at least half wavelength [4].
A dual-element planar inverted-F antenna (PIFA) array operating at
5.2 GHz is reported in [5,6] to obtain an isolation better than 28 dB
and correlation less than 0.01. This was obtained with a separation
between elements of 20 mm equivalent to 0.35\ which is less than half
wavelength. A dual-element PIFA operating at 2.5 GHz is studied in [7]
with separation between elements at 20 mm resulting in an isolation of
better than —20dB. [8,9] report the design of a novel compact 2 and
4 elements triband PIFA (at 2.45, 5.2 & 5.8 GHz) for use in portable
MIMO enabled devices. Good results were obtained for the 2 element
array but for the 4 element array with spacing set at 8 mm leads to
some —7 dB isolation at 2.45 GHz.

The second parameter that can affect the correlation between
the received signals is the radiation pattern of the antennas, pattern
diversity. = The implementation of a combination of orthogonal
radiation pattern antennas, which leads to low antenna correlation
characteristics in a compact configuration, is given in [28].

The third parameter that affects the correlation between the
received signals is the polarization of the antennas, polarization
diversity. A small three-port MIMO antenna with low profile (the
size of a PCMCIA card) is reported in [10] that employs a modified
inverted F antenna with an H-shaped conductor plate for the vertical
polarization and two orthogonal notch antennas for the horizontal
polarization (different patterns and polarizations) leading to low
spatial correlation with coupling level less than —11.5dB. The effects
of spatial and polarization diversity on mutual coupling, correlation
coefficient and total active reflection coefficient (TARC) of a MIMO
array is analyzed in [11]. In that paper pattern and polarization
diversity are shown to lead to better results even in the case where
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space is limited.

This paper, based on orthogonal polarization diversity, introduces
a new low profile four channel MIMO antenna with good isolation and
simple to fabricate. The antenna element is in the shape of a E and
its dimensions are obtained through the Invasive Weed optimization,
IWO algorithm [12].

Section 2 details the architecture of IWO algorithm. Section 3
utilizes the optimization of the E-shaped patch antennas to illustrate
the IWO concept which represents the optimizations in a 5-D solution
space. In Section 4, a configuration of two element E-shaped patch
MIMO antenna is proposed. Orthogonal polarization arrangement
is selected to lower the correlation between two antenna elements.
In order to study the performance of the MIMO antenna, mutual
coupling and total active reflection coefficient are considered. The
results of the optimal antenna is presented and discussed. In Section 5,
four-element antenna array is designed using a pair of two-element
antenna array. This four channel MIMO antenna is optimized through
IWO algorithm to have good reflection coefficient and isolation. The
proposed optimized antenna is fabricated and results are obtained.
The simulated results show reasonable agreement with the measured
results.

2. INVASIVE WEED OPTIMIZATION (IWO)
ALGORITHM

Recently, in the literature there has been a considerable attention
paid to algorithms inspired from natural processes in order to solve
an antenna optimization problem. Genetic algorithm [13-17], particle
swarm optimization [18-21] and ant colony [22,23] are such methods
that have already been used.

Another algorithm is the Invasive Weed Optimization that was
first proposed by Mehrabian and Lucas [12] in dynamic and control
system theory.

IWO is a novel numerical stochastic optimization algorithm
inspired by colonizing weeds. In [12], IWO is compared with
genetic algorithms (GAs), memetic algorithms (MAs), particle swarm
optimization (PSO), and shuffled frog leaping (SFL). The experimental
studies suggest that results from IWO are as good as (in some
cases are better than) results from other methods. It is shown in
simulations that the proposed algorithm can capture properties of
colonizing weeds fairly well and is capable of finding desired minima
very fast in comparison with other stochastic search algorithms. As
an optimization algorithm, it has the additional desirable properties
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of capability to deal with complex and non-differentiable objective
functions and escapes from local optima. In conclusion, the
performance of IWO is comparable with other evolutionary algorithms
and TWO results are satisfactory for all test functions.

The feasibility, efficiency and effectiveness of the proposed
algorithm for optimization of antenna problems were then examined

Initial random population of weeds

No: number of population
Xo....Xp: location of weeds

Complete Enough

Iterations?

Evaluate fitness of each weed v

END

A 4

Reproduction respect to
fitness values

I

Distribution of generated

seeds over solution space

maximum number

of plants?

Eliminate weeds with lower

fitness

Figure 1. Flow chart depicting the IWO algorithm.
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in [24] for a set of antenna configurations. In this paper, we will use
the IWO algorithm to design the proposed antenna configuration. The
basic steps towards the use of IWO as suggested by [12] are shown
pictorially in Fig. 1.

3. IWO OPTIMIZATION OF SINGLE E-SHAPED PATCH
ANTENNA

3.1. Antenna Geometry and Optimization Setup

E-shaped patch antenna is made by cutting two rectangular shaped
slots on the edge of a rectangular patch. The configuration of an E-
shaped patch antenna is shown in Fig. 2. The geometrical parameters
are also labeled in the figure. The antenna is fed by a 50 ) coaxial probe
through a SMA connector at position z = 3.4mm. The ground plane
is fixed at 25 mm X 25 mm, and a 3.2-mm-thick Rogers RT/duroid5880
substrate is used. The IWO algorithm is then applied to optimize the
E-shaped antenna in order to have the best impedance matching at
resonant frequency of 5.8 GHz.

Table 1. IWO parameters values for E-shaped patch antenna.

Symbol Quantity Value
NO Number of initial population 5
Ttax Maximum number of iterations 220
Dim Problem dimension 3
Puax  Maximum number of plant population 15
Snax Maximum number of seeds 5
Smin Minimum number of seeds 0

n Nonlinear modulation index 3

Cinitil Initial value of standard deviation 3

O final Final value of standard deviation 0.001
Lini Initial search area 0.02X to 0.4\

To start the optimization process, we should pick the parameters
that need to be optimized and give them a reasonable range in which
to search for the optimal solution. This requires specification of the
minimum and maximum values for each dimension in a 5-dimensional
optimization. This is referred to as L;,;. Then a good function must be
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Figure 2. Configuration of an E-shaped patch antenna.

chosen, which accurately represents, in a single number, the goodness
of the solution. In this problem, the shape of the E-patch is the solution
and as shown in Fig. 2, the geometrical parameters to be optimized
are: the patch length L, the patch width W, the slots length Lg, the
slots width Wy and the position of slot Ps. For single E-shaped patch
antenna, the return loss at the desired frequencies is optimized (i.e.,
the fitness function) using f = max(|S11|, at f = 5.8 GHz). Setup of
IWO algorithm for minimization of this function is specified in Table 1.
To maintain the E-shaped structure, the following conditions must also
hold as the additional geometrical restrictions

Ls; < L The slot can not cross the patch. (

Py = W4/2 The central stub must be exist. (

P, +Ws/2 < W/2 The top and bottom stubs must exit. (3
(

L
X, + 3 > Ls The feed can not go beyond the patch.

Equations (2)—(5) completely defines the boundary of the solution
space.
3.2. Optimization Results

The optimized geometric parameters obtained are listed in Table 2.
Figs. 3 and 4 illustrate the convergence results of the optimization.
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Table 2. Geometrical parameters of the optimized E-shaped patche
antenna (Unit: Millimeters).

Parameter L w Ls Ws Ps
Single E-shaped patch antenna 15.75 14.25 6.33 3.39 3.06
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Figure 3. Simulated Sj; curve of the optimized E-shaped patch
antenna. Antenna resonates at f = 5.8 GHz.
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Figure 4. Convergence results of E-shaped patch antenna designs. (a)
Variations of length of patch versus iteration number. (b) Variations
of position of slot versus iteration number.
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Figure 5. Simulated Sj1 curve of the optimized E-shaped patch
antenna. Antenna resonates at f = 5.8 GHz.

The simulated S1; curve by CST and HFSS is shown in Fig. 5. As can
be seen from this figure, the antenna resonates at 5.8 GHz, so the goal
of optimization has been satisfied. Fig. 6 shows the radiation pattern
of the optimized E-shaped patch antenna.

4. TWO-ELEMENT MIMO ANTENNA

An E-shaped patch antenna is relatively robust to influence from
another nearby E-shaped antenna. This makes it an ideal candidate
for use in compact array designs. In this paper, a two-element
antenna array configuration is proposed in Fig. 7 using the two antenna
elements of Fig. 2. In order to have orthogonal polarization, the two
antennas have been arranged at 90 degree angle to each other. The
E-shaped antenna array elements are separated by 7mm (0.13)\) and
dimensions of the E-patches are determined so that they satisfy the
goal of optimization. Since it is for two and four element antenna array,
our design goal is to improve the isolation between antenna’s ports, the
fitness function in the IWO algorithm should contain mutual coupling
between array elements. The mutual coupling between the antennas
can be obtained from S;; of the scattering matrix. The scattering
matrix does not accurately characterize the radiation efficiency and
bandwidth of a MIMO antenna [13]; instead of S matrix, the array’s
Total Active Reflection Coefficient (TARC) can be used so that it
accounts for both coupling and random signal combination. TARC is
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Figure 6. Radiation pattern of the optimized E-shaped patch
antenna.
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Figure 7. Proposed configuration of two-element E-shaped patch
antenna array.

defined as the ratio of the square root of total reflected power divided
by the square root of total incident power [26]. The TARC for a lossless
N port antenna can be described as

N N
= S P / S Jail? (5)
i=1 =1
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where a; is the incident signal vector with randomly phased elements
and b; is the reflected signal vector. An array’s TARC is calculated by
applying different combinations of excitation signals to each port.

Table 3. Geometrical parameters of the optimized four element
MIMO antennas (Unit: Millimeters).

Parameter L w Ls Ws Ps
Two-element MIMO antenna 15.73 14.77 4.97 5.82 2.50
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Figure 8. Simulated scattering parameters for the two-element E-
shaped patch antenna array.

The optimized geometric parameters obtained are listed in
Table 3. Fig. 8 represents the calculated scattering matrix of the two
element antenna array. The resulting array has resonant frequencies at
5.8 GHz with bandwidths of 280 MHz and good isolation. Fig. 9 shows
the simulated co-polarization and cross-polarization far-field patterns
of a MIMO array.

5. FOUR-ELEMENT MIMO ANTENNA

In this section we realize four-element MIMO antenna by using 2-
element E-shaped patch antenna arrays as shown in Fig. 10. Fabricated
MIMO antenna is shown in Fig. 11. The separation between the
edges of the elements is 7mm and between their centers is 22 mm.
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Figure 9. Radiation patterns of the optimized two-element E-shaped
antenna array. (a) Portl is excited. (b) Port2 is excited.

Figure 10. Proposed two different types of four channel MIMO
antenna.

As the resonant frequency shifts by adding two more elements, the
IWO algorithm is applied to optimize the E-shaped antenna in order
to have the best impedance matching at resonant frequency of 5.8 GHz.
Also, the fitness function should contain TARC parameter.

Table 4. Optimized geometric parameters.

Parameter L w Ls Ws  Ps
Four-element MIMO antenna 15.68 13.04 8.08 1.79 2.29

The optimized geometric parameters obtained are listed in
Table 4. The first row of the scattering matrix of the four element
array is illustrated in Fig. 12. The results at 5.8 GHz are indicative
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Figure 11. Photograph of the fabricated compact four element MIMO
antenna.
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Figure 12. Simulated and measured scattering parameters for the
four-element E-shaped patch antenna array.

of an array with excellent return loss and isolation. This figure shows
that coupling between each two elements is below —22dB at 5.8 GHz.
Fig. 13 shows the calculated TARC for the two and four element
antenna arrays. It is apparent in this figure that at the 5.8 GHz band
the TARC value is lower than —25dB. A comparison of the TARC
in two curves shows that TARC dose not change with increase in the
number of elements. Due to the low coupling between the elements, a
high radiation efficiency (high TARC) is expected at the 5.8 GHz band.

The correlation coefficient is usually calcuated from the 3-
dimensional radiation patterns [26]. However, this process requires
complex and advanced calculation. Recent studies show that in some
cases, such as the uniform random field case, the correlation coefficient
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Figure 13. Simulated TARC two and four-element E-shaped patch
antenna array.
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Figure 14. Simulated correlation coefficient of four-element E-shaped
patch antenna array.
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Figure 15. (a) Simulated and (b) measurement Radiation pattern for
antenna 1 of the optimized four-element E-shaped patch antenna.

patch antenna array is shown in Fig. 14. Fig. 15 shows the simulated
and measured co- and cross-polarization far-field patterns of a MIMO
array in x-z plane.

6. CONCLUSIONS

In this paper, a novel Invasive optimization algorithm is applied in
MIMO antenna designs. First, the IWO algorithm was tested by
designing E-shaped patch antenna. The design criterion was to obtain
satisfactory antenna return loss and bandwidth. The procedure and
results of the optimizations show that the weed optimizer is able to
achieve the optimum design for specified antenna performance in an
effective manner. Subsequently the algorithm was utilized to design
two-element E-shaped patch antenna array.

The results obtained show that the antenna polarization is more
important than the separation distance when the ground size is small
and the two antennas are located in the array. The measured results
of the optimized four-port E-shaped MIMO antenna agree well with
the simulation results. The proposed antenna has low profile, good
radiation characteristics and enough wide bandwidth to cover 20 MHz
which is required for the WLAN system. This MIMO antennas
show about —22dB mutual coupling in arrays with 0.13)\ separation.
Although the proposed antenna has good potential for MIMO designs
due to its robustness to coupling, its size in comparison to PIFA-like
antennas is a drawback for compact MIMO design.
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