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A New Compact Wideband MIMO Antenna
– The Double-sided Tapered Self-grounded

Monopole Array

Ali Al-Rawi, Ahmed Hussain, Jian Yang, Magnus Franzén,
Charlie Orlenius, and Ahmed A. Kishk

Abstract—We present a new compact wideband MIMO (multi-
ple input multiple output) antenna – the double-sided 4-port arm-
tapered self-grounded monopole array, briefly referred to as the
butterfly antenna, in the paper. The antenna is very compact with
low correlation between ports and high diversity gain. The genetic
algorithm optimization scheme has been employed in the design.
Simulation results have been verified against measurements. The
measured reflection coefficients at all ports are below -7 dB over
0.5–9 GHz and below -4.5 dB over 0.4–0.5 GHz and 9–15 GHz.
The measured correlation coefficients are below 0.4 over 0.4–
15 GHz and lower than 0.1 in most of the frequency band.
This new MIMO antenna is developed as a transmit antenna
in reverberation chambers, and we believe that it will find more
applications in other systems, such as micro base station antennas
in wireless communication systems.

Index Terms—MIMO antenna, UWB antenna, self-grounded
antenna, embedded radiation efficiency, correlation, genetic al-
gorithm optimization.

I. INTRODUCTION

MIMO (multiple input multiple output) technology has
played an important role in wireless communication systems,
because it can increase the data throughput and link range sig-
nificantly without additional bandwidth or increasing transmit
power [1], [2].

MIMO antennas are crucial devices in MIMO systems.
Therefore, evaluation of a MIMO antenna by measurement
is very important. Among many measurement technologies,
the reverberation chamber (RC) has become popular during
recent years.

An RC is basically a metal cavity, large enough to support
many resonant modes in it. It has been used for EMC (elec-
tromagnetic compatibility) testing for decades. Recently, it has
been also developed as a measurement instrument for charac-
terization of small antennas used in multipath environments
that can be emulated inside an RC [3].

In order to have a wideband MIMO performance measure-
ment of a multiport antenna by using the RC technology, the
chamber antenna in an RC must be a multiport one with a
wideband performance. Together with the multiport antenna
under test, a MIMO system can be emulated in the RC.

The existing Bluetest RC antenna is a 3-monopole cube
antenna operating over 0.7–8 GHz. Since many wireless
systems operate at a frequency down to 0.4 GHz, and our
research for radio telescope antennas covers the frequency
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Fig. 1. Modeling process of the MIMO antenna in CST: (a) self-grounded
shape; (b) intersection of tapered geometry with self-grounded shape to
make tapered arm; (c) self-grounded tapered monopole; (d) replication and
distribution of the monopole to form the MIMO antenna.

band up to 15 GHz [4], [5], an RC operating over 0.4–15
GHz is under construction.

The purpose of this work is to develop a MIMO chamber
antenna covering 0.4–15 GHz used in RCs, with a compact
geometry, high efficiency, a low correlation between ports and
a low cost for production.

Many MIMO antennas have been developed for different
application scenarios. MIMO dipole arrays in a three dimen-
sional (3D) arrangement were reported in [6], [7]. Planar E-
shaped MIMO antennas were proposed in [8], [9]. Similar
concept but with ultra-wideband performance was reported in
[10]. Planar spiral antennas with circular polarization were
proposed as wideband MIMO antennas in [11].

The proposed MIMO antenna in this paper, the double-sided
self-grounded monopole array, is based on the self-grounded
bow-tie antenna in [12]. The present MIMO antenna has a 3D
arrangement in order to have a large radiation coverage with a
compact size and at the same time a low correlation between
ports over the ultra-wideband of 0.4–15 GHz.

A brief report on the current work was presented in [13],
while in this paper a detailed description on the design with
more simulation and measurement results, especially the RC
measurement on radiation performance and diversity gain, is
presented.

II. MODELING AND OPTIMIZATION

The concept of the proposed antenna is inspired by the
self-grounded bow-tie antenna in [12]. In order to have a
multiport antenna with a minimum size and a simple feeding
structure, a self-grounded monopole is proposed, and four
replicas are distributed on both sides of the ground plane to
form a MIMO antenna – the double-sided arm-tapered self-
grounded monopole array.

The design concept of the MIMO antenna can be described
briefly as follows. When placed vertically above a ground
plane, a tapered flat monopole has a similar wideband charac-
teristic to a bicone monopole [14]. In this work, we need four
monopoles close to each other with low correlations between
them, which is not possible for conventional monopoles. To
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Fig. 2. Geometry parameters of the antenna: (a) top view; (b) side view.

achieve the required low correlations, the antennas need to be
arranged orthogonally to each other. Thus, the following steps
are carried out. The tapered flat monopoles are bent with a
tilted angle connected to the ground plane, which removes
the discontinuities at the arm ends and helps increasing the
bandwidth. Two such monopoles are located opposite to each
other, and cut to half (at the position of the straight edges
that is equivalent of having H-plane cut), which makes the
outer edges of the two monopole almost orthogonal in the 3D
space (note the tilted arms). This orthogonality makes nearly
orthogonal surface currents flowing on each monopole.

In this work, we used the genetic algorithm optimization
(GA) scheme [15] together with a commercial EM solver, CST
Microwave Studio [16], to achieve a wideband performance.
We are working at the moment on the theoretical modeling
and analysis of its working mechanism, and the result will be
reported in a future publication.

The modeling procedure in CST Microwave Studio can be
described as follows. 1) The self-grounded shape is created by
intersection of a cylinder to an inclined plane; see Fig. 1(a). 2)
The tapered arm of the monopole is modeled by intersection of
a cylinder with the self-grounded structure, where the cylinder
is made by two circular cylinders of different radii to make
different tapering curves; see Fig. 1(b). 3) Then it forms the
self-grounded monopole; see Fig. 1(c). 4) The monopole is
replicated by mirroring to the ground plane and rotating with
axis to have 4 such monopoles; see Fig. 1(d). A discrete
port definition is used in CST model during optimization
procedure.

Another basic thought behind this array arrangement is to
make the radiation patterns of the four antennas different

Fig. 3. Manufactured prototype of the proposed MIMO antenna (left), the
bending problem of the feeding pins due to the force applied by the antenna
arms (top-right), and dimensions of the impedance microstrip line transformer
(bottom-right).

(radiating into different directions) with different polarizations,
so that the radiation pattern diversity and polarization diversity
of the MIMO antenna can be maximized. The simulated and
measured diversity gains presented in Sect. IV have verified
our thought.

The geometry of the antenna is defined by the parameters
of (L1, L2, R1, R2,W, S,D,wc, θ), as shown in Fig. 2.

The optimization goal is to minimize both the reflection
coefficients of ports and the mutual couplings between them
over 0.4–15 GHz, where the cost function values are the
highest reflection coefficient of all ports and the highest mutual
coupling between them over the band. Therefore, we have
a two-objective optimization. The GA Matlab code is based
on our previous work in [17], [18]. The initial population of
300 chromosomes is created randomly. Then, a dominating
sorting of 15 best chromosomes in each generation produces
an elite group of 45 chromosomes for the next generation.
Optimization was converged after 5 generations.

When we evaluate the reflection coefficient S11 in CST,
a port impedance for the discrete port must be decided. A
subroutine is implemented in our GA Matlab program so
that a search for an optimal port impedance is performed
for each chromosome (an individual case of the antenna) to
obtain the minimum S11 over the whole frequency range. It
was found that the optimal port impedance (or the nominal
port impedance) of the antenna is between 130–135 Ohms.
Therefore, the port impedance of 135 Ohms is decided.

The final optimized antenna, with its dimension parameters
listed in Table I, has a total size of 250×250×175 mm3, only
40% of the volume of the previous monopole cube antenna.
This size corresponds to 0.33 × 0.33 × 0.23λ3

max, a very
compact MIMO antenna, where λmax is the wavelength at
the lowest operating frequency (0.4 GHz) of this antenna.

Since the optimal port impedance of the antenna is 135
Ohms, an impedance transformer from 135 Ohms to 50
Ohms is needed. The microstrip line impedance transformer
on Rogers RT5880 board was chosen due to its wideband
performance and low Ohmic loss, and the design was done by
parametric study. The geometry and the dimensions of the final
design of the wideband microstrip line transformer are shown
in Fig. 3: a feeding pin inside a Teflon cylinder is connected
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Fig. 4. Measured reflection coefficients of the MIMO antenna.

to the antenna arm above the ground plane at one end and to
the microstrip line under the ground plane through a hole at
the other end, and then the width of the microstrip line for
135 Ohm characteristic impedance is changed linearly to that
for 50 Ohm characteristic impedance.

TABLE I
DIMENSIONS OF THE OPTIMIZED MIMO ANTENNA

Parameter Value (mm) Parameter Value (mm)
L1 250 L2 116
R1 79.5 R2 30
S 20.23 W 4.7
D 87.5 Wc 15.5
θ 55◦

III. SIMULATED AND MEASURED RESULTS

Now, we present the simulated and measured results for final
design. The manufactured prototype of the proposed MIMO
antenna is shown in Fig. 3.

A. Reflection Coefficient

The measured reflection coefficient of the antenna is shown
in Fig. 4 (the simulated one can be found in [13]). It is found
that the measured data has some degradation (below -4.5 dB)
above 9 GHz compared to the simulated one. The reason for
this is that the feeding pins were bent undesirably by the force
from the monopole arms; see the top-right part in Fig. 3. We
are looking for a better mechanical solution to it. Nevertheless,
from the figure, we can see that the present antenna has much
better performance than the previous monopole cube antenna,
especially at low frequencies.

B. Mutual Coupling

Fig. 5 shows the measured mutual couplings between ports,
which are below -15 dB in the frequency band of 0.4–15 GHz
and better than -20 dB in most of the band.
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Fig. 5. Measured mutual Couplings of the MIMO antenna.

C. Polarization Balance

As mentioned in the previous section, one reason that
the configuration of the four self-grounded monopoles is
arranged in this way is to have a polarization balance (having
two orthogonal components of the E-field) in all radiation
directions for a better polarization diversity. We define here
the polarization balance Bpol(θ, φ) as

Bpol(θ, φ) =

∑4
i=1 |Eθ(θ, φ, i)|2∑4
i=1 |Eφ(θ, φ, i)|2

, (1)

where Eθ(θ, φ, i) and Eφ(θ, φ, i) are the θ and φ components
of the E-field in direction of (θ, φ) when port i is excited
and all other ports are terminated, respectively. The value of
a perfect polarization balance is 0 dB. In order to present this
performance better in the paper, we define the maximum and
the minimum of Bpol over θ ∈ (0◦, 180◦) in a φ plane as

Bpol max(φ) = argmax
θ∈(0◦,180◦)

Bpol(θ, φ) ,

Bpol min(φ) = argmin
θ∈(0◦,180◦)

Bpol(θ, φ) .
(2)

Fig. 6 shows the values of polarization balance in three planes
(φ = 0◦, 45◦, 90◦) of the present MIMO antenna, based on
simulated far-field functions over the frequency band (0.4–15
GHz). It can be seen that over the most of frequencies, the
polarization balance is between -5 and 5 dB, a good balance
over the two orthogonal components.

D. Reverberation Chamber Measurement

It is quite time consuming and laborious to measure the
far-field function of a MIMO antenna over the whole space in
an anechoic chamber. The reverberation chamber, by contrast,
provides a fast assessment of the radiation performance for
MIMO antennas with a reasonable accuracy. Therefore, we
conducted the RC measurement, instead of anechoic chamber,
in this work. The used RC has a size of 1.9 × 2 × 1.4 m3

and provides a measurement accuracy of ±0.5 dB standard
deviation over 0.7–8 GHz [3]. For the frequency range of 0.4–
0.7 GHz, no verified accuracy data is available for this RC
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Fig. 6. Calculated polarization balance of the present MIMO antenna.

at the moment. Nevertheless, we still did the measurement
evaluation over 0.4–0.7 GHz with this RC. A larger RC is
now being under construction to cover the frequencies down
to 0.4 GHz.

E. Radiation Efficiency

The total embedded radiation efficiencies measure both the
Ohmic loss in the conductive and dielectric parts of the antenna
structure and the power loss coupled or absorbed by all ports
(Note including input port), which can be expressed for port
i(i = 1 · · · , N) by

etotembrad(i) =
Prad(i)

Pin(i)
, (3)

where Prad(i) and Pin(i) are the radiated power from the
antenna and the input power to port i, respectively, when only
port i is excited and all other ports are terminated with loads.
We have also

etotembrad(i) = edecoupling(i) eembrad(i) ,

edecoupling(i) = 1−
N∑
j=1

|Sji|2 ,
(4)

where edecoupling(i) accounts for the power loss absorbed by
all ports, eembrad(i) accounts for only the Ohmic loss of the
antenna structure, Sji is the S-parameter between ports i and
j. Then, we have

eembrad(i) =
etotembrad(i)

edecoupling(i)
. (5)

Fig. 7 shows the simulated and measured embedded radiation
efficiencies for all ports. The simulated embedded and total
embedded radiation efficiencies are better than -0.35 dB and
-1 dB over 0.5–15 GHz, respectively. The measured embedded
radiation efficiency is higher than -0.9 dB over the whole
test band of 0.5–8 GHz, and higher than -0.5 dB in most of
the band. The measured total embedded radiation efficiency is
higher than -1.6 dB over the whole test band and better than
-1 dB in most of the band. There is a discrepancy between
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Fig. 7. Embedded radiation efficiencies of the MIMO antenna: (a) calculated
based on measured S parameters; (b) measured by using RC.

measurement and simulation, especially at low frequencies.
The reason is, we believe, that the chamber used in this
work does not have a size large enough for the frequency
range below 0.7 GHz. This means that there are not enough
numbers of the independent modes inside the chamber at the
low frequencies, which leads to a less accurate measurement.

F. Correlation Coefficient

Fig. 8 is for the measured magnitude of complex corre-
lation coefficients against the calculated one. The calculated
correlations are obtained by using formula (4) in [19] and
(11) in [20] based on the simulated S-parameters and the
simulated radiation efficiencies, where the Ohmic loss of the
antenna has been taken into account. The calculated values
are below 0.33 and 0.14 over 0.4–0.5 GHz and 0.5–15 GHz,
respectively. The measured correlation is conducted in the RC
directly based on its definition. The measured values are below
0.4 over 0.4–0.7 GHz and below 0.1 over 0.7–8 GHz. The
difference between measurement and computation is observed
to be about 0.1 at the low frequencies, which is considered
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Fig. 8. Magnitude of complex correlation coefficients of the MIMO antenna:
(top) simulated by ViRM-lab; (bottom) measured by RC.

to be a good agreement. From the figure, it can be also seen
that the repeatability of the measurement is good, since the
measured correlation coefficients between all ports are always
higher than the simulated one with an almost certain value
of 0.1 at 0.4 GHz. On the whole, the signals received by
this multiport antenna have low correlation, indicating a good
diversity performance.

G. Apparent Diversity Gain

Fig. 9 shows the measured and simulated apparent diversity
gain with maximal ratio combining (MRC) scheme for the
proposed antenna, used as a 2-, 3-, or 4-port MIMO antenna.
The simulation was done by using a ray-based simulation
tool called ViRM-lab [21]. A set of 20 incoming waves with
a Rayleigh distributed amplitude and uniformly distributed
phase, polarization and angle of arrival (AoA) over the whole
space was used in the simulation. The CST simulated em-
bedded far-field functions for all ports were exposed to one
set of these incoming waves in ViRM-lab, which results in
one voltage sample at each antenna port. The cumulative
distribution function (CDF) [22] was obtained by collecting
100,000 voltage samples at each antenna port by applying
100,000 such sets of the randomly incoming waves in the
simulation. The cumulative distribution function (CDF) can
be also obtained directly by the measurement of the antenna
in the RC [23]. Based on the simulated and measured CDFs, as
shown in Fig. 10, the simulated and measured diversity gain of
the antenna with MRC scheme were evaluated according to the
definition. The simulated and measured diversity gains agree
well overall with each other. The apparent diversity gain is
about 11 dB, 15 dB and 17 dB for the 2-, 3- and 4-port MIMO
antenna, respectively, stating a good MIMO performance.

IV. CONCLUSION

The proposed MIMO antenna has a very compact size, high
embedded radiation efficiency, low correlation between the
ports and stable diversity gain over a wide band. In addition to
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Fig. 9. Measured and simulated apparent diversity gain with maximum ratio
combining technique (MRC).

the use in reverberation chambers, we believe that this antenna
will find more applications in other MIMO systems.

This antenna is protected by a pending patent [24].
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