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Abstract: This work presents a new technique for enhancing the performance of a multiple-input
multiple-output (MIMO) antenna by improving its correlation coefficient ρ. A broadband dielectric
structure is designed using the transformation electromagnetics (TE) concept to decorrelate the fields
of closely placed radiating elements of an MIMO antenna, thereby decreasing ρ and mutual coupling.
The desired properties of the broadband dielectric wave tilting structure (DWTS) are determined
by using quasi-conformal transformation electromagnetics (QCTE). Next, the permittivity profile
of the DWTS is realized by employing air-hole technology, which is based on the effective medium
theory, and the DWTS is fabricated using the additive manufacturing (3D printing) technique. The
effectiveness of the proposed technique is verified by designing two-element patch-based MIMO
antenna prototypes operating at 3 GHz, 5 GHz, and 7 GHz, respectively. The proposed technique
helped to reduce the correlation coefficient ρ in the range of 37% to 99% in the respective operating
bandwidth of each MIMO antenna, thereby, in each case, improving the isolation between antenna
elements by better than 3 dB, which is an excellent performance.

Keywords: correlation coefficient; multiple-input multiple-output (MIMO) antenna; transformation
electromagnetics; 3D printing; additive manufacturing

1. Introduction

The rapid evolution of wireless technology and the continuous demand for higher
channel capacities, as well as better link reliabilities, demand a continuous review and
upgrade of wireless standards. Multiple-input multiple-output (MIMO) is one such tech-
nology, which is constantly finding its way in the current and future wireless standards
mainly because it can offer better spectral efficiency and link reliability. MIMO systems
use multiple yet independent data streams between antenna elements at both transmitter
and receiver ends to meet these requirements within limited bandwidth and power [1].
Wireless communication standards, including WLAN, WiMAX, fourth generation (4G),
and fifth generation (5G), rely heavily on MIMO systems. These systems exploit the spa-
tial dimensions of the multipath propagation channels in two different ways, i.e., spatial
multiplexing or spatial diversity.

The diversity or multiplexing gain offered by a system depends upon the number of
uncorrelated channels formed between the transmitter and receiver. In order to reap the
benefits of an MIMO system, high port isolation and low correlation among channels are
essential [2]. The degree of correlation among the channels is mathematically represented
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by a parameter known as the correlation coefficient ρ. It is a function of the complex three-
dimensional radiation patterns of the MIMO antenna elements, as well as the propagation
environment. Normally, an isotropic propagation environment of balanced polarizations is
assumed for MIMO system operation, thereby making ρ solely a function of the radiation
patterns of the antenna elements [3]. Thus, the antenna plays an important role in an
MIMO system and, therefore, its design requires particular consideration. ρ is an important
performance metric of MIMO antenna design, since it determines the degree of correlation
that an antenna design will add to an MIMO system, thereby affecting its performance. A
low value of ρ indicates a good MIMO antenna design, which results in an overall good
performance of the MIMO system [2].

Computation of ρ is a tedious and expensive task since three-dimensional radiation
patterns (both magnitude and phase), in both polarizations, are required for each MIMO
antenna element. Hence, a much simpler expression has been proposed, which utilizes
the S-parameters of the MIMO antennas to evaluate ρ [4], providing a direct relationship
between the latter coefficient and the port isolation between the antenna elements. This has
led to the understanding that the use of isolation enhancement/port decoupling techniques
would help to lower the value of ρ [5–9]. As a result, subsequent works on MIMO antenna
design often focused on similar design strategies. However, later works [10,11] have
shown that, in general, the expression for ρ based on S-parameters is inaccurate and that,
consequently, increasing the port isolation may not guarantee a reduction in ρ. Nevertheless,
high port isolation and low mutual coupling between elements are still necessary to obtain
good radiation efficiency and improved signal-to-noise ratio of a propagation channel.

From the original formulation of ρ in [10], it is evident that the far-field radiation
patterns of the individual antenna elements are the factors that determine ρ. Keeping this
formulation in perspective, ρ can be reduced by adopting one of three different methods:
(a) decorrelating the phase of the electric fields of the two elements by placing the elements
far apart; (b) decorrelating the magnitude of the electric fields of the two elements by using
radiating elements whose beams are tilted in opposite directions; (c) decorrelating in terms
of polarization of electric fields of the two elements by aligning the elements orthogonally
to each other. According to the second method, a practical approach was proposed in [12],
in which a phase gradient partially reflective surface (PRS) was placed above patch-based
MIMO antenna elements in a Fabry–Perot cavity configuration. The technique caused
the radiation patterns of individual antenna elements to be tilted away from each other,
resulting in a considerable reduction in ρ. However, the drawbacks of this method are not
only the narrowband feature but also the increase in mutual coupling between the antenna
elements due to presence of the reflecting surface above them, which is not desirable.

This work presents a new technique for a simultaneous reduction in ρ and mutual
coupling by following the similar concept of tilting the radiation patterns of each of the
elements of a patch-based MIMO antenna away from each other. The concept was first
introduced briefly in [13], where an ideal all-dielectric device was numerically simulated.
This work further explains the practical realization of the ideal and proposed technique
using an all-dielectric polylactic acid (PLA) material. In this work, a broadband all-dielectric
device is designed to control the direction of the electromagnetics wave propagation. The
device is based on the concept of transformation electromagnetics (TE) and is fabricated
using 3D printing. The device reduces the pattern overlap when placed above the antenna
elements, operating at 3 GHz, 5 GHz, and 7 GHz, by tilting the beams away from each
other, which in turn decreases ρ. Moreover, the port isolation is also improved because of
the reduction in the field coupling and nonexistence of a cavity configuration. Thus, three
design benefits are achieved, as opposed to the configuration proposed in [12], where only
ρ is reduced at the expense of a decrease in port isolation.

The remainder of the paper is organized as follows: Section 2 describes the TE-based
methodology for designing the broadband dielectric structure for wave tilting. The first
part of Section 3 presents the design of all three two-element MIMO antennas. In the
second and third parts, we respectively present ideal and realistic PLA-based dielectric TE
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structures, designed by using the guidelines detailed in Section 2. The fourth part presents
the complete antenna systems with ideal and PLA-based TE structures. Section 4 presents
the simulated and measured S-parameters, radiation patterns, and correlation coefficient
results of the fabricated prototypes. Lastly, Section 5 concludes the paper with a summary
of the presented study.

2. Design Methodology

In order to reduce ρ, a simple approach consists of spatially decorrelating the far-
field radiation patterns of individual antenna elements within an MIMO antenna system.
According to the field-based formulation of ρ, this can be achieved by tilting the beams
of the individual antenna elements away from each other. Such a beam tilt for individual
elements of an MIMO antenna can be obtained by designing an all-dielectric structure
which has a varying permittivity profile. The relationship of the permittivity profile of the
structure and the required beam tilt is computed by using a systematic methodology of TE.

TE is a space-transformation technique, which is based on the form invariance of
Maxwell’s equations under coordinate transformation. This concept is useful for designing
devices to control the electromagnetic wave propagation within the material in a desired
manner by spatially varying the constitutive parameters of the material [14]. Essentially,
TE provides a unique approach to modify the field distribution or to mimic the spatial
transformation, by adjusting the variables of Maxwell’s equations [15]. The TE approach
involves two essential steps. First, the desired space deformation is achieved by applying a
specific coordinate transformation function to control the electromagnetic field distribution
in the device. Second, the material parameters of the device are determined to produce
the field distribution achieved by the coordinate transformation using the form invariance
property of Maxwell’s equations.

For antenna beam tilting, several coordinate transformation-based devices have been
reported in the literature [16,17], although the realization of most of them have turned out
to be challenging. This is because all of the nine tensor components of the permittivity
and permeability of the required material parameters of the transformed medium are both
anisotropic and spatially inhomogeneous. Furthermore, the TE approach does not provide
any insight into how to physically realize the desired material distribution. Exacerbating
the problem is the fact that typically all of the required permittivity and permeability
tensors dictated by the TE mapping have extreme ranges of values that are not found in
conventional materials. Artificially engineered subwavelength structures of metamaterials
have been widely used to achieve such ranges of values, but they limit the operational
bandwidth and performance of the TE device because of their highly dispersive nature.
Furthermore, their insertion loss is often in the unacceptable range.

To circumvent the problem, the relationship between spatial deformation and coordi-
nate transformation was proposed on the basis of Laplace’s equation [18], as opposed to
Maxwell’s equations. If Laplace’s equation is used with appropriate boundary conditions,
such as Dirichlet or Neumann, then the achieved mapping is quasi-conformal. It was
shown in [19,20] that quasi-conformal transformation electromagnetics (QCTE) mapping
can be used to overcome the difficulties with TE mentioned above, enabling the practical
realization of TE devices by using purely graded index dielectric materials that are quasi-
isotropic, as well as non-resonant. Such a quasi-isotropic profile indicates broad frequency
bandwidth operation characteristics.

QCTE mapping is used to design the broadband dielectric-based structure for beam
tilting. It first defines the electromagnetic wave propagation in an air-filled virtual domain
which represents the desired pattern. This pattern is then transformed to the physical
domain, which represents the transformed medium [21]. This medium performs the same
operation of electromagnetic wave steering as described in the virtual domain. Constitutive
parameters of the obtained medium define the beam steering angle. If the dimensions
of the considered excitation source are larger than size of the medium, then the beam
deflection will be smaller [22]. The transformed medium obtained from QCTE, after
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ignoring the in-plane anisotropy in the permittivity tensor, represents a quasi-isotropic
graded index dielectric profile in which only one component tensor of permittivity has
spatial inhomogeneity.

To achieve the desired objective of low envelope correlation, the beams of each antenna
elements are titled away from each other. This is realized by placing the proposed TE
structure above the MIMO antenna to create a symmetry at the center point of its radiating
elements. The spatially varying distribution of refractive index of the device is introduced
along the axis on which the antenna elements reside, such that the beams deflect in opposite
directions as the respective waves pass through the structure.

3. Proposed Design Details
3.1. Radiating Elements

To verify the broad frequency bandwidth operation of the proposed DWTS, three
different two-element patch-based MIMO antennas operating at 3 GHz, 5 GHz, and 7 GHz
were used due to their narrow band frequency response. However, in real-world applica-
tions, it is expected to use a radiator with a wideband frequency response. Figure 1 shows
a two-element MIMO antenna consisting of two closely spaced identical rectangular patch
elements (E1 and E2). These elements were printed on a 1.524 mm thick RO4003 Rogers
substrate (εr = 3.55, tanδ = 0.0027), with lateral dimensions of 133 × 90 mm2. For each fre-
quency, choosing different dimensions of length (L) and width (W) of both patch elements
allowed achieving resonant frequencies of 3 GHz, 5 GHz, and 7 GHz. The L/W values
of both patch antenna elements at 3 GHz, 5 GHz, and 7 GHz were 25.23 mm/30.7 mm,
14.68 mm/18.5 mm, and 10.18 mm/12 mm, respectively. The center-to-center separation
(S) between the antenna elements was 36.7 mm (0.37λ) at 3 GHz, 24.5 mm (0.41λ) at 5 GHz,
and 16.29 mm (0.38λ) at 7 GHz, which resulted in an edge-to-edge separation of 6 mm
(0.06λ), 6 mm (0.1λ), and 4.29 mm (0.1λ), respectively. Here, λ represents the free-space
wavelength. Each antenna element at their resonance frequencies was excited by a coaxial
feed with an offset distance of 4.2 mm, 2.7 mm, and 1.9 mm from the center of patch. The
inner diameter of the conducting pin was 1.27 mm, whereas the outer conductor diameter
was 4.2 mm, which was used to connect the ground of the antenna to the body of the
coaxial connector. The overall length of the coaxial connector considered during numerical
simulations was 12 mm.
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3.2. Dielectric Wave Tilting Structure (DWTS)

The design of the dielectric wave tilting structure (DWTS) to skew the beams of the
two elements was based on the guidelines discussed in Section 2 and the theoretical model
detailed in [21]. An air-filled virtual domain was first defined with a wave propagating at
a tilt angle of ±45◦ as shown in Figure 2a. The transformed medium was then obtained
using the QCTE mapping, which defined a medium with varying dielectric constant in
the physical domain creating the same degree of beam tilt as described in the virtual
domain. The transformation matrix was obtained by solving Laplace’s equation using the
partial differential equation (PDE) solver of COMSOL Multiphysics subject to predefined
Neumann and Dirichlet sliding boundary conditions. The field profile obtained due to the
transformed medium is shown in Figure 2b.
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The transformed medium obtained to achieve the desired tilt in the beam had contin-
uous variation of the permittivity. Such a medium is difficult to be realized physically. This
issue was tackled by converting the inhomogeneous permittivity profile into discrete steps
of varying permittivity values. Using the method given in [23], the permittivity profile
of the proposed DWTS was varied in discrete steps between 1 and 2.8, representing the
transformed medium. As the available dialectic material in our 3D printing facility had
a dielectric constant of 2.65, values higher than 2.65 in the discrete permittivity profile
were assumed to be equal to the dielectric constant of the PLA. The realized structure
comprised 340 (34 × 10) unit cells with a unit cell dimension of 3.5 × 3.5 × 70 mm3 each.
Figure 2d shows the permittivity value of each unit cell. It is important to note that the
conformal module, which is a geometric quantity determined by the structure and con-
taining the complete invariants of the structure, of the physical space was much larger
than 1 compared to that of the virtual space, which was 1. As such, anisotropy in the
material parameters tensor was introduced in the transformed medium [21]. However, for
a possible experimental validation of the proposed DWTS using a simplified all-dielectric
material, we propose to ignore the anisotropy in the material parameters tensor. Such a
simplification led to a degradation of the beam steering characteristics, which was reduced
to around 28◦ in the case of 3 GHz, as illustrated in Figure 2c.
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3.3. Realistic Design of the DWTS

According to effective medium theory, an isotropic and homogeneous material can
be designed if the operating wavelength is large when compared to size of the unit cell.
There exists a tradeoff between the desired bandwidth and the TE structure size for which a
homogeneous transformed medium can be designed in any frequency range. At the lower
limit of the frequency range, the size of the DWTS must be big since the wavelength is large
and, at the upper limit, it is restricted by the small wavelength. Therefore, at high frequen-
cies, the unit cells must be engineered with respect to the wavelength so as to be consistent
with the effective medium theory. Furthermore, smaller dimensions of the transformed
medium as compared to excitation source result in smaller control of wave propagation in
the desired direction [22]. A discrete model is, therefore, proposed in this work for possible
physical realization of DWTS using 3D printing additive manufacturing technology.

Generally, PLA-based dielectric material can be used to provide permittivity values
greater than 1. In this work, the discrete permittivity profile of the DWTS was realized from
non-resonant cells composed of dielectric cubes with air holes with the aim of using the
device over a broad frequency range spanning from 3 GHz to 7 GHz. The permittivity value
of each unit cell was designed in such a way that its value can be considered homogeneous
across the cell. This was achieved by using a unit cell whose size was very small compared
to the operating wavelength. The effective permittivity εeff of the composite material
comprising two materials, i.e., air and dielectric, can be evaluated as follows [19]:

εe f f = εa fa + εh fh, (1)

where fh and fa are the fractional volumes of the dielectric PLA material and air holes,
respectively, and εh and εa are the relative permittivities of the dielectric and air, respectively.

The unit cells consisted of cylindrical air holes of different dimensions, as illustrated
in Figure 3. Changing the radius ‘r’ and thickness ‘t’ of the dielectric part allowed us to
tailor the effective permittivity value ranging from 1 to 2.65 of the unit cell while keeping
the periodicity 5 mm along the y-axis, as shown in Figure 4.
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The effective permittivity of the dielectric unit cells was numerically characterized
using a parameter retrieval method [24]. This method is based on the extraction of the
transmission and reflection coefficients from full-wave simulations of a unit cell with
periodic boundary conditions. These coefficients are used to determine the wave impedance
Z and the refractive index n, and they are based on values of the effective permittivity of
the dielectric unit cell being evaluated. The commercial code HFSS was used to derive the
S-parameters of the dielectric unit cells.
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Additive manufacturing 3D printing technology was used to fabricate the prototype.
The structure was printed in layers using a commercially available 3D printer, where the
lowest possible layer resolution of 0.06 mm was used in order to avoid any variation in
effective permittivity value. This way of printing enabled the realization of the DWTS
prototype with air holes of extremely small radius. A PLA plastic filament, having a
dielectric constant of 2.65 and loss tangent of 0.0062 at 3 GHz, was used during the printing
process. In order to further ensure the accuracy of the printed structure, another material
polyvinyl alcohol (PVA) was used to fill the air holes during the printing process, which
was easily removed by exposing the structure to water. The fabricated prototype of the
device is shown in Figure 4c.

3.4. Complete Antenna System

The proposed DWTS was placed above the patch-based two-element MIMO antenna,
as shown in Figure 5. The dimensions of the ideal and PLA-based TE dielectric structure
were 119 × 35 × 70 mm3. In order to mount the DWTS easily above the antenna elements,
two supports of width 7 mm each with eight M3 holes were added at both edges. The
structure was placed symmetrically above the two radiating elements such that its dielectric
constant was 1 in the center and increased in steps moving on both sides along the x-axis
with a maximum value of 2.65 at the edges. The structure was inserted symmetrically
above the elements so that the branch power ratio remained close to 1, an attribute which
is recommended for MIMO antennas.
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4. Simulation and Measurement Results
4.1. S-Parameters and Radiation Patterns

The complete antenna structures with ideal and PLA-based DWTS were modeled
and numerically optimized in HFSS. For brevity, Figure 6 shows only the computed
S-parameters of the MIMO antenna with and without the PLA-based DWTS at three
tested frequencies, since similar responses were obtained with ideal DWTS. At 3 GHz,
the antenna without the DWTS had a resonant frequency of 3005 MHz, with a fractional
bandwidth of 1.6%. The isolation between the antenna elements was 8.4 dB. The resonant
frequency of the antenna shifted slightly lower when the DWTS was placed above the
radiating elements. Both elements maintained the same−10 dB bandwidth with a resonant
frequency of 2945 MHz. The DWTS improved the isolation between the closely placed
antenna elements by 4.7 dB. At 5 GHz and 7 GHz, the antenna without the DWTS had a
resonant frequency of 4995 MHz and 7010 MHz, with a fractional bandwidth of 2.6% and
3.7%, respectively. The isolation between the antenna elements was 10.4 dB and 9.9 dB. The
placement of DWTS resulted in slight shifting of the antenna’s resonance frequency toward
lower side. Both antenna elements, however, maintained the same −10 dB bandwidth
with a resonant frequency of 4850 MHz and 6950 MHz. The use of DWTS also resulted in
isolation improvement between the closely placed antenna elements by 2.5 dB and 4.4 dB,
at 4850 MHz and 6950 MHz, respectively. This increase in isolation is an added advantage
of this technique when compared to the PRS-based beam tilting described in [12]. This
is mainly due to the beam tilting without forming a cavity since there is no significant
reflection from the cavity walls to decrease the isolation.

The far-field simulations of the two-element MIMO antenna with and without the
DWTS were analyzed at their three resonant frequencies. To obtain the radiation pattern,
one element was excited while the other was terminated with 50 Ω matched load. Figure 7
shows the 2D normalized radiation patterns of the antenna in the xoz-plane for both cases.
For the case of the MIMO antenna without the DWTS, each antenna element had a typical
radiation pattern of a patch antenna, which was slightly tilted due to the presence of
another element in close vicinity. It can be seen from the figure that the beam maxima of
the antenna elements E1 and E2 were at 24◦/32◦/16◦ and −24◦/−32◦/−16◦, respectively.
By introducing the DWTS, the beam maxima of antenna elements E1 and E2 tilted to
−31◦/−50◦/−62◦ and 31◦/50◦/62◦, respectively. The proposed device, therefore, tilted
the beam of each antenna element by 55◦/82◦/78◦, thereby decreasing the overlap between
the two beams. A 3D field visualization of the MIMO antenna elements without and with
the proposed structure placed on the model at 3 GHz, 5 GHz, and 7 GHz is shown in
Figure 8. The realized gain of each antenna element with the DWTS was 6.1 dB, 6.6 dB, and
7.5 dB at 3 GHz, 5 GHz, and 7 GHz, respectively. The radiation efficiency of each antenna
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element with the proposed device increased from 81.4% to 85.7% at 3 GHz and stayed the
same at 5 GHz and 7 GHz. This improvement can be credited to the reduction in coupling
between the two antenna ports.
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The two-element rectangular patch-based MIMO antennas operating at 3 GHz, 5 GHz,
and 7 GHz were printed on a Rogers substrate RO4003 using an LPKF milling machine.
Plastic M3 screws were used for fastening the device on each antenna substrate so that
there was minimal influence on the characteristics of the antenna. The fabricated antenna
system with DWTS is shown in Figure 9. The S-parameters were measured to verify the
performance of each antenna with and without the proposed structure. Both the simulated
and the measured S-parameters at three tested frequencies are shown in Figure 6. The
overall measured results are in good agreement with those obtained from simulations.
In all three cases, the resonance of both antenna elements with the proposed DWTS was
seen to shift slightly toward the lower frequencies, with S11 and S22 below the −10 dB
level, having fractional bandwidths of 1.6%, 2.2%, and 3.8%, respectively. The shifted
resonance frequency of both elements in each case was 2987 MHz, 4948 MHz/4932 MHz,
and 7015/6912 MHz, respectively. In addition, the measured isolation level S21 between
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the two ports of closely spaced antenna elements improved by more than 3.9 dB, 3 dB, and
4.6 dB at each shifted resonance frequency, respectively.

Sensors 2021, 21, x FOR PEER REVIEW 12 of 17 
 

 

 
Figure 9. Printed DWTS mounted above MIMO antenna system. 

The far-field measurement anechoic chamber at the Research Institute for Microwave 
and Millimeter-Wave Studies (RIMMS) was used to measure the radiation patterns of the 
antenna with and without the proposed DWTS (Figure 10). The measured and simulated 
2D normalized radiation patterns of both elements in the xoz-plane at their respective res-
onance frequencies are presented in Figure 11. They were obtained by exciting one ele-
ment and terminating the other element with 50 Ω matched load. The measured beam 
maxima without DWTS were slightly tilted to 20°/18°/20° and −20°/−22°/−20°, whereas, 
with the DWTS, the measured beam maxima were at −24°/−49°/−56° and 24°/45°/56°, re-
spectively. This indicates a total beam tilt angle of 44°/67°/76° for both elements, which 
was somewhat less than the tilt angle of 55°/82°/78° predicted by simulations. 

 
Figure 10. Fabricated antenna measurement in anechoic chamber. 

Other than measurement errors, the slight change in beams tilt angle could be at-
tributed to two reasons. First, a change in the gradient index resulted from the slight mod-
ifications of the geometrical parameters, i.e., radius and thickness, due to the fabrication 
tolerance [25]. This slight change in beam tilt angle due to geometrical variations was not 
accounted for in the simulations. The second factor which modified the steering perfor-
mance was the discretization process of the continuous permittivity profile of the DWTS. 
At each shifted resonance frequency, the measured gains at beam maxima for elements 1 
and 2 with the DWTS were 4.8 dB/5.9 dB/6.4 dB, and 5.1 dB/6.4 dB/6.9 dB, respectively. 

Figure 9. Printed DWTS mounted above MIMO antenna system.

The far-field measurement anechoic chamber at the Research Institute for Microwave
and Millimeter-Wave Studies (RIMMS) was used to measure the radiation patterns of the
antenna with and without the proposed DWTS (Figure 10). The measured and simulated 2D
normalized radiation patterns of both elements in the xoz-plane at their respective resonance
frequencies are presented in Figure 11. They were obtained by exciting one element and
terminating the other element with 50 Ω matched load. The measured beam maxima
without DWTS were slightly tilted to 20◦/18◦/20◦ and −20◦/−22◦/−20◦, whereas, with
the DWTS, the measured beam maxima were at −24◦/−49◦/−56◦ and 24◦/45◦/56◦,
respectively. This indicates a total beam tilt angle of 44◦/67◦/76◦ for both elements, which
was somewhat less than the tilt angle of 55◦/82◦/78◦ predicted by simulations.
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Other than measurement errors, the slight change in beams tilt angle could be at-
tributed to two reasons. First, a change in the gradient index resulted from the slight
modifications of the geometrical parameters, i.e., radius and thickness, due to the fabrica-
tion tolerance [25]. This slight change in beam tilt angle due to geometrical variations was
not accounted for in the simulations. The second factor which modified the steering perfor-
mance was the discretization process of the continuous permittivity profile of the DWTS.
At each shifted resonance frequency, the measured gains at beam maxima for elements 1
and 2 with the DWTS were 4.8 dB/5.9 dB/6.4 dB, and 5.1 dB/6.4 dB/6.9 dB, respectively.

4.2. Correlation Coefficient and Other MIMO Parameters

Lastly, we evaluated ρ, which is the key performance figure of merit of the MIMO
antenna. This parameter is calculated using the 3D field-based formulation of Equation (2),
shown below, which takes into account the 3D far-field radiation patterns of the antenna
elements with their polarizations, as well as the relative phase between the fields [3].

ρ =

∣∣∣∣s4π

[ →
F 1(θ, ø) ∗

→
F 2(θ, ø)

]
dΩ
∣∣∣∣√

s
4π

∣∣∣∣ →F 1(θ, ø)
∣∣∣∣2dΩ

s
4π

∣∣∣∣ →F 2(θ, ø)
∣∣∣∣2dΩ

, (2)

where Fi(θ, ø) (i = 1,2) is the far-field complex 3D radiation field of the i-th antenna, when
only the i-th element is excited, and ∗ is the Hermitian product.

Figure 12 shows the calculated ρ of the proposed antennas in their respective entire
band of interest. It is evident from Figure 12 (blue and yellow highlighted regions that
show the −10 dB bandwidth) that the ρ of the MIMO antenna presented higher values in
the absence of the device than when the proposed DWTS was placed above the antenna
elements. For the 3 GHz MIMO antenna, the maximum ρ value decreased from 0.3221 to
0.1233 at the −10 dB level, and from 0.0958 to 0.0000696 at the resonance point, without
and with the DWTS device, respectively. On the other hand, for the 5 GHz/7 GHz
MIMO antenna, the maximum ρ value decreased from 0.2119/0.2228 to 0.1322/0.0965
at the −10 dB level, and from 0.0465/0.02279 to 0.00159/0.00119 at each resonance point,
without and with the DWTS device, respectively. This indicates that the radiation patterns
tilting due to the proposed device placed above the MIMO antenna improved the field
decorrelation because of reduced overlap between the radiation patterns, and the resulting
reduction in ρ allowed achieving good diversity and multiplexing performances.

Similarly, other performance parameters such as the diversity gain and multiplexing
efficiency of the MIMO antenna elements, operating at 3 GHz, with and without DWTS,
are shown in Figure 13. These parameters also indicated an improvement when DWTS
was used with the antenna elements, reaffirming that correlation reduction by antenna
beam tilting improves the MIMO diversity and multiplexing performance.

Although the beam tilt angle at 5 GHz and 7 GHz was large, which in an ideal
case corresponds to a large reduction in ρ, the corresponding reduction in ρ was not that
significant compared to the 3 GHz case. The variation in ρ values with frequency can be
understood in relation to the radiation patterns of Figure 7a–c. At both resonant frequencies,
the overlapping of relatively large sidelobes caused a degradation in the ρ value.

Table 1 compares the performance of the proposed technique with that of similar
methods where beam tilts of MIMO antennas were used to reduce the correlation coefficient,
showing that the proposed concept provides an improved performance over legacy designs.
It is evident that the proposed broadband technique not only decreases the correlation
coefficient, but also improves the isolation between the antenna elements, which in turn
results in an improved performance over techniques that have been reported in the past
for closely placed antenna elements.
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Table 1. Comparison of proposed method with previous reported works.

Ref. Radiating
Element/Ports

Edge to Edge
Spacing

Beam Tilt
Angle Isolation Reduction in

Correlation

[12] Patch/2 0.13λ 51◦ Degrade 95%
[26] DRA/6 0.31λ 45◦ Improve 42.3%
[27] DRA/4 0.24λ 35◦ Improve 43.2%
[28] Patch/4 0.23λ 27◦ Degrade 65%
[29] Patch/2 0.03λ 35◦ Improve Not given
[30] Patch/2 0.15λ 0◦ Improve Inaccurate
[31] Patch/2 0.17λ 0◦ Improve Not given

This work Patch/2

0.06λ
44◦

Improve

62% to 99%at 3 GHz
0.1λ

67◦ 37% to 97%at 5 GHz
0.1λ

76◦ 57% to 95%at 7 GHz

5. Conclusions

This paper presented a new broadband method based on the use of a non-resonant
all-dielectric device for simultaneously reducing the correlation coefficient and mutual
coupling by decorrelating the radiation pattern of two closely spaced antenna elements
in an MIMO configuration operating at three different frequencies. It is shown that field
decorrelation can be achieved by tilting the far-field radiation patterns of the individual
antenna elements away from each other by appropriately designing and placing the DWTS
above the MIMO antenna elements. The effectiveness of the proposed technique was veri-
fied by comparing simulated and measured far-field results at three different frequencies,
which achieved simultaneous improvement in the correlation coefficient and port isolation.
Thus, it is shown that the proposed broadband solution realizes an improved MIMO di-
versity, as well as multiplexing performance. Furthermore, the proposed technique can be
conveniently extended to systems which include more than two elements, as is the case in
many real-world scenarios.
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